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FUSION REACTOR BLANKET/SHIELD DESIGN STUDY

ABSTRACT

A joint study of tokamak reactor first-wall/blanket/shield
technology was conducted by Argonne National Laboratory (ANL) and
McDonnell Douglas Astronautics Company (MDAC). The objectives of
this program were the identification of key technological limita-
tions for various tritium-breeding-blanket design concepts, estab-
lishment of a basis for assessment and comparison of the design
features of each concept, and development of optimized blanket
designs. The approach used involved a review of previously pro-
posed blanket designs, analysis of critical technological problems
and design features associated with each of the blanket concepts,
and a detailed evaluation of the most tractable design concepts.
Tritium-breeding-blanket concepts were evaluated according to the
proposed coolant. The ANL effort concentrated on evaluation of
lithium- and water-cooled blanket designs while the MDAC effort
focused on helium- and molten salt-cooled designs. A joint effort
was undertaken to provide a consistent set of materials property
data used for analysis of all blanket concepts. Generalized
nuclear analysis of the tritium breeding performance, an analysis
of tritium breeding requirements, and a first-wall stress analysis
were conducted as part of the study. The impact of coolant selec-
tion on the mechanical design of a tokamak reactor was evaluated.
Reference blanket designs utilizing the four candidate coolants
are presented.
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1.0 Executive Summary

A study of tokamak reactor first wall/blanket/shield technology was

conducted in cooperation with McDonnell Douglas Astronautics Company (MDAC).

The objectives of this program were the identification of key technological

limitations for various tritium-breeding-blanket design concepts, establish-

ment of a basis for assessment and comparison of the design features of each

concept, and development of optimized blanket designs. The approach used

involved a review of previously proposed blanket designs, analysis of critical

technological problems and design features associated with each of the blanket

concepts, and a detailed evaluation of the most tractable design concepts.

Tritium-breeding blanket concepts were evaluated according to the proposed

coolant. The ANL effort concentrated on evaluation of lithium- and water-

cooled blanket designs while the MDAC effort focused on helium- and molten

salt-cooled designs. A joint effort has been undertaken to provide a con-

sistent set of materials property data used for analysis of all blanket con-

cepts. The neutronics and tritium processing analyses were conducted at ANL

and the overall systems analyses were coordinated by MDAC,

In the present investigation, much of the analysis is conducted para-

metrically and, therefore, can be applied to any tokamak reactor design. For

specific design-related problems, a generic reactor design is used for the

blanket analyses. Available property data for candidate blanket materials

have been compiled and an assessment of the tritium breeding requirements,

a nuclear analyses of the tritium-breeding performance, and a stress analysis

of the first wall have been conducted separately. General mechanical design

features of a fusion reactor blanket have been evaluated, and blanket designs

have been developed with four types of coolants, viz., lithium, helium, water,

and molten salt.

1.1 Reference Reactor Concept

A generic 2400 MWt tokamak power reactor with a major radius of 7.0 m,

a minor radius of 2.33 m, and a slightly elongated plasma (k = 1.3) was used

for analysis of reactor-design-dependent features of the blanket (see Fig. 1-1),

A reference burn cycle of 30 minutes is used for the present study. Table 1-1

summarizes other design parameters for the reference tokamak reactor. In the

reference reactor design, no tritium-breeding was achieved in the inner

1-1
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Figure 1-1. Poloidal view of reference reactor design.
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Table 1-1. Design Parameters for Reference Tokamak Reactor
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blanket and no divertor was incorporated into the design. The effects of

breeding in the inner blanket, inclusion of a divertor, and inclusion of

neutral beam/vacuum ports on the breeding capability of the blanket were

treated parametrically.

1.2 Materials Properties

Available property data for selected materials and recommended design

criteria liave been compiled for use in the present Blanket/Shield Design

Study. This handbook not only provides a convenient source of data required

for the evaluation of various blanket design concepts, but also indicates

where essential properties data are very limited or nonexistent. The data

are presented according to the materials classifications; i.e., structural

materials and tritium-breeding materials.

The structural materials section specifies the structural design cri-

teria and presents the materials properties data for selected reference alloys.

The stress criteria are based on elevated-temperature design criteria specified

by the ASME Boiler and Pressure Vessel Codes. Both the time-independent and

time-dependent stress criteria are included. The six classes of structural

alloys evaluated correspond to the alloy types being considered in the alloy

development program of the Materials and Radiation Effects Branch of the Office

of Fusion Energy. The general classifications considered are:

(a) Austenitic stainless steel
(b) Ferritic steel
(c) Ni-base superalloy
(d) Ti-base alloy
(e) V-base alloy

(f) Nb-base alloy

Data for selected reference alloys are given for physical properties, unirra-

diated mechanical properties, irradiation effects (including helium effects),

and corrosion and compatibility.

Three types of tritium-breeding materials are considered in the present

study. These include: a) liquid metal (Li and Li-Pb alloys); b) alloys

and intermetallic compounds (Li7Pb2 and LiAl); and c) ceramics (Li2<3 and

ternary oxides of Li such as LiAlO^ and Li2SiO3). The molten salt, LiBeF3,

was not considered because of inherently low breeding capability. Important

properties of the primary candidate breeding materials are summarized in
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Table 1-2. Tritium recovery schemes for the breeding materials have been

assessed. In liquid lithium, the tritium inventory is controlled by thermo-

dynamic properties, viz., the Sieverts1 constants for dissolution of tritium.

Methods exist for controlling tritium concentrations in lithium blankets

to < 1 wppm T, which corresponds to < 0.2 kg in an entire reactor blanket.

In solid breeders, the tritium inventory is determined by diffusion rates

as well as by thermodynamic properties. The temperatures, particle sizes,

and porosities of the breeder materials impact the attainable tritium

inventories in solid breeder blankets. Table 1-2 indicates temperature

limits believed necessary to provide reasonable tritium release rates from

the solid breeder materials.

1.3 Tritium Breeder Requirements

The impacts of fractional tritium burnup in the plasma and continuous

tritium recovery versus batch-type tritium recovery are assessed. As shown in

Fig. 1-2, the tritium inventory becomes quite large and relatively high

breeding ratios are necessary for a low fractional burnup. For a batch-type

tritium processing concept, complete blanket changeout at least every six

months appears necessary. Even at this frequency, tritium inventories in

the blanket will reach 100 kg or more and a penalty on tritium breeding is

imposed because of losses by decay.

1.4 Neutronics Analysis

In order to provide initial design guidance for the present blanket/shield

studies, a nuclear analysis of the tritium-breeding performance has been made

for three different breeder systems of liquid lithium, Li20 and LiyPb2. The

analysis focused on the following three major categories:

1. Trend of variation of tritium breeding ratio with breeder zone

thickness;

2. Effects of graphite reflector and beryllium neutron multiplier on

the breeding ratio (BR); and

3. Impact of tritium breeding on the minimum blanket/shield thickness

requirements for protection of the toroidal field coils.
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Table 1-2. Properties of Candidate Breeding Materials

Physical & Chemical

Melting point/K

Density/(g/cc)

Thermal Conductivity/
(W/mK)

Sieverts1 Constant/
Atom"1'2 at 770 K

Heat of Reaction with
Water/ (KJ/g-atom of Li)

Evolves H2 from H2O

Temperature/K for Tritium
Inventory of 1.0 Kg

Minimum Temperature/K

T . Constraint
mln

Maximum Temperature/K

T Constraintmax

Symbol

m.p.

P

Li LiAl Li2O LiAlOj

min

max

459

.51

50

3.40

245

yes

any

510

m.p.

750-1500

compatibility,
boiling

973

1.76

*
30

7.0 x 10-"

200

yes

740

720

tritium

870

m.p.

999

4.59

17*

2.9 x 10-"

200

yes

670

640

tritium

870

in.p.

1700-2000

2.013

1.73

-

64

no

770

700

tritium

1300

sintering
volatility

1870

2.60

1.6*

-

none

no

850

800

tritium

1300

sintering

1474

2.52

1.6

none

no

770

700

tritium

1300

sintering

Estimated



1.40

1.30 —

o

1.00
4 6

FRACTIONAL BURNIJP V.

Figure 1-2. Effect of fractioral burnup and doubling time upon
required breeding ratio.

In category 3 above, a nuclear radiation dose limit of 5 x 109 rad in

an epoxy-base insulator in TF coils was taken as the magnet protection criterion.

The particle transport calculations were carried out using the one-dimensional

AN1SN code with the Sf)-?3 approximation. The system dimensions and blan-

ket/shield compositions used in the calculations are given in Table 1-2. The

46 neutron-group/21 gamma-group cross section library was generated from the

ENDF/B-IV DLC37 master library. The nuclear heat response functions were pro-

cessed from MACKLIB based on ENDF/B-III, and isotopic tritium production cross

sections were taken from those incorporated in the DLC37 library.

The parameter space which was varied in the present analysis is as

follows:

1. Breeder material: Li, Li^O, end

2. Breeding zone thickness: 5-80 cm.
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3. Neutron reflector: 20-cra thick graphite behind the breeding zone.

4. Neutron multiplier: 5-cm thick beryllium behind the first wall.

5. First wall: 0.5 cm thick stainless steel/vanadium.

6. Integral neutron wall load: 5-30 MW-yr/m2.

7. Volume fraction of usable breeding zone: 0.7-1.0.

Item 7 above was incorporated in the present analysis to identify potential

problems associated with a possible space allowance for:

1. Divertor (10-20 vol-%).

2. Major penetrations (neutral beam duct/rf-waveguide/evacuation duct)

(5-10 vol-% each).

3. Elimination of tritium breeding in the inner region of a reactor

(̂  10 vol-%) .

In the analysis above, a helium gas of 15 volume percent is assumed as a

coolant for both cases of Li^O and LiyPb2 breeders. In the case of liquid

lithium, the breeder material itself is used for cooling the blanket.

The minimum zone thickness required to attain BR = 1 is ^ 33 cm, 22 cm,

and 34 cm for Li, Li^O, and Li7Pb2, respectively (see Fig. 1-3). These are

the cases without graphite/beryllium. Note that in both cases of Li20 and

Li7Pb2 compounds, 15% of the breeding zone volume is occupied by a helium

coolant, compared to the 100% utilization of the breeding zone by liquid

lithium breeder/coolant. In addition, the solid compounds are assumed to be

100% dense material. No allowance is made for inherent fabrication porosity

or for intentional porosity designed to enhance tritium removal or heat

transfer. An appropriate increase in blanket thickness is required to allow

for this effect.

The impact of structural material volume fraction on the tritium-breeding

ratio is shown in Fig. 1-4 for three candidate breeding materials. The

structural material considered in this figure is stainless steel and the

impact of water coolant on the breeding performance is also shown. The

attainable tritium-breeding ratios are enhanced considerably when a vanadium

alloy is used in place of the stainless steel.
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Figure 1-3. Tritium breeding ratio versus breeding zone thickness.
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Figure 1-4. Impact of structural material content on tritium breeding.
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1.5 Stress Analysis

Stress analysis procedures have been developed for working backward from

desired lifecime of a fusion reactor first-wall to trade-offs with surface

heat flux and temperature. The failure criteria and analysis procedures

employed are based on ASME Code Case 1592 for Class 1 Components in Elevated

Temperature Service, which covers the relevant failure mechanisms in a well-

documented, systematic manner. The present approach contrasts with the normal

method of selecting a design configuration and operating conditions, and then

calculating lifetimes for various failure mechanisms such as creep, fatigue,

ratcheting, etc. Since the lifetimes obtained by the normal procedures are

likely to vary widely, the design may be overly conservative in some respects

and inadequate in others. The present procedure attempts to develop a design

that has the same lifetime for all the failure mechanisms considered and is in

some sense an optimum design. The present procedures are intended to be useful

in the comparison of candidate structural materials, in the quantification of

design parameter trade-offs, and in the selection of an initial design point

for further analysis. Although results presented ire based on unirradiated

materials properties data, appropriate data for irradiated materials can be

incorporated when they become available.

Lifetime criteria based on the general primary membrane stress limit

S and long-holdtime fatigue are used for illustrating trade-offs between

heat flux, aveiage temperature, and lifetime and for comparing candidate

structural materials. Ratcheting and creep criteria are added using a

modified Bree diagram to refine the design point suggested by the first step.

For purposes of illustration, the first wall is taken as a thin cylindrical

surface of radius, R, and thickness, 6, loaded by an internal coolant pressure

p and a surface heat flux w. This configuration is intended to represent

either a tube or the front curved surface of a blanket module. Volumetric

heat generation is negligible compared to the energy deposited on the surface.

Bending stresses caused by constraint of the first wall by its support struc-

ture are ignored in the present analysis since they are design-dependent and

can be minimized by judicious engineering.

The modified Bree diagrams are shown in Fig. 1-5 for stainless steel at

450°C and in Fig. 1-6 for a vanadium-15% chromium-5% titanium alloy at 600°C.

In both cases the product of the coolant pressure and the radius of the cylindrical
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surface is 0.25 MPa-m, the burn-cycle duration is 0.5 h, and the design life-

time is 105h (̂  15 y). The regions on the figures are labeled as on the

standard Bree diagram, i.e., E denotes the elastic region, design points in

region S correspond to stress states that shakedown to elastic behavior after

a few cycles, P corresponds to stress states where bounded cyclic behavior

occurs, and R is the ratcheting region where failure occurs in relatively few

cycles. Design points in regions E, S, and P are allowed provided other

failure criteria are satisfied, but design points in region R are not allowed.

Combinations of w and 6 below the long-holdtime fatigue curve have lifetimes

greater than 105h. Points to the right of the S limit have lifetimes of

more than 105h for failure caused by primary membrane stress. Point B gives

the maximum surface heat flux that can be accepted for all of the failure

criteria considered here. The value for stainless steel at 450°C is

0.5 MW/m2 for a wall thickness of 4.2 mm. If the wal."_ is thicker or thinner,

the maximum surfaced heat flux at this temperature will be less. The maxi-

mum surface heat flux for the vanadium alloy at 600°C is 6 MW/m2 at a wall

thickness of 1.2 mm. If a thicker wall is required for fabrication or other

purposes, the permissible heat flux would be reduced, e.g., 3 MW/m2 for a 2.5

mm wall.

1.6 Mechanical Design

In order to develop the total design of a tritium-breeding blanket system

for a tokamak reactor, a number of requirements, limitations, and interface

parameters with other systems must be established. The blanket design must

interface with toroidal and poloidal field coils, auxiliary (neutral beam or

rf heating) heating systems, vacuum systems, shield, structural support, and

energy conversion systems. The blanket design is affected by the plasma burn

cycle characteristics, power rating, plasma, impurity control devices (e.g.,

divertor), and repair and maintenance requirements. An iterative process of

adjusting many variables within the range of limitations is necessary to de-

velop a blanket design that meets the more important requirements. The

present study focuses on three major aspects of blanket design, viz., blanket

module configuration, vacuum wall position, and manifolding. Fabrication,

assembly, maintenance, structural support and special features are considered

within the framework of these three factors. The above parameters are used

1-12



to formulate a mechanical design which then must sustain and uphold critical

heat transfer, hydraulic and stress requirements. This is followed by an

analysis of plant availability for scheduled blanket replacement, tritium

breeding and recycle analysis, and a general safeguards critique.

The three blanket configurations evaluated consist of: a small number of

complete wedges of the torus, a moderate number of relatively large slab-type

segments, and a large number of small modules. Major advantages and disad-

vantages inherent to each blanket configuration are summarized as follows:

• Complete wedge: simplest in principle, least number of coolant

connections and relatively short replacement interval, requires

maximum disassembly of reactor, huge pieces and huge hot cells -

currently favored by many in the fusion community.

» Large slab: relatively few pieces and moderate number of coolant

connections, requires overhead in-vessel grappling apparatus, mini-

mum disturbance of reactor for operation, short replacement interval -

considered optimum concept.

• Small modules: many pieces and many connections required, difficult

coolant manifolding, minimum disturbance of the reactor components,

blind automated in-vessel machines required, minimum disassembly of

the reactor required but long replacement interval - least favored

by the fusion community.

The impact of vacuum wall position on blanket design has also been

evaluated. Two vacuum wall positions considered acceptable are the outer

edge of the blanket in the high-temperature region and in the low-temperature

shield. It is concluded that the first-wall vacuum vessel approach does not

extrapolate to power reactor applications. The vacuum boundary outside of

the TF coils is considered completely unacceptable. The vacuum wall in the

shield region is preferred.

Coolant supply and return lines for the blanket heat transport system

pose a difficult problem in the blanket system design. The coolant connections

required for blanket replacement rarely have adequate access through the reactor

shield; this is especially true of the inner blanket region. Thus, it becomes

imperative to provide good manifold design features at an early stage of

V blanket design. The criteria for coolant manifolding other than coolant

1-13



transport are basically two-fold: to minimize the number of connections to

be made and to locate the connection points in a favorable location.

1.7 Lithium-Cooled Blanket Design

Important problems inherent in the use of lithium coolant in a tokamak

reactor blanket include: (1) compatibility with the structure, (2) magneto-

hydrodynatnic (MHD) effects created by the strong magnetic field, (3) hydraulic

problems associated with the recirculation of a liquid metal, (4) tritium

recovery and processing, and (5) reactivity of lithium with air and water.

The selection of structural materials and the allowable operating temperatures

in a lithium-cooled blanket will be strongly influenced by compatibility con-

siderations. The MHD effects created by passing an electrical conductor

through a strong magnetic field will impact the coolant pumping power re-

quirements, the heat transfer characteristics, and the pressure requirements

of the lithium containment vessels, as well as the geometry and size of coolant

ducts and modules. Since lithium is solid at room temperature, provision for

in-situ heating are required and hydraulic effects such as gas trapping in

flow channels must be considered. Methods for tritium recovery appear to

be adequate; however, impacts on overall system operation require further

analysis. The reactivity of lithium with both air and water poses the major

safety related problem. A review of previously proposed lithium-cooled blanket

designs has been conducted and the evaluation of these designs serves as a

point of departure for the present work. In the present investigation, the

constraints on blanket design imposed by the above considerations have been

identified and potential design solutions are proposed.

The proposed reference design utilized liquid lithium for both tritium

breeding and as the coolant, and a vanadium-base alloy for the blanket struc-

tural material. The outer blanket consists of i/ 480 individual modules

assembled in slab sections with 4-6 modules per slab. Figure 1-7 is a

schematic diagram of the outer-blanket module showing manifolding and assembly

features. Parameters for the blanket module are summarized in Table 1-3.

The module is fabricated from 5.0 mm (3/16 in.) vanadium-alloy sheet with

internal structural support. The front surface is an ellipsoidal shape de-

fined by the stress requirements. The primary purpose of the flattened front

face of the modules is to minimize the effective void space near the front

1-14



VANADIUM VESSEL

FLOW

LITHIUM

WALL STAYS

Figure 1-7. Lithium-Cooled blanket module.

Table 1-3. Parameters for Reference Blanket Module Design

Dimensions, m

Thickness

Width

Length

Structure

Wall Thickness, mm

Structure Volume, m3/module

Lithium Volume, m3/module

Structure Fraction, %

Breeder/Coolant Fraction, %

Mass per Module, kg

Number of Breeding Modules

0.50

0.60

1.7 to 2.5

V-15Cr-5Ti

5.0

0.041

0.60

6.5

93.5

650

480
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surface and thereby reduce the module thickness requirement. The front

surface of the module is formed so as to minimize the welding requirements

in the high radiation zone.

Since the front face of the module also serves as the first wall, the

inlet lithium coolant is manifolded to the front surface and through a thin

flow channel adjacent to the first wall provided by a formed baffle. After

the lithium flows over the front wall, it slowly circulates toward the back

side of the module to the outlet manifold. The design pressure of the lithium

coolant in the module, based on the MHD calculations is 1.6 MPa. Based on

lifetime models, a wall lifetime of 30-40 MW-yr/m for vanadium alloys at

temperatures below 550°C may be feasible. These values correspond to

% 20-yr first-wall lifetime for the reference conditions. According to

the stress analysis performed, surface heat loads as high as 2-5 MW/m2 (neu-

tron wall loading of 8-20 MW/m2) are acceptable for vanadium alloy structures.

For the 1% structure fraction, an effective breeding ratio of 1.3 is attain-

able with a 40-cm-thick lithium module backed up with a 20-cm-thick reflector.

The headers that supply the modules are nested in the reflector region. A

small amount of breeding that will occur in the headers slightly enhances

the breeding capability. Also, the headers will supply adequate cooling

for the relatively low heating rate in the reflector region. The total mass

of lithium in an average modu'. (including headers) will be less than 500 kg.

Processing methods for removing tritium from lithium, e.g,, molten salt ex-

traction, are capable of maintaining tritium concentrations in lithium below

1 wppm. This concentration corresponds to less than 0.4 g of tritium per

module or ^ 0.2 kg of tritium in the entire blanket.

The inner blanket of the reference design is essentially a high tempera-

ture shield cooled with lithium. As such, the primary incentive is to mini-

mite the total thickness. The general configuration of the inner blanket is

shown in Fig. 1-8. For the reference case, the neutronic properties of

stainless steel are used for the thickness requirement. The lifetime of the

inner blanket will be limited by radiation damage considerations. Since the

structural requirements of the slab are minimal, greater swelling and ductility

loss criteria may be assumed in this region compared to structural containment

in the outer blanket. In order to minimize the induced stresses in the slab,

it is proposed that the inner blanket consist of several thinner slabs packed
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Figure 1-8. Schematic diagram of inner blanket.

together. Alternate materials for the inner blanket include tungsten and

vanadium. Tungsten gives slightly better attenuation than stainless steel,

while vanadium is slightly poorer. The major benefit of vanadium would be

the longer lifetime that results from better radiation damage resistance.

An economic tradeoff that considers lifetime, shielding efficiency and ma-

terial cost has not been completed.

For compatibility reasons, vanadium cladding is used to contain the

lithium coolant in the inner blanket slabs. Based on coolant velocity and

heat-transport considerations, an effective coolant fraction of 10% is proposed.

Coolant flowrate of 0.5 m/s is adequate to cool the blanket and the pumping

power requirement is 2.2 MW. The penalty in neutron attenuation for 5 cm

of lithium coolant in a stainless steel blanket is less than 2 cm. In addi-

tion, an effective breeding ratio in this zone of over 0.5 is predicted. This

breeding enhancement substantially reduces the penalty for a "nonbreeding"

inner blanket. It is important to emphasize that no allowance for manifolding

behind the inner blanket is required. The lithium flows into the inner blanket

at the bottom and either returns through a manifold at the top or returns down-

ward through vertical coolant channels near the back of the blanket slab.
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In order to accept the high cyclic heat loads on the first wall of the

inner blanket, a thin slab similar to a panel coil Is used to minimize thermal

stresses. This section is constructed of the vanadium alloy because of longer

life and higher wall loading capability. It may also be desirable to use the

vanadium alloy in the first 5 to 10 cm in order to enhance the wall life and

reduce the residual radioactivity induced in stainless steel. Since vanadium

produces very low long-term (> 20 y) activation products, an alternative to

the stainless steel inner blanket may be very beneficial.

1.8 Helium-Cooled Blanket Design

Pressurized helium offers several advantages for use as a fusion reactor

coolant. For example, it does not produce any significant radioactive prod-

ucts, is not subject to MHD effects and possesses favorable characteristics

for tritium containment and processing. However, helium coolant is subject

to relatively high pumping power requirements and requires gas pressures of

50-70 atmospheres. Previously proposed helium-coolant blanket designs have

been reviewed. Each of these designs was developed to meet differing require-

ments and some emphasized a particular design aspect such as maintenance,

fabrication, etc., and may not have been completely analyzed for other fac-

tors such as life. Most designs assume neutron wall loads from 1 to 3 MW/m2

and have stated a first-wall life of ^ 2 years. All designs operated at coolant

pressures of % 50 atmospheres. Flow rates varied from 3 to 12 m/s while

inlet and outlet temperatures varied from 77 to 450°C and 370 to 780°C,

respectively. These studies have shown that lower structural temperatures

provide longer life, particularly for stainless steel and nickel alloys, be-

cause materials properties are enhanced and radiation damage effects are

reduced.

A major problem with the use of helium coolant is that large manifolding

is required which results in loss of access space and increased blanket thick-

ness (particularly the inner blanket). If one inlet and cutlet manifold and

a 1.1-m diameter inlet is required. Since the cross-sectional area of the

outlet duct is approximately twice that of the inlet duct, two outlet ducts

the size of the inlet duct could be used. If each of 12 segments is further

divided into four segments, the manifolding will require approximately 38-cm

thicker inner blanket for manifold routing. Further division of the 1/12
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segment into 8 pieces could permit use of a design that requires approximately

16-cm additional thickness for the inner blanket for helium manifolding. This

appears to be a near optimum manifolding system.

Maintenance of a helium-coolant system should be much simpler than a

liquid coolant system primarily because gravity drawing or preheating to melt

the coolant is not required. However, the larger helium coolant lines will

impair access and make maintenance more difficult. Also, control of helium

leakage would be more difficult than for other coolants.

A thermal analysis of a helium-cooled first wall was conducted in the

present study. Temperatures were calculated for a first wall consisting of

a series of tube banks. Calculations include the temperature difference

across the coolant film as a function of coolant flow velocity and tempera-

ture. For a stainless steel wall with a maximum temperature of 400°C, the

allowable neutron wall loadings at reasonable coolant flow velocities are

< 1 MW/m2 for no divertor and ^ 2 MW/m2 with a divertor.

The design concept recommended for the outboard wall is shown in Fig.

1-9. It was developed on the assumption that additional blanket/shield thick-

ness in the outboard wall was not as important as simplicity. The design

incorporates 2-cm-diameter free-floating tubes on the first wall for long

life, and uses a solid breeder to permit direct contact with the helium

coolant for maximum heat transfer and tritium removal. The individual module

is 30 cm wide and varies in length from 1.0 to 2.7 m depending on the poloidal

location. The total thickness varies with manifold size from 1.85 to 1.99 m.

This thickness includes 3 cm of first wall and tubes, 71.3 cm of Li7Pb2

breeder at 70% density, 74.2 cm of Bi+C/stainless steel at 70% density, and

manifolding that varies from 36 to 50 cm. The helium flows into the blanket/

shield at 250°C, up the sides of the canister to the first wall tubes, and

is heated to 300°C in the first wall tubes before reaching the canister

interior. It is further heated to 525°C in the LiyPb2 solid breeder and to

550°C in the Bi+C and stainless steel shield. Heating of the shield provides

thermal storage to help smooth the coolant temperature variations between

burn cycles and increases the coolant temperature. Thermal insulation will

be required external of the shield to reduce heat loss from the blanket/shield

and magnet heating. Insulation exposure to radiation damage will be minimal
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Figure 1-9. Reference helium design outboard wall first wall/blanket/shield.
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because of its location. Other coolant design concepts using a separate

blanket and shield will require approximately the same thickness of insulation

although it will be exposed to a higher radiation level. Shielding materials

have been chosen as B^C and stainless steel for reference purposes only. The

high cost of BijC may lead to substitution of other materials as the design

is developed.

The internal helium pressure is restrained by internal reinforcing

ribs that are oriented parallel to the coolant flow as denoted in the figure.

The ribs are 0.12 cm thick and spaced on 8 cm centers. The ribs are fabri-

cated by chemical milling a 0.5 cm plate to leave a reinforced edge. This

internal skin is then plug welded to the reinforced edge of the rib as shown

in View B-B. Plug welds between the internal and outer skin, as the pads

that were chemically milled to provide helium passage without neutron stream-

ing, form a rigid sandwich structure. These ribs add <v 1.5% structural

material to the breeder area for a total of \ 5%.

Helium contaminants could tend to oxidize the surface of the Li7Pb2 and

may limit tritium release. This potential problem requires further investi-

gation; however, H2O or other breeder materials can be readily substituted

into the design.

The inboard wall design shown in Fig. 1-10 is essentially the same as

the outboard wall except the solid breeder spheres are replaced with B^C and

stainless steel blocks that incorporate coolant passages and provide an 85%

packing density. The total inboard blanket shield design is 1.14 m which

includes a 3-cm first wall, 95 cm of B^C/SS shielding at 85% density, 16 cm

of manifolding. Helium will exit the first wall tubes at * 300°C and the

shield at 550°C. However, the B^C and stainless steel will operate at slightly

higher temperatures to transfer neutron heating to flowing helium coolant.

Other shielding materials, such as tungsten, can be utilized if their higher

cost can be offset by the decrease in shield thickness.

The tube first wall is made from 15 tubes that are 2 cm in diameter.

The tubes are routed along the length of the elongated canister to permit

adequate flow velocity to minimize the film temperature difference. The
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Figure 1-10. Reference helium design inboard first wall/blanket/shield.

velocity of the coolant in the tubes is 42 m/s, and the tubes operate at a

466°C maximum metal temperature. An enhancement factor of 2.2 (wall roughen-

ing, etc.) is utilized in the heat transfer calculation. Without enhancement,

the maximum temperature would be 610°C. A tritium breeding ratio of 1.08

is attained for the overall reactor by use of a 1.3 breeding ratio in the

outboard modules, and no breeding in 17% of the total blanket volume.

The calculated pumping power for the front-wall tube bank is 102 MW or

4.3% of the reactor thermal power. The 1 cm diameter pellet bed accounts

for 47 MW of the pumping power. Reduction of the pellet diameter to 0.15 cm

diameter, to reduce the tritium inventory will result in a 170 MW pumping

power which is 7% of the thermal power output. Tritium release and tritium

inventory limitations must be identified to establish the minimum attainable

pumping power. Pumping power in the ex-reactor regions must also be included

in the overall requirement.

1.9 Water-Cooled Blanket Design

The major consideration regarding a water-cooled blanket design relates

to the fact that all of the candidate breeding materials are chemically

reactive with the H2O coolant. Since the breeding materials are not stable
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when contacted by H2O, a cladding of some sort must be used to isolate the

breeding material from the coolant. The degree of chemical reactivity of

the breeding materials with water poses both a safety concern and a maintenance

problem in the event a breach of the cladding should occur.

The proposed reference design utilizes pressurized watei coolant, stain-

less steel as the structural material, solid Li?Pb2 for tritium breeding,

and a low pressure helium processing fluid for tritium recovery. The breeder-

block concept, which consists of ^ 1000 modules with appropriately spaced

coolant tubes, is selected for the reference design. A separated first wall

in the form of a coolant panel will accept the transport and radiation heat

losses (•%< 25% of the neutron wall loading) from the plasma. Radiatively-

cooled multiple limiters will be incorporated into the first-wall design to

partially shield the first-wall coolant panels from concentrated plasma energy

deposition.

Pressurized water at 12-15 MPa (1800-2200 psi) pressure and a maximum

outlet temperature of 320cC is proposed as the coolant for the reference

design. The coolant containment and structural material is Type 316 stain-

less steel. The radiation damage and mechanical properties limitations of

stainless steel are fairly well defined and pose one of the important life-

limiting criteria for the blanket. Several aspects of the blanket design have

been aimed at maximizing the allowable criteria, such as swelling and loss

of ductility. Of particular significance is the fact that water coolant is

an effective heat-transfer fluid at relatively low temperatures, e.g., < 320°C.

Therefore, the stainless steel structure can be maintained at temperatures of

<\i 300-400°C where swelling and embrittlement are much less pronounced than

at 500-600°C.

Although there is a rather high degree of uncertainty regarding the

properties of the solid Li7Pb2, this compound is selected as the breeding

material for the reference design. The two major factors in the selection

of LiyPb2 are the high tritium breeding capability and the assumption that

this solid compound is probably less reactive with water than lithium, at

least from a kinetic viewpoint. However, major uncertainties exist relative

to the reactivity of this compound with water, and hence the safety considera-

tion, and with effects of the radiation and elevated temperature environments

on the mechanical integrity of the material. Another disadvantage of this
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breeding material is its high mass or weight. The weight of a Li7Pb2 blanket

is approximately an order of magnitude higher than that required for a liquid

lithium blanket. Since the expected lithium burnup is <v 1% per year, the

breeding material should last several years before changeout is required.

However, blanket changeout will probably be required during the lifetime

of the reactor. Since the stainless steel structural material must also be

replaced every few years, changeout of the breeder material does not pose a

major constraint.

Low-pressure low-velocity helium circulated through the breeding material

is proposed for the tritium processing fluid. Adequate purity should be

attainable under the proposed conditions, such that compatibility problems

are not expected. Methods of purification and tritium recovery are fairly

well established for helium. The presence of helium in the blanket region

should also enhance heat transfer from the breeding material to the coolant

tube, and therefore, be an asset.

The proposed reference design is composed of "v 1200 rectangularly shaped

modules that make up the breeding blanket. The nominal dimensions of a

breeder module are 0.25-m wide by 0.42-m thick with the length varying from

1.2 to 2.7-m, depending on the position in the reactor. A basic module is

depicted in Fig. 1-11. The blanket module basically consists of a rectangular

stainless steel container filled with breeder material interspersed with a

network of coolant channels and tritium collection ducts. Maximum weight of

a module is approximately 800 kg. Two coolant supply lines, two coolant

return lines, and singular small inlet and outlet tritium nozzle connections

are made from each module to a slab manifold system. A structural slab (slab

section) positions and supports up to twelve modules and provides the carrier

component for removal and replacement of the blanket modules.

Figure 1-11 depicts the approximate cross sectional array of the basic

1-cm diameter coolant tubes used to extract heat from the blanket. The

0.125-cm (0.050-in.) wall tubes are made of stainless steel and run single

pass the length of the module. A system of headers and manifolds, which

collect the coolant at each end of the module, terminate into a single

2.5-cm pipesize (or dual 1.8 cm pipesize) inlet and outlet nozzle. These

nozzles are joined to a 7.5-cm pipe size manifold which collects/distributes
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coolant from up to a 12-raodule slab assembly. Coolant flow rates can be

adjusted from 0.5 to 1.0 m/s to obtain AT's of ^ 110°C with pressurized water.

The reference first-wall system consists of water-cooled stainless steel

panels for the first wall with multiple radiatively-cooled limiters. Bending

and expansion constraints imposed on the first wall by the structural design

can substantially affect the allowable surface heat-fluxes that can be accepted

by the first wall. In order to minimize these mechanical constraints, i t is

proposed that a thin (< 2 cm) stainless steel panel coil configuration be

used for the first wall (see Fig. 1-12). Although the separated first-wall

concept is slightly more complex from the fabrication viewpoint, the enhanced

lifetime attainable makes this concept superior for the water-cooled design.

Although materials selection for the first-wall components has not been

a major focus of the present investigation, this is an extremely important

aspect of tokamak reactor design. If the low-Z benefit proposed in the

Argonne EPR study proves to be accurate, the materials selection for the

155 cm
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Figure 1-12. Molten sain cooled blanket/shield - recommended approach.
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first-wall system will be very limited. In particular, the interaction

between the first-wall and limiter materials will be cri t ical . If low-Z

materials are required, the coating concept proposed at Argonne is recommended

for the stainless steel panels. Beryllium possesses several attractive proper-

ties for the low-Z coating, however, a high temperature refractory is required

for the limiter material. If beryllium is used as the wall coating, beryllium

oxide or beryllium-oxide-coated graphite limiters are proposed as prime candi-

dates. Graphite limiters are probably unacceptable because of chemical inter-

action with the hydrogenous plasma. Because of the complexity of the impurity

control problem, further information is necessary before final selection of

the first-wall coating (if needed) and limiter materials can be made.

1.10 Molten Salt Cooled Blanket Design

Molten salts in general have several advantages compared to other candidate

coolants for fusion reactor blankets. The salts have relatively high boiling

points, and thus for typical fusion reactor temperatures can be contained at

a much lower static pressure than water or helium. Their heat transfer and

heat capacity characteristics are much superior to those of gaseous helium.

Most salts containing lithium are less reactive with air and water than is

liquid lithium, and thus are less hazardous in the event of a leak or spil l .

The salts can be moved across strong magnetic fields without incurring the

strong resisting forces induced in liquid metals because their electrical

conductivities are lower. However, those molten salts known to provide

acceptable radiation and chemical stability have relatively high melting

points (> 300°C). In addition, the effect of the electrical potential (emf)

induced by the movement of molten salts through magnetic fields is an unknown

in determining their chemical stability. Selection of the optimum molten salt

involves consideration of physical and thermal characteristics, tritium breeding

potential, and compatibility with candidate first-wall/blanket/shield ma-

terials. Relatively simple blanket designs with a single lithium-containing

salt that serves as both coolant and breeding medium have been considered.

Other molten salts that serve only as the coolant have also been assessed.

The salts given primary consideration were the LiF-BeFg system (some-

times referred to as "flibe") and the nitrate-nitrite NaNO2-NaNO3-KNO3 (usually
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referred to as HTS or heat transfer salt). The study also examined chlorides,

carbonates and hydroxides. The more attractive candidate salts divide roughly

into two groups:

• salts containing lithium, which are capable of breeding tritium

but which have relatively high melting points,

• salts without lithium, with no breeding potential but have rela-

tively low melting points.

Of the breeding salts, only the LiF-BeF2 compounds seemed potentially

capable of achieving an adequate breeding ratio. Further neutronics studies

indicated that 47LiF-53BeF2, the lowest melting point compound (363°C), would

provide a maximum breeding ratio of only 1.07 even with neutron multipliers

added. This is considerably less than the ^ 1.30 breeding ratio considered to

be a minimum value required to provide an adequate margin to cover blanket

volume losses.

The best nonbreeding salt is heat transfer salt (HTS), 49NaNO2-7NaNO3-

44KN03 (mole % ) . HTS has the lowest melting point (142°C) of any candidate

salt, has good thermal and heat transfer qualities, and has acceptable cor-

rosion rates for 316 stainless steel at temperatures of interest. Corrosion

rates in HTS are also believed to be acceptable for most nickel and iron base

alloys. The main disadvantages of HTS are its reactivity with graphite and

liquid lithium and possible instability under fusion reactor radiation levels.

Low melting hydroxides, carbonates and chlorides are generally highly corrosive

to most conventional structural materials.

The two blanket design concepts of interest parallel the two coolant

groups:

1. single fluid blankets, which use only one molten salt functioning

as both breeder and coolant, and

2. blankets in which a molten salt acts as coolant and some other ma-

terial acts as breeder.

Although a single-fluid blanket would offer design simplicity, the con-

cept was not studied in depth because none of the lithium-containing salts

provided an acceptable breeding ratio. All the second group blanket concepts

reviewed were similar, containing liquid lithium in the blanket cooled by
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molten salt flowing through a tubing network. However, use of HTS coolant

with this concept requires that the liquid lithium be replaced with a solid

breeder, to minimize safety concerns regarding inadvertent HTS/breeder con-

tact. Based on evaluation of candidate molten salt coolants and of blanket

concepts using those salts, a reference design using HTS coolant and solid

lithium-lead (Li7Pb2) breeder was selected for further analysis.

Thermal, structural and neutronics studies were conducted to define the

design details that are presented in Fig. 1-12. A typical blanket module is

shown; overall dimensions can be adjusted to form the required module shape

and size. The design features a tubular first wall, separate breeding zone

of sealed lithium-lead (LiyPb2) plate assemblies having a helium purge for

tritium removal, and separate stainless steel/boron carbide (SS/B^C) shield

zones, contained in a stainless steel blanket structure and cooled by flowing

HTS = Separation of breeding and shielding zones permits a shorter, nonbreeding

variation of the basic blanket design to be used for reactor in-board wall

modules. Both inner and outer blanket designs are used for power generation.

The design inherently provides a thermal storage for the power generating sys-

tem by using heat generated within the shielding to smooth out the thermal

cycle by decreasing the temperature drop between burns. Molten HTS and solid

Li?Pb2 are not compatible. However, design details such as redundant encapsu-

lation of the Li7Pb2 bar should minimize the probability and consequences of

inadvertent HTS/breeder contact, thereby reducing safety concerns.

HTS coolant enters the blanket through inlet pipes and is channeled to

the first wall through chambers formed by double walls on the narrower (50 cm)

side of the blanket (the 100-cm long sides have single walls). The coolant

flows through two separate tubing loops that nest together to form the first

wall. After re-entering the blanket the coolant flows radially outward through

gaps between breeding plate assemblies, between the SS/B4C plates in the shield

zone, then exits the blanket through outlet pipes in the back wall. Pumping

power required is 'v- 0.1% of reactor thermal output.

The breeding zone is 54-cm long and covers the full cross section of the

blanket. Breeder plate assemblies each consist of <v 1.-5 cm x 1.5 cm (cross

section) bars of solid Li7Pb2» arranged side by side with 0.1 cm gaps between

adjacent bars. The bar array is enclosed by 0.05 cm stainless steel sheet

on all sides, with a helium manifold region at the top and bottom. All plate

1-29



assemblies are connected at top and bottom to inlet and outlet manifolds

spanning the assemblies. Low-velocity, low-pressure helium enters each plate

assembly from the inlet manifold, flows along the gaps between lithium-lead

bars to remove the tritium, and exits the plate assemblies via the outlet

manifold. Tritium penetration into the HTS is kept at acceptable levels

by low-permeability barriers formed by an oxide layer on the outer surface

of the stainless steel wall (formed by reaction with the HTS) and a t'lin

ceramic coating on the inside of the wall. The 54-cm breeding zone thickness

is based on the calculated % 74% volumetric efficiency (exclusive of allowance

for blanket wall structure). Shielding zone length is 72 cm based on a

calculated 85% volumetric efficiency. Neutron streaming can be prevented by

canting the plate assemblies at a slight angle, and by canting and/or "stepping"

the bars within the plate assemblies.

A tritium breeding ratio of 1.08 for the reactor was obtained by de-

signing for a 1,3 breeding ratio in the outboard wall modules and no breeding

in the inboard wall. A 12-year doubling time is provided with a 1% fractional

burnup.

The tubular first wall design was selected because i t appears to have

the potential for the longest life of any candidate designs for actively

cooled first walls. Structural analyses conducted for the helium cooled

blanket indicated that fatigue life increased as the degree of mechanical

constraint on the tubes was reduced. This consideration together with thermal

analysis results led to selection of the two-loop first wall. A three- or

four-loop system could be selected without significantly affecting performance.

Only four coolant connections are needed between the first wall and blanket.

Inlet-to-outlet coolant temperature difference is *v» 200-250°C. Higher

coolant temperature differences are obtainable, since the highest coolant

temperatures and highest structural temperatures (^ 450°C for the design)

occur at the radially outward end of the shield zone where structural tempera-

tures are not limited by radiation damage. Inlet coolant temperature assumed

was 200°C, almost 60° above the sa l t ' s melting point. Maximum temperature

within the LiyPb2 breeder bars was 'v 490°C, well below the compound's 725°C

melting point. First wall maximum temperature for the two-loop design was

370°C, assuming an 0.20 cm tube wall and 3.0 m/s coolant velocity. Long
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first-wall lifetimes are predicted on the basis of flaw growth and fatigue

analyses, and therefore, radiation damage will be the limiting factor on

life.

The design described is attractive from the standpoints of thermal

performance, first-wall life, tritium breeding, safety and fabricability.

The major unknown is the degree of stability of the HTS coolant under fusion

reactor radiation levels. Very limited information indicates that HTS may be

stable enough to use as a coolant, although periodic replacement or repro-

cessing may be necessary, but this information is not conclusive. Irradia-

tion tests of HTS to provide additional data are underway.
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2.0 Introduction

A study of the technological and design aspects of a tokamak fusion reactor

blanket/shield was conducted in a joint effort by Argonne National Laboratory

(AHL) and McDonnell Douglas Astronautics Company (MDAC). The objectives of

this program are the identification of key technological constraints of

various tritium-breeding-blanket design concepts, establishment of a basis

for assessment and comparison of the design features of each concept, and

development of optimized blanket designs for a commercial power reactor. The

approach used involved a review of previously proposed blanket designs,

analysis of critical technological problems and design features associated

with each of the blanket concepts, and a detailed evaluation of the most

promising design concepts.

A generic 2400 MWt tokamak power reactor with a major radius of 7,0 m,

a minor radius of 2.33 m, and a slightly elongated plasma (k = 1.3) was used

for analysis of reactor-design-dependent features of the blanket. In the

reference reactor design, no tritium-breeding was achieved in the inner

blanket and no divertor was incorporated into the design. The effects of

breeding in the inner blanket, inclusion of a divertor, and inclusion of

neutral beam/vacuum ports on the breeding capability of the blanket were

treated parametrically.

Materials property data for the structural, breeding, and coolant

materials have been compiled. Six classes of structural materials considered

are an austenitic stainless steel (Type 316), a nickel-base superalloy (IN 625),

a titanium alloy (Ti-6242), a vanadium alloy (V-15Cr-5Ti), a niobium alloy

(FS 85) and a ferritic steel (Fe-9Cr-lMo). The specific alloys considered

are not intended to be optimum alloys but representative of a certain class.

Results obtained from the present investigation will serve as a basis

for optimization of the alloy classes considered. In addition to the

property data for the structural alloys, a consistent set of stress criteria

to be used in the analysis of the various materials has been specified.

Three classes of tritium-breeding materials are considered, viz., liquid

lithium, solid Li20, and solid Li7Pb2» The coolants considered include

liquid lithium, helium, water (steam), and molten salts. An important

phase of this effort is the identification of structure/breeding medium/

coolant combinations that result in viable blanket designs.
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The impact of tritium processing scenarios on excess tritium-breeding

requirements and tritium-extraction kinetics are evaluated. The importance

of continuous versus batch processing and the fractional fuel burnup on

blanket design are considered. A nuclear analysis of the tritium-breeding

performance was conducted for the three breeding systems, viz., liquid

lithium, Li20, and LiyPbg. The analysis focused on three major categories:

(1) trends of variation of breeding ratio and breeding zone thickness, (2)

effects of a graphite reflector and beryllium neutron multiplier on breeding

ratio, and (3) impact of tritium breeding on the minimum blanket/shield thick-

ness requirements for protection of the toroidal field coils. The mechanical

design of a tritium-breeding blanket is analyzed in terms of blanket con-

figuration, vacuum wall position, and coolant manifold requirements. The de-

sign features of three general blanket configurations, viz., a complete wedge

of the torus, rela ively large blanket slabs, and small blanket modules are

examined. Procedures have been developed for working backward from desired

lifetimes of a fusion reactor first wall to trade-offs with surface heat

flux and temperature, using failure criteria from .̂ SME Code Case 1592. Failure

mechanisms considered are: (1) direct stress failure because of overloading;

(2) creep-rupture corresponding to the combination of stress, temperature,

and time; and (3) low-cycle fatigue or ratcheting from cyclic loading. The

procedure developed is useful in the comparison of candidate structural ma-

terials, in the quantification of design parameter trade-offs, and in the

selection of an initial design point for further development.

The major design constraints that impact blanket designs for the four

candidate coolants are evaluated in detail. The four designs are discussed

as follows: Section 9.0 - Lithium Coolant, Section 10.0 - Helium Coolant,

Section 11.0 - Water Coolant, and Section 12.0 - Molten Salt Coolant.

Important features of previously proposed blanket designs for the respective

coolants are reviewed. Important considerations for blanket materials se-

lection are evaluated in terms of physical and mechanical properties, compati-

bility of coolant with structure and breeding material, and radiation effects.

Detailed analyses of tritium processing and tritium breeding capabilities

are presented for the various blanket concepts.
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The critical design aspects that influence blanket configuration,

vacuum wall position, and manifold requirements of the four blanket coolants

are assessed. Results of detailed thermal-hydraulic and stress analyses

are presented. Effects of varying the cyclic energy deposition rate on

the first wall, and the coolant flow-patterns are examined in detail. The

critical stress problems that occur in the first-wall region of the blanket

are assessed for candidate structural materials. Finally, a reference

blanket design for each of the four coolants is developed from the above

considerations.

A comparative analysis of the four reference designs is conducted to

select the most viable coolant/structure/breeder material options and blanket

design configurations for a commercial tokamak reactor blanket. It is

anticipated that the selected blanket design will be subjected to more

thorough detailed optimization analyses.
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3.0 Reference Reactor Concept

3.1 Reactor Parameters

In the present investigation, much of the analysis is conducted para-

metrically and, therefore, can be applied to any tokamak reactor design.

For specific design related problems, a generic 2400 MWt tokamak power

reactor with a major radius of 7.0 m, a minor radius of 2.3 m, and a slightly

elongated plasma is used for the blanket analyses. Figure 3-1 shows a poloidal

view of the reference reactor design. Other reference reactor design parameters

are summarized in Tabl;. 3-1. This reactor design description was recently

developed for plasma engineering studies at Argonne. The parameters are

generally similar to those of the UWMAK-III design.

3.2 Blanket/Shield Parameters

Several reactor systems that directly impact the blanket/shield design

are treated parametrically. These considerations include tritium-breeding

in the inner blanket, use of a magnetic divertor, and neutral beam/vacuum

ports.

The reference blanket design assumes no tritium breeding in the inner

blanket in order to minimize the inner blanket/shield thickness. The equivalent

blanket volume lost, of the order of 12% of the total blanket volume, is treated

parametrically. A high efficiency shield material is used for the inner blanket;

however, this region still must be cooled. The non-breeding inner blanket im-

poses a slightly higher breeding requirement on the remaining blanket but tends

to simplify design and maintenance requirements for the blanket.

Although the reference reactor design does not include a divertor, the

impact of a divertor is considered for various aspects of the blanket design.

Important considerations include the effect on first-wall surface heating,

loss of tritium breeding in a portion of the blanket, and impact of space

requirements on TF coil designs and remote maintenance. The incorporation

of a divertor can significantly reduce the surface heat load on the first wall

components. This benefit is severely compromised by the difficult cooling

requirements of a poloidal divertor. Problems encountered in the cooling

of the divertor region are not addressed in the present study. The reduced

heat loads in the first-wall region are treated parametrically.
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Figure 3-1. Poloidal view of reference reactor design.
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Table 3-1. Design Parameters for Reference Tokamak Reactor

R

a

A

K

A
v
B
max

P
q(a)

I
_P
T
e

ni
nr

PW.

PVL

"eft
Burn time

Down time

Major radius

Minor radius

Aspect ratio

Elongation factor

Vacuum scrape-off region

Maximum toroidal-field
region

Plasma volume

Wall area

Toroidal beta

Poloidal beta

q(o) - 1

Plasma current

Average electron temperature

Average ion temperature

Average ion density

Average alpha particle
density

Average electron density

Peak thermal power

Peak average neutron wall
loading

Peak average total wall
loading (no divertor)

7.0
2.33

3.0

1.3

0.2

9 T

950

729

0.07

1.75

11.6

m

m

m

m

m3

m2

MA

8 keV

7.95

1.5

3.2

1.87

1.93

2380

2.41

3.26

1.71

keV

x 10 2 0 m"3

x 10 2 0 s-m-3

x 10 1 8 m"3

x 10 2 0 m-3

MW

MW/m2

MW/m2

30 minutes

1 minute
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A double-null pololdal divertor may displace i> 20% of the blanket

volume, and as a result, severely degrade the tritium-breeding capability

of the blanket. This effect may be a major consideration in the evaluation

of divertors for tokamak power reactors, since incorporation of a breeding

capability in the region of a poloidal divertor appears to be a very diffi-

cult problem. The impact of a bundle divertor on blanket design appears to

be somewhat less. As in the case of the non-breeding inner blanket, the neu-

tronic penalty for incorporation of a divertor into the blanket is treated

parametrically by requiring higher breeding ratios in the balance of the

blanket. The effects of a divertor on blanket fabrication and remote mainte-

nance requirements are discussed only qualitatively. The remote mainte-

nance procedures for a divertor, including coils, appear to be much more

difficult than for the case with no divertor.

Several relatively large ports through the blanket/shield of a fusion

reactor will be required to accommodate vacuum lines, neutral beams, and/or

RF heating. The number and size of these ports will depend on type of

auxiliary heating system and the burn-cycle scenario (primarily evacuation

time limits). As in the previous cases, the effects of these ports on

breeding capability and shielding requirements are treated parametrically.

In order to make up for the non-breeding blanket regions discussed above,

an effective breeding ratio of 1.3 in the tritium breeding regions was used

as a reference. Combinations of structure/coolant/breeding material in-

capable of providing this breeding ratio are considered inadequate.
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4.0 Materials Properties

Available property data for selected materials and recommended design

criteria have beem compiled for use in the present Blanket/Shield Design

Study. This handbook not only provides a convenient source of data required

for the evaluation of various blanket design concepts, but also indicates

where essential properties data are very limited or nonexistent. The data

are presented according to the materials classifications; i.e., structural

materials and tritium-breeding materials. The structural materials section

includes structural design criteria for use in the evaluation and properties

data for six classes of structural alloys. Data are given for three tritium-

breeding materials.

4.2 Structural Materials

The structural materials section of the handbook specifies the struc-

tural design criteria and presents the materials properties data for selected

reference alloys. The stress criteria are based on elevated-temperature de-

sign criteria specified by the ASME Boiler and Pressure Vessel Codes. Both

the time-independent and time-dependent stress criteria are included. The

six classes of structural alloys generally correspond to the alloy types being

considered in the alloy development program of the Materials and Radiation

Effects Branch of the Office of Fusion Energy. The general classifications

considered are:

(a) Austenitic stainless steel
(b) Ferritic steels
(c) Ni-base superalloy
(d) Ti-base alloy
(e) V-base alloy
(f) Nb-base alloy

Data for selected reference alloys are given for physical properties,

unirradiated mechanical properties, irradiation effects (including helium

effects), and corrosion and compatibility.
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4.2.1 Structural Design Criteria

Design criteria to be applied in evaluating first wall/blanket/shield

structural configurations are summarized in Table 4-1. The criteria

generally follow guidelines outlined in the ASME pressure vessel codes.

The criteria specified in the ASME codes (Refs. 1 and 2) include defini-

tion of primary and secondary stresses, design stress intensity levels and

stress limits, as well as philosophies about load combinations and K factors

to be applied, depending upon the type of load. The structural design criteria

are primarily based on the ASME Boiler and Pressure Vessel Code Section III -

Division 1, Subarticle NC-3200 of Subsection NC for Nuclear Power Plants Class

2 Components (Ref. 1). Section III - Division 1 is "Rules for Construction

of Metallic Nuclear Power Plants Components." Where design at elevated

temperature is required, guidelines of ASME Code Case 1592 (Ref. 2) will be

applied.

Analysis of bolting requirements will be guided by ASME Boiler and

Pressure Vessel Code Section III - Division 1, Paragraph NC-3216 and in

particular the rules of Subparagraph NC-33216.3, "Special Stress Limits."

The special limits which apply to the bolted joint are summarized in Table

4-1.

Factors of safety of 5.0 and 1.5 are to be applied to loads for static

and dynamic buckling, respectively. Static buckling is to be governed by

linear eigenvalue analysis. Dynamic buckling analysis shall be conducted

in accordance with Ref. 3 guidelines.

Life determinations for the plasma chamber reference design include

application of a scatter factor of 4. Considering the many unknowns associated

with fusion plasma chambers (disruption loads, temperature fluctuations, irradia-

tion effects on material properties, etc.), a factor of 4 is reasonable at

this point in the studies.

4.2.2 Materials Selection

Six classes of structural alloys are most often suggested as candidate

materials for fusion-reactor blanket applications. These are austenitic stain-

less steels, ferritic steels, high nickel alloys, and titanium-, vanadium-,

and niobium-base alloys. Aluminum alloys are not considered because of their
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Table 4-1. Structural Design Criteria

Time-dependent
Allowable Stress: S
(other than bolting)0

Lowest value of

1/3 Su at room temperature
1/3 Su at temperature
2/3 Sy at room temperature
0.9 S at temperature

Time-dependent
Allowable Stress: S_

Lowest value of

2/3 of minimum stress to
cause creep rupture in
time t

80% of minimum stress to
cause tertiary creep in
time t

Minimum stress to produce
1Z strain in time t

General Primary-membrane
Allowable Stress: S

mt

Lesser of S and S_ at temperature and time,
m t r

Allowable Stress Limits,
Normal Operating Condition

General primary membrane stress, P < S
Local primary-membrane plus bending.

P
where K - 1 + K (1 - -=̂ )

C B o
(K • 0.25 for shell-type structures)

Allowable Stress Limits,
Emergency Conditions

Pm s 1.0 s"

L b Kt St

Design Stress
Intensity (S )
(Bolting Materials)

Allowable Stress
Limits for Bolting

Shell Buckling
Factors of Safety

Life Cycles

1/3 S at temperature

Bearing Stress (ffiR) = 1.5 S
Average Primary Shear Stress (fs) « 0.60 SJJ
Shear Tear Out Stress •= 0.60 Sm

Static Buckling (5.0)
Dynamic Buckling (1.5)

Scatter Factor (4.0)

S - Material Yield Strength

S - Material Ultimate Strength

4-3



low operating temperature limits and molybdenum alloys are rejected because

of fabrication (welding) difficulties. Table 4-2 lists a number of proposed

candidate alloys in each of the six alloy classifications. Since a major

objective of the present Blanket Design Study is to compare the merits of

various blanket concepts, and hence, various blanket structural materials,

a single reference alloy has been selected from each class (see Table 4-2).

The scope of the present blanket study is limited to a comparison of the six

reference alloys. The reference alloys may not bo optimum for each alloy class;

however, it is intended that the reference alloys be representative of each

classification. Results of the present study should indicate which of the

alloy classes merit further investigation while continued work, along with

additional materials research, will permit optimization within the alloy

classes. Following is a brief summary of the basis for selection of each

reference alloy.

The austenitic stainless steels have been used extensively in breeder

reactor applications, and therefore, a substantial technology base has been

generated. Fabrication procedures have been well-developed and the ease of

fabrication and welding should lead to increased reliability of structural

components. In addition, the effects of neutron radiation in a fission reactor

environment have been fairly well characterized. The unfavorable character-

istics of austenitic stainless steels relate primarily to their physical

properties, viz., low thermal conductivity and high thermal expansion coeffi-

cient, high activation levels, and radiation swelling and embrittlement at

temperatures above <V/ 500°C. Type 316 stainless steel has been used most

extensively for in-core components in breeder reactor applications? and is

selected as the reference alloy. Although solution annealed material is con-

sidered initially, the 20% cold-worked condition may prove to be preferable.

Modified Type 316 stainless steels, e.g., Ti-modified, offer the potential for

reduced radiation-induced swelling. Developmental alloys also show potential

for improved radiation damage resistance.

The ferritic (martensitic) steels have only recently been proposed as

structural materials for magnetically confined fusion reactors. These alloys

were originally rejected because of their magnetic properties. Although further

studies are required, preliminary analyses indicate that ferromagnetic alloys

may be acceptable. Since this alloy system was added mid-way through the
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Table 4-2. Nominal Compositions of Candidate Alloys in Each of the
Six Alloy Types Considered

Alloy Al Ti Cr Fe Ni Zr Nb Mo Ta W Sn

£

Austenitic
Stainless Steel

Type 316*

Type 304

Type 316 (Ti)

Ferr i t ic Steel

HT-9

9Cr-lMo

2 lMCr-ltfo

Nickel Alloys
*

Inconel 625

Inconel 718

Nimonic PE16

Titanium Alloys

Ti-64

Ti-6242*

Ti-5621

Vanadium Alloys

V-15Cr-5Ti*

V-10Cr-3Ti

Niobium Alloys

Nb-lZr

Cb-753

FS-85*

0.3

1

1

90

86

86

5

3

0.3

0.2

17

18

17

12

9

2.2

21

19

16

64

70

64

85

88

96

3

18

33

14

10

14

61

52

44

80

87

15

10

0.1

1

1

1

99

94

60

2.5

2.5

1

1

1

9

3

3

0.5

28 10

Reference alloy for present study.



study, a complete analysis was not conducted for all blanket concepts. The

primary incentive for consideration of this alloy class was the preliminary

indication that the HT-9 (Fe-12Cr-lMo) alloy potentially offered lower

swelling and greater residual elevated temperature ductility than the aus-

tenitic stainless steels. Also, the better physical properties provide a

reduced thermal stress factor. Major concerns regarding the use of these

alloys relate to possible increases in their ductile-brittle transition

temperature (DBTT) during irradiation, difficult welding characteristics

and post-weld heat treatment requirements, and sensitivity of mechanical

properties to compositional and thermomechanical treatment variations.

Although the stabilized Fe-9Cr-lMo alloy being developed in the breeder

reactor program may provide the most potential, HT-9 is selected as the

reference alloy in the present study because of its greater data base.

The high-nickel superalloys generally exhibit better high-temperature

strength than the austenitic stainless steels and there are indications that

the higher nickel alloys are more resistant to swelling and radiation creep

than the austenitic stainless steels. However, since many of the physical

properties do not differ significantly from those of the austenitic stain-

less steels, these alloys provide little advantage from a thermal stress

point of view. Probably the major concern regarding the use of nickel

alloys is high helium generation rates produced by the high energy neutron

spectrum. Deterioration of mechanical properties as a result of the high

helium concentrations may limit the use of these alloys. Because of the

high solubility of nickel in lithium, the high-nickel alloys are probably

not viable structural candidates for lithium-cooled systems. Their greatest

potential, if any, lies with the helium-cooled blanket systems. Inconel

Alloy 625 was selected as the reference alloy for this system. The creep-

rupture and aging properties of this alloy are generally similar to those of

Nimonic PE-16, and A-286. Although Inconel 718 has been considered and may

eventually prove preferable, its higher strength properties are not typical

of most of the high-nickel alloys.

The titanium-base alloys, which have been used extensively in the

aircraft industry because of their relatively light weight and high strength

at moderate (< 450-500°C) temperatures, are candidate fusion reactor struc-

tural materials. The primary incentive for the use of titanium alloys is
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the potential for low long-term activation. However, most of the higher

strength commercial alloys contain molybdenum or other alloying elements

that produce long-lived radioactive products. The major concerns regarding

the use of titanium alloys for fusion reactor applications are the lack of

data on radiation effects, viz., swelling and mechanical properties, the po-

tential for hydrogen embritClement, and the reduction of strength at tempera-

tures above 450-500°C. Titanium alloys must be welded in an inert atmosphere

and some alloys require a post-weld stress relief. The titanium alloys are

generally classified according to the relative amounts of a(HCP) or B(BCC)

phases that they contain, i.e., a, (a + 0) and g alloys. Insufficient data

are available to assess which of these alloy-types is preferred on the basis

of radiation effects. Therefore, "near a" alloy, Ti-6242s, which is repre-

sentative of the present generation high creep strength, high temperature

alloys, is selected as the reference alloy. This alloy possesses consider-

ably higher strength properties than the more common a + 6 alloy, T1-6A1-4V.

Selected vanadium-base alloys are among the most radiation-damage re-

sistant alloys known. Vanadium alloys maintain good strength properties to

temperatures above 650°C and neutron irradiation of vanadium results in

fairly low levels of long-life activation products. The major concerns re-

garding the use of vanadium alloys are the lack of information on fabrica-

bility, particularly welding, and the effects of atmospheric environment

during fabrication and operation. Results generated from breeder reactor

programs indicated that a few percent of titanium added to vanadium sub-

stantially reduces swelling and enhances fabricability. Chromium additions

also impro\e the elevated temperature creep properties. Therefore, a

second-generation research alloy, V-15 Cr-5 Ti, is selected as the reference

alloy. Since data are limited for this alloy, data for similar vanadium

alloys are used for certain properties. Because of their relatively high

oxidation potential, vanadium alloys are generally not regarded as viable

candidates with helium coolant.

Niobium-base alloys were initially of interest because of their good

mechanical strength at temperatures to 1000°C. In many respects.they are

similar to the vanadium alloys. However, they appear to be less resistant

to radiation damage and produce relatively high amounts of long-life acti-

vation products. The alloy FS-85, with a composition Nb-10W-27Ta-0.8Zr has
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been selected as the reference alloy on the basis of its desirable mechanical

properties. This alloy has a somewhat higher modulus of elasticity than most

of the other niobium alloys and the fact that It contains a high concentration

of tantalum makes it a questionable alloy for actual fusion reactor appli-

cations. However, alloys developed from the Nb-Mo-Zr or Nb-V-Ti systems are

potentially viable candidates that should have mechanical properties similar

to FS-85.

4.2.3 Physical Properties

The physical properties data for the six reference alloys are included

in this section. The temperature independent or temperature insensitive

properties, viz., density, melting temperature, and Poisson's Ratio, are

summarized in Table 4-3. The temperature dependence of the coefficient

of thermal expansion, thermal conductivity, specific heat, and electrical

resistivity for the five alloys are given in Figs. 4-1 through 4-4. The

thermal stress factor, which is a measure of the ability of the alloy to

accept surface heat fluxes, is given in Table 4-3 for each of the reference

alloys at probable mean operating temperatures.

Table 4-3. Physical Properties of Reference Structural Alloys

Property

felting
Temperature, °C

Density, g/cm3

Poisson's Ratio

*
Thermal Stress
Factor, MPa-m/w
(T, °C)

316 SS

1400

8.0

0.27

3.220
(400)**

HT-9

1420

7.8

0.27

0.105
(400)

Inconel
625

1400

8.4

0.28

0.210
(500)

T1-6242S

1650

4.5

0.32

0.128
(400)

V-15Cr-5Ti

1900

6.1

0.36

0.055
(500)

FS-85

2470

10.6

0.38

0.028
(500)

a E

**

K(l-v)

Approximate mean operating temperature.
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Figure 4-1. Thermal expansion of reference alloys.
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Figure 4-2. Thermal conductivity of reference alloys.

4-9



900

800 —

700

600 —

y 500
u

B
400 —

300

200

1 1

—

— HT-9/

7/

—
—r~ T

1y
316

'irico

_

1
Ti-6242

_

V-15 Cr-5Ti

625 _

FS-85______
_ — . s ^ — — — —

—
• " " "

1
0 200 400 600 800 1000 1200

TEMPERATURE, °C
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Figure 4-4. Electrical resistivity of reference alloys.
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4.2.4 Baseline Mechanical Properties

Available mechanical properties of unirradiated materials are summarized
(4-14)

in this section. The temperature dependence of the modulus of elasticity,

tensile yield strength and ultimate tensile strength are given in Figs. 4-5

through 4-7. The time dependent creep-rupture properties are given in Figs. 4-8

through 4-11 at selected temperatures.

4.2.5 Radiation Effects

The radiation environment in a fusion reactor will produce significant

atomic displacement damage and internal hydrogen and helium generation in the

structural materials. Table 4-4 summarizes the normalized displacement damage

(dpa) and gas production rates for the six reference alloys under first-wall

operating conditions. These radiation effects can reduce the useful lifetime

or operating limitations by inducing excessive dimensional changes caused by

swelling and radiation creep, by producing changes in the mechanical properties

and fracture toughness. Less important changes in the physical properties may.

also occur.

2 4 0

200

625

V-15 Cr-5 Ti

Ti-6242

0 200 400 600 600 1000 1200
TEMPERATURE, "C

Figure 4-5. Modulus of elasticity for reference alloys.
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Table 4-4. Comparison of Displacement Damage Rates and
Gas Production Rates for Reference Alloys

Alloy

316 SS

Inconel 625

Ti-6242

HT-9

V-15Cr-5Ti

Nb (FS-85)

Displacement
Damage dpa

11.3

10.9

15.0

U.l

11.3

7.0

Gas Production Rates
appm/(MW-y/m2)

Helium

147

296

142

110

57

30

Hydrogen

532

905

175

450

240

110

Because of the limited data base for radiation effects on candidate

structural alloys, only a qualitative assessment of the properties is pre-

sented. ' Since most of nhe available radiation data has been devel-

oped from the breeder reactor program, the data must be further qualified

because of the relatively low gas generation rates. Dual-beam ion irradiations

and mixed-spectrum irradiations of nickel containing alloys provide some basis

for predicting the behavior of alloys under fusion reactor conditions. The

major effects considered here include cavity formation that leads to swelling,

reductions in tensile ductility, and radiation creep.

Swelling due to cavity formation occurs in many metals during irradiation

at temperatures from 0.3 to 0.5 Tm- The density and size of the cavities is

strongly dependent upon the temperature, damage rate, total fluence, gas

generation rate, grain size, dislocation density, precipitate structure, and

crystal structure. In some cases, minor changes in alloy content, impurity

content, or pre-irradiation heat treatment can have a profound effect on the

degree of swelling. The increased gas production rate expected in fusion

reactors is likely to have its greatest impact on swelling at low or high

temperatures that are outside the normal swelling range. High temperature

excursions to temperatures >0.5 Tm could be particularly severe, since the gas
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bubbles could quickly coalesce and grow to increase the total swelling. A

comparison of the swelling expected in the six reference alloys is shown in

Table 4-5. With the exception of the titanium alloys, all other reference

alloys are predicted to exhibit lower swelling rates than austenitic steels.

There is insufficient data available to predict the swelling in titanium alloys.

Tt should be noted that the addition of a small amount of titanium has been

ahown to considerably reduce the swelling In austenitic stainless steel.

The tensile ductility of the structural materials will be reduced signi-

ficantly by irradiation due to the formation of defects that act as barriers

to dislocation motion at normal operating temperatures. At temperatures

>0.5 T , helium gas bubbles, particularly those at grain boundaries, can pro-

duce severe embrittlement. In the case of the bcc structural materials, viz.,

ferritic, vanadium, and niobium alloys, irradiation increases the ductile to

brittle transition temperature (DBTT) which can result in a brittle material

at lower temperatures. The primary impact of reduced ductility is to reduce

the operating safety margins of the reactor. The structural materials are

more susceptible to failure during off normal conditions that include tempera-

ture excursion, impact loading, high thermal stresses from plasma disruptions,

Table 4-5. Estimated Swelling and Ductility of Reference Alloys
after 10 MW-y/m2

Material

316 20% CW

Inconel 625

HT-9

Ti-6242

V-15Cr-5Ti

FS-85

Peak Swelling

. Temperature (°C)

575

450

400

600

800

f (%)
30

2

1

< 1

6

Ducility @ 500-600°C

UE (%)

0 - 0.5

< 0.1
*

3

0 - 1

TE (%)

< 1

< 1

3

4

< 2

Increase in DBTT to above RT,
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and high residual stresses that could be present during reactor shutdown.

The minimum residual ductility that is considered adequate for anticipated

off normal events will depend on the design of the individual components.

For most design conditions, a tensile ductility of 1-2% is considered ade-

quate. A comparison of the predicted ductility of the six reference alloys

at normal operating temperatures is shown in Table 4-5. Nlckle-base super-

alloys have the lowest ductility. Again, there is insufficient data to pre-

dict the change in ductility of titanium alloys.

Radiation creep will produce dimensional changes in the structural

materials, and if the creep is excessive, it can lead to component failure.

Compared to thermal creep, radiation creep has a small temperature and stress

dependence which means that the creep produced under normal operating condi-

tions is predicted to be almost entirely radiation creep. The allowable

amount of creep strain will determine the allowable stresses during normal

operation. These stresses are likely to be considerably lower than the com-

parable stresses for components outside of a radiation environment.

4.2.6 Compatibility and Chemical Effects

Because of the many materials combinations that can be considered in

a fusion reactor system and the importance of design implications, this sec-

tion provides only a qualitative assessment of compatibility and chemical

effects. The focus is to identify materials systems that can be eliminated

from further consideration under probable ranges of operating conditions.

Emphasis is placed on coolant/structure compatibility problems for lithium,

helium, water, and salt coolants.

4.2.6.1 Lithium Compatibility

Compatibility limitations of the structural materials will be a major

factor in the determination of che viability of designs that utilize liquid

lithium as the coolant. The two major compatibility problems relate to (1)

determination of the mechanical integrity of the structural containment and

(2) mass transfer of corrosion product that leads to plugging of circulating

systems or excessive deposition of radioactive material in unshielded regions.

Corrosion rates of austenitic stainless steels in high velocity lithium are
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probably limited to temperatures below 400-450cC. Although preliminary data

indicate that protective barriers, e.g., aluminum, tend to reduce the corro-

sion rates, it remains to be seen what benefits are retained under stress

conditions. The ferritic steels are generally considered to be more corrosion

resistant to lithium than the austenitic steels; however, concern is expressed

over effects produced by the combination of stress and lithium environment.

Because of the high solubility of nickel in lithium, the high nickel alloys

are not considered viable candidates for lithium cooled systems at tempera-

tures of interest. Titanium is fairly resistant to corrosion by lithium;

however, proposed alloys are probably less corrosion resistant because cf the

relatively high solubilities in lithium of alloyiug elements such as aluminum

and tin. It has been demonstrated that vanadium and niobium alloys have good

corrosion resistance to lithium at temperatures in excess of 800°C under cer-

tain conditions. The major concern involves nonmetallic element (0, N, and C)

interactions in these systems. Although the importance of these nonmetallic

interactions are reasonably well understood, the purification requirements

are less well defined.

4.2.6.2 Helium Compatibility

Helium is considered to be chemically inert to the reference structural

alloys; however, the presence of small quantities of impurities such as O2,

N2, CO2, and H2 in large helium transport systems can produce compatibility

problems. The austenitic stainless steels, ferritic steels, and nickel alloys

are generally considered to be compatible with r<2actor-grade helium at the

operating temperatures proposed. Titanium alloys will form a protective

oxide film at lower temperatures. At temperatures above 450-500°C the

kinetics of oxygen diffusion into the bulk material will become sufficient

to cause embrittlement. Vanadium and niobium alloys are not considered

viable for helium-cooled systems because of excessive oxidation in reactor-

grade helium at temperatures usually considered for these materials (>400°C).

4.2.6.3 Water Compatibility

Temperature limits for pressurized water are ̂  320°C because of pressure

considerations. Considerable experience in light-water reactor and other

pressurized water systems indicate that austenitic stainless steels, ferritic
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steels, and nickel alloys can be used with water of controlled purity. The

austenitic stainless steels are susceptible to chloride or stress-corrosion

cracking if water purity is not carefully controlled. The ferritic steels

are less susceptible to stress corrosion cracking but produce higher mass

transfer rates than the austenitic steels. The high nickel alloys are the

most corrlsion resistant of the six alloy-classes considered. The oxide film

formed on titanium alloys provides good corrosion protection; however, the

potential for hydrogen embrittlement exists. Vanadium and niobium alloys

have not been used extensively in pressurized water systems and are generally

not considered for water systems. However, for limited temperatures, the

stability of oxide films on certain alloys may be sufficient to provide ade-

quate corrosion resistance.

4.2.6.4 Molten Salts

Since several types of molten salts have been proposed for fusion

reactor coolants, only general conclusions are presented. The high nickel

alloys are the most corrosion resistant and are potentially viable for most

salts except possibly the hydroxides, which are very corrosive to nearly all

structural materials. The austenitic and ferritic alloys can be used for

nitrate-based salts and 2LiF-BeF2 under limited conditions. The more reactive

metals, viz., titanium, vanadium, and niobium, will likely have limited

compatibility with most salts at temperatures of interest.

4.3 Tritium-Breeding Materials

Three classes of materials that could potentially be used as tritium

breeders for a commercial fusion reactor are: 1) liquid metal (Li or possibly

an Li-Pb mixture), 2) alloys and intermetallics (Li7Pb2 or LiAl), and 3)

oxides (U2O and ternary oxides of Li). A molten salt, LiBeF3, "Flibe", was

not considered because of inherently low breeding capability and because Be

is resource limited. Recently there have been a number of comprehensive

reviews discussing the properties of lithium and lithium compounds and tritium

removal characteristics. " Important properties of candidate breeding

materials are summarized in Table 4-6.

In liquid lithium, the tritium inventory is determined by thermodynamic

considerations, namely the Sieverts1 constants for dissolution of T2. In
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Table 4-6. Properties of Candidate CTR Breeder Materials

O

Physical & Chemical

Melting ppint/K

Density/(g/cc)

Thermal Conductivity/
(W/mK)

Sieverts1 Constant/
Atom-1'2 at 770 K

Heat of Reaction with
Water/ (KJ/g-atom of Li)

Evolves H2 from H2O

Temperature/K for Tritium
Inventory of 1.0 Kg

Minimum Temperature/K

T . Constraint
min

Maximum Temperature/K

T Constraint
oax

Symbol Li

m.p.

P

min

459

.51

50

LiAl

973

1.76

30*

L12O L1A1O2

999

4.59

17*

1700-2000 1870

2.013 2.GO

1.73 1.6*

1474

2.52

1.6*

3.40

245

yes

any

510

m.p.

750-1500

compatibility,
boiling

7.0 x lO"1*

200

yes

740

720

tritium

870

m.p.

2.9 x 10-"

200

yes

670

640

tritium

870

m.p.

—

64

no

770

700

tritium

1300

sintering
volatility

none

no

850

800

tritium

1300

sintering

—

none

no

770

700

tritium

1300

sintering

Estimated



solid breeders, the tritium inventory is determined by diffusion rates as well

as by thermodynamic properties. The temperatures, particle sizes, and poros-

ities of the breeder materials will impact the inventory for solid blankets.

The tritium release characteristics have been assessed to estimate probable

inventories for solid breeder blankets. Important properties and data base

of each candidate breeder is discussed below,

4.3.1 Lithium

Of all the candidate breeder materials, lithium has by far been the most

extensively studied. The physical and chemical properties are well established

(in Table 4-6) and a capability of obtaining tritium levels of less than one

wppm in Li exists. This would correspond to a blanket tritium inventory of

less than 0,1 kg for a typical lithium blanket.

4.3.2 LiyPbp

Because it has excellent breeding and neutron attenuating properties,

the compound LiyPbj Is of interest. The compcrnd is fairly well-characterized
(27)

and the Li-Pb phase diagram is given in Fig. 4-12.

The hydrlding behavior in the Sieverts' region (hydrogen content in ppm

range) has not been measured; however, estimates indicate that L±7Pb2 has very

low dissolution of hydrogen isotopes. At temperatures > 300°C, results shown

in Fig. 4-13 indicate that stainless sueel is a better getter for tritium than

is Li7Pb2. In these experiments, two important observations were noted: 1)

melting of Li7Pb2 caused a marked lowering of the T2 pressure over the material,

therefore the liquid has a much greater solubility of tritium; 2) observed

rates of absorption and desorption were markedly increased in solid LiyPb2

after it had been melted. The flowing commercial-grade He system had appar-

ently created a surface oxide film which served as a permeation barrier.

(19 20)

Wiswall * has measured the removal rates of tritium from neutron-

irradiated Li7Pb2« Analysis of his data (Fig. 4-14) shows that, at low temp-

eratures, Li7Pb2 has the lowest inventory of any of the proposed solid breeders.

The curves in Fig. 4-14 are based upon 20-30 mesh particle sizes and it is

noted that sintering could increase diffusion path lengths, which would sub-
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Figure 4-13. Sieverts1 constant for Li7Pb2 vs temperature
compared to that of stainless steel.

Releose of Tritium from solid Breeders

Figure 4-14. Calculated tritium inventory in solid tritium-
breeding materials.
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stantially increase the inventory, Wiswall attempted to sinter the LiyPbj by

prolonged heating for 84 days at 550°C and found that tritium release rates

increased.

A potential concern is the reactivity of Li7Pb2 with water. Although

the thermodynamic data indicate that the reactions are very exothermic, it is

possible that the kinetics may be slow for reaction with the solid. Experi-

mental results show that, at water temperatures of 95 °C and Li7Pb2 temperatures

of 500°C, a combination of the heat of reaction and lowering of melting point

of the surface film due to lithium depletion caused the sample to melt, result-

ing in a very vigorous reaction. Related experiments showed that thS liquid

eutectic 62Li-38Pb reacts similarly, while a second eutectic 17Li-83Pb reacts

much less vigorously.

4.3.3 LiAl

The compound LiAl is also of potential interest, but its breeding

capability is lower than that of Li7Pb2 because of lower Li atom density
(29)

and the absence of a neutron multiplier (Pb). The phase diagram is

shown in Fig. 4-1J. Tritium extraction characteristics (Fig. 4-14) are

similar to, but poorer than, Li7Pb2« The heat of reaction with water (on

a per-lithium-atom basis) is approximately the same as for Li7Pb2 (Table 4-6),

and reactivity is expected to be similar. The Sieverts1 constant has not

been previously determined, but LiAl is expected to show greater dissolution

of T2 than is Li7Pb2.

4.3.4 Li?0

Lithium oxide is a compound of great interest, having the greatest

lithium atom density and the best breeding capability of any of the oxide

materials. Because it is in the oxidized form, the compound does not evolve

H 2 upon reaction with water and the heat evolved (Table 4-6) is much less

than that for lithium and lithium alloys. Therefore, it would appear to

offer some safety advantages.
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Figure 4-15. Phase diagram for LiAl system.

An important consideration for Li2O is its chemical reactivity with

species such as H2O or CO2:

Li20 + H2O t 2LiOH

Li2O + CO2 *• Li2CO3

Because of this reactivity, Li20 is extremely difficult to obtain in a pure

form, free of carbonate and/or hydroxide. The phase diagram for the system

Li20 - LiOH - Li2CO3 has not been experimentally determined but it is known

that carbonate or hydroxide impurities can reduce the melting point several

hundred degrees. The calculated phase equilibria for the Li20 - LiOH

system shown in Fig. 4-16 as a function of P and temperature.
Ho U

The diagram shows that reactor-grade He may have sufficient impurities

that corrosive liquid LiOH could form. In addition, vapor phase transport of

LiOH could present problems. The phase equilibria have also been calculated

assuming LiOH (LiOT also) is completely miscible in Li20. Taking a tritium

concentration of 1.0 wppm (mole fraction a 1.0 x 10~5) and a moisture content
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(LiOH) having a mole fraction of 1.0 x 10~3, the gas phase composition of

Fig. 4-17 was derived. Under these conditions, hydroxide species appear to

be important in the gas phase. It is suggested that hydroxide transport

likely will occur if reactor-grade helium coolant is allowed to contact Li20.

On this basis, it is concluded that Li20 should not be used in direct contact

with He coolant. In order to use LigO and process the tritium in-situ, it is

necessary to use relatively moisture-free (< 0.1% H2O) Li2O and use a separate,

dry (< 10 ppm H2O) He processing stream.

Tritium release from neutron-irradiated Li2O has been investigated/
19'20*33^

The data summarized in Fig. 4-14 indicate that, based on diffusion controlled

criteria, tritium recovery rates are reasonable at temperatures greater than

about 4iOcC. The precise particle sizes are unknown, but the material is

highly porous, with an effective microscopic diffusion path length of about

0.1 um. Sintering could increase the effective grain size and substantially

reduce the tritium release rates.
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Figure 4-17. Vapor phase species in equilibrium with Li

4.3.5

1

The compound Y-LiAlC>2 is much more stable than Li20, Li, or Li alloys

and it should be compatible with CTR-grade He coolant. The inherent breeding

capability, however, is insufficient and the viability of this breeder depends

upon whether a suitable neutron multiplier can be found. Calculated phase
(33)

diagrams are shown in Fig. 4-18. The observed tritium release character-
C19-21)

istics (Fig. 4-14) show that a minimum LiA102 temperature of about

525"C is required. The morphology of this material is similar to that of

Li2<3, and sintering is a major concern. In an attempt to sinter LiA102 at

prolonged (84 days) at 975-1000°C, Wiswall observed that tritium release rates

increased. A complication factor here is that the material probably was

undergoing a o-y phase transition but it appears that thermal sintering does

not have deleterious effects at temperatures up to 1000°C. However, enhanced

sintering at high neutron fluences is expected. Wiswall observed that higher

fluences (Fig. 4-19) have a deleterious effect on tritium recovery. The high-

est fluences are still two to three orders of magnitude lower than anticipated

4-27



2400

2200 —1

2000 —

g 1800

ffi
1600 —

fc!
1400 —

1200 —

1000
1

\

—

/ —

—

0.2 0.4 0.6 0.8 1.0

Figure 4-18. Calculated phase diagram for Li20 - A12O3 system.

S'IOO

hA
SL

-
IM

 R
LL

ZD

| 10

-4

FR
AC

TI
Or

1

i i i i i

LiAI02-650°C

- • ^ 1 A IRRADIATION-ROOM TEMPERATURE

: ^ ^ \

i i i i i

-

-

:

i

16 17 18 19 20 21
LogFLUENCE.cnf2

22 23

Figure 4-19. Effect of neutron fluence on tritium release characteristics
of LiA102 at 650°C.

4-28



fusion reactor conditions. The reduced tritium release rates are attributed

either to radiation enhanced sintering or radiation-induced trapping of tri-

tium in the solid.

4.3.6 Li?SiO?

The physical and chemical properties o.f Li2SiO3 are similar to those
C23)

of LiA102. The phase diagram is shown in Fig. 4-20. The neutronic per-

formance should be better than that of L,iA102, owing to its higher lithium

atom density.
(19 20)

The tritium extraction datav ' ' consist of one test at 500°C. The

data are well behaved and consistent with a simple diffusion model. The rate

of removal is better than for LiAlC>2, and cimilar to Li20 (Fig. 4-14). Sin-

tering may be more critical for Li2SiO3 because of its lower melting tempera-

ture and the fact that the solidus temperature is substantially reduced if

the stoichiometry varies significantly.
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5.0 Tritium Breeding Requirements

5.1 Continuous Tritium Recovery

The tritium systems code, TCODE, was used to calculate tritium inven-

tories as a function of fractional burnup for a hypothetical commercial

reactor. The blanket inventory was assumed to be 10 kg. The required

breeding ratio was then calculated (including decay losses) for various

tritium inventory doubling times. As is shown in Fig. 5-1, at very low

fractional burnup, the inventory becomes quite large and, as a result, rela-

tively high breeding ratios appear to be necessary. In reactors having no

active impurity control, the fractional burnup (FB) should be about 10%, and

a breeding ratio (BR) of 1.05 would be sufficient to provide inventory doub-

ling in five years. However, with a divertor or gas blanket impurity

removal scheme, FB could conceivably be less than 1.0%. If FB = 1.0%, a

BR of 1.20 is required to doulle the tritium inventory in five years. If

FB > 2%, then a breeding ratio of 1.10 is sufficient to double the tritium

inventory in five years or less.

5.2 Fuel-Pin Breeding Scenarios

It has been suggested that the breeding material in a fusion reactor

could be encased in a "fuel-pin" type assembly which would be removed irom

the blanket periodically to recover the bred tritium. This approach might

be useful in easing some of the difficulties associated with in-situ recovery

of tritium from jolid breeder materials. A computer program, TPIN, has

been written for the purpose of analyzing the implications of this concept.

The time between pin processing operations, the months of fuel reserve on

hand, the number of identical reactors operating together, the breeding

ratio, and the fuel cycle tritium inventory were all used as input variables.

The only tritium depletion mechanism built into TPIN was the tritium g-decay

loss (processing losses were, assumed to be zero). Selected results are

shown in Table 5-1. It is clear that the inventories are a strong function

of the time that the pins remain in the blanket. This effect is also illus-

trated in Fig. 5-2. In order to take advantage of the fuel pin approach,

it would be desirable to leave the pins in the blanket at least six months.

This implies a total tritium inventory of about 90 kg for tho> base case

plant in Table 5-1. Under these conditions, one reactor will require a

5-1



1.40

1.30 -

o
az

1.20 —

1.00
2 4 6 R

FRACTIONAL BURNUP, %

10

Figure 5-1. Effect of fractional burnup and doubling
time upon required breeding ratio.

breeding ratio (BR) of 1.20 to double its tritium inventory in 5 years, and

BR > 1.10 to double at all. Further, the figures at the bottom of Table 5-1

show that a breeding ratio of 1.10 will not be sufficient if the blanket

inventory is allowed to rise as high as 50 kg.

The results in Table 5-1 can be combined to calculate the annual growth

rate in the number of new reactors that can be brought on-line with the bred

tritium. As shown in Fig. 5-3, if a growth rate of 10% is required, then

the breeding ratio must be 1.20 for semiannual pin replacement.

It appears that the "fuel-pin" concept requires increased tritium in-

ventories, makes tritium production difficult, and is less efficient than

continuously processed blanket concepts. For these reasons, the concept

may only be applicable to Li-Pb or Li20 blanketed reactors, where breeding

ratios in excess of 1.2 appear to be readily achievable.
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Tab..e 5-1. "Fuel Pin" Fusion Reactor Breeding Scenarios for 3000 MW(th) Plant

Months of Pin
Operation

1

3

6

6

6

12

12

12

12

6

6

6

6

Months Fuel
Reserve

1

3

1

3

6

1

3

6

12

6

6

6

6

No. of
Reactors

1

1

6

2

1

12

4

2

1

1

1

1

1

Tritium needed
to s tar t plane,

k g

28.5

50.7

28.5

50.7

84.8

28.5

50.7

84.8

155.8

68.3

77.3

87.3

117.3

Tritium in
Fuel Cvcle,

k g

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

: .0

:o.o
20.0

50.0

Time to• add a Phint , \>r.
Breeding Ratio

1.05

7 .0

27.0

11.5

-

-

*

*

1.10

2.75

6 . 0

3 . 5

7.11

15.5

4 . 0

9 . 0

25.5

CO

10.0

12.5

16.5

-

1.20

1.25

2 . 5

1.5

2 . 5

5 .0

2 : 0

3 . 0

6 . 0

13.0

Maximum

1 .05

2 8 . 9

5 1 . 6

PU.7

84.9

85.7

150.0

150.2

150.9

153.7

Tritium Inventories, kg
Breeding Ratio

1 .10

29.4

53.2

87.9

88.1

88.8

156.2

156.5

157.2

160.0

72.8

81.6

91.3

120.5

1.20

30.5

56.4

94.2

94.5

95.2

168.9

169.1

169.8

172.6

•Negative tritium production (i.e., consumes more tritium than is bred).
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6.0 Neutronics Analysis

6.1 General Remarks

Neutronics and photonics analyses play a major role in defining a tech-

nically sound design for the blanket/shield system. One of the primary

functions of the blanket is to convert and possibly multiply the kinetic

energy of fusion neutrons and secondary gamma rays into heat at sufficiently

high power density so that thermal-energy retrieval and conversion to elec-

tricity with a reasonably high efficiency is feasible. Another important

function of the blanket is tritium breeding for the self-sustaining reactor

fuel supply.

The blanket/shield system is required to reduce the nuclear radiation

dose in all reactor components to a permissible level. The most critical

of these components are superconducting toroidal field (TF) coils. The

tolerable nuclear radiation levels in the TF coils have to be established

in terms of the maximum allowable characteristic change or degradation of

the components of the superconducting magnets, such as: (a) resistivity

increase in the stabilizer; (b) decrease of critical current density in the

superconductors; and (c) deterioration in the mechanical and dielectric

properties of the electrical and thermal insulation. Since inorganic insu-

lators that are more resistant to radiation damage are generally too brittle

to be useful in TF coils, organic insulators have to be used. Radiation

damage to organic insulators is irreversible. In addition, any replacement

of the coil insulation is almost impossible, and exchange of the coils

themselves is very difficult and expensive. Therefore, the magnet lifetime

is based on the maximum radiation dose that can be tolerated in the coil

insulation.

Another important aspect of the blanket/shield design that must be

taken into account at the early phase of design process is accommodation

of a variety of the so-called major penetrations. The major penetrations

are required for: (a) toroidal plasma chamber evacuation (vacuum pumping);

(b) supplementary plasma heating (neutral beam or radio-frequency heating

ducts); (c) impurity control (e.g., divertors); (d) access for diagnostics

and maintenance; and (e) cooling. These various types of penetrations not
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only bring about design difficulties from the reactor shielding and engi-

neering point of view, but impose a serious limitation on the usable reactor

volume available for the thermal heat retrieval and tritium breeding.

6.2 Scope of Analysis

In order to provide initial design guidance for the present blanket/shiel

studies, a nuclear analysis of the tritium-breeding performance^ has

been made for three different breeder systems of liquid lithium, L^O and

Li7Pb2. The analysis focused on the following three major categories:

1. Trend of variation of tritium breeding ratio with breeder zone

thickness;

2. Effects of graphite reflector and beryllium neutron multiplier on

the breeding ratio (BR); and

3. Impact of tritium breeding on the minimum blanket/shield thick-

ness requirements for protection of the toroidal field coils.

In category 3 above, a nuclear radiation dose limit of 5 x 109 rad in

an epoxy-base insulator in TF coils was taken as the magnet protection

criterion. The particle transport calculations were carried out using the

one-dimensional ANISN code with the S8-P3 approximation. The system dlmer

sions and blanket/shield compositions used in the calculations are given

in Table 6-1. The 46 neutron-group/21 gamma-group cross section library was

generated from the ENDF/B-IV ' DLC37 master library. ' The nuclear heat

response functions were processed from MACKLIB based on ENDF/B-III,

and isotopic tritium production cross sections were taken from those incor-

porated in the DLC37 library.

The parameter space which was varied in the present analysis is as

follows:

1. Breeder material: Li, H2O, and Li7Pb2 (see Table 6-2).

2. Breeding zone thickness: 5-80 cm.

3. Neutron reflector: 20-cm thick graphite behind the breeding zone.

4. Neutron multiplier: 5-cm thick beryllium behind the first wall.

6-2



Table 6-1. System Dimensions and Material Compositions Used in the Present
Analysis

Zone

Inner
Radius
(cm)

0

200

230

230.5

b

Outer
Radius
(cm)

200

230

230.5

b

c

Material Composition

Plasma

Scrape-off region

SS (or V) first wall

Blanket (breeder zone)

Shield, 50% SS + 50% Bt,C

1

2

3

4

5

Except for the vacuum regions, the density factor of all materials is
assumed to be 1.0.

Variable: If the breeding zone thickness is less than 30 cm, then the rest
of the blanket is filled with SS.

Variable.

Table 6-2. Number Densities (atom/barn-cm) of the Materials Used in the
Present Analysis

(A)

(B)

(O

Stainless Steel Wall

Ni .
Cr .
Fe .

Vanadium

V

50% SS +

Ni .
Cr .
Fe .

°B .
U B .
12C .

. . 0.00938

. . 0.01450

. . 0.06140

Wall

. . 0.07040

50% Bi+C Shi

. . 0.00469

. . 0.00725

. . 0.03070

. . 0.01085

. . 0,04400

. . 0.01350

(D) Beryllium Multiplier

Be . . . 0.12360

(E) Graphite Reflector
12C . . . 0.08030

(F) Liquid Li Breeder
6Li . . . 0.00343
7Li . . . 0.04286

(G) Breeder
6Li
7Li
16n

0.00602
0.07513
0.04058

(H) Li7Pb2 Breeder

6Li . . . 0.00310
7Li . . . 0.03870
Pb . . . 0.01194

(I) Epoxy-Base Insulator (C10H23O2)

12f 0.03650
0.04745
0.00730
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5. First wall: 0.5 cm thick stainless steel/vanadium.

6. Integral neutron wall load: 5-30 MW-yr/m2.

7. Volume fraction of usable breeding zone: 0.7-1.0.

Item 7 above was incorporated in the present analysis to identify potential

problems associated with a possible space allowance for:

1. Divertor (10-20 vol-%).

2. Major penetrations (neutral beam duct/RF-waveguide/evacuation duct)

(5-10 vol-% each).

3. Elimination of tritium breeding in the inner region of a reactor

(̂  10 vol-%).

In the analysis above, a helium gas of 15 volume percent!* is assumed as a

coolant for both cases of Li20 and Li7Pb2 breeders. In the case of liquid

lithium, the breeder material itself is used for cooling the blanket.

In order to develop a viable blanket design in which water (and/or steam)

is used as the primary coolant in the tritium breeding environment, some of the

design constraints that impact such a water-cooled system are also evaluated

from the neutronics standpoint. An important feature of the parasitic neutron

absorption by the structural materials in the water-cooled system is identi-

fied.

The remainder of this section is organized as follows. The tritium

breeding characteristic in each breeder material and the effects of graphite

reflector and beryllium neutron multiplier are studied in Section 6.3. In

Section 6.4 the impact of the tritium breeding on the minimum blanket/shield

thickness requirement for the TF-magnet protection is analyzed in detail. In

Section 6.5 discussions are made on space allowances for the non-breeding

inner blanket concept, and major penetrations. Section 6.7 focuses on the

analysis of the characteristic neutron spectra in the three breeder materials.

In Section 6.8, the effect of helium-coolant volumes in the solid Li20 and

LiyPba compounds on the tritium production is studied. Section 6.9 is devoted

to the nuclear analysis of the water-cooled systems. Finally in Section 6.10

the effects of toroidal geometry on the nuclear performance are discussed.
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6.3 Blanket Thickness Requirement for Breeding

6.3.1 Tritium Breeding Ratio Versus Breeder Zone Thickness

The minimum zone thickness required to attain BR = 1 is >v» 33 cm, 22 cm,

and 34 cm for Li, Li20, and Li7Pb2» respectively (see Figure 6-1). These

are the cases without graphite/beryllium. Note that in both cases of LijO

and Li7Pb2 compounds, 15% of the breeding zone volume is occupied by a helium

coolant, compared to the 100% utilization of the breeding zone by liquid lithium

breeder/coolant. In addition, the solid compounds are assumed to be 100%

dense material. No allowance is made for inherent fabrication porosity or

for intentional porosity designed to enhance tritium removal or heat transfer.

An appropriate increase in blanket thickness is required to allow for this

effect.

The tritium BR's in lithium and

breeding zone thickness, tg, up to t

increase almost linearly with

80 cm. This reflects the fact that

the 6Li(n,t)a reaction rate grows monotonically *jith increasing tB due to

the relatively hard neutron spectrum in these breeder systems compared to

the Li20 system (Figures 6-2 - 6-4).

2.0

1.9

1.8

1.7

1.6

I 1.5
I 1.4

5 1-3
I 1.2
o" I.I

I
Li
LijO/HELIUM !I5 V/0)

LiTPbj/HELIUM (15 V/O)

• NO GRAPHITE-NO BERYLLIUM "

O WITH O.2Om THICK GRAPHITE -

£ WITH 0.05m THICK BERYLLIUM -

O VANADIUM WALL (NOC-NO BE)

X VANADIUM WALL (WITH 0.05mBE)

0.10 0.20 0.30 0.40 0.50
BREEDING ZONE THICKNESS, m

0.60 0.70 0.80

Figure 6-1. Tritium breeding ratio versus breeding zone thickness
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1.4

I I I

• NO GRAPHITE-NO BERYLLIUM

O WITH 0.20 m THICK GRAPHITE
- A WITH 0.05 m THICK BERYLLIUM

- Q VANADIUM WALL I NO C-NO BE)

1.2 - • VANADIUM WALL (WITH 5 CM BE)

•T6[6Li(n.l.)a]

•T7[
7Li(n.nM)a]

0.20 0.30 0.40 0.50 0.60
BREEDING ZONE ( L i ) THICKNESS, m

0.70 0.80

Figure 6-2. Tritium breeding ratio of liquid lithium.

1.4

1.2

I 1 0

£0.8

I ! I

- • NO GRAPHITE-NO BERYLLIUM
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en 0.6 -
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I

A

I I
0.10 0.20 0.30 0.40 0.50 0.60
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0.70 0.80

Figure 6-3. Tritium breeding ratio of solid Li2O compound (with 15% He).
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Figure 6-4. Tritium breeding ratio of solid
15% He).

compound (with

In the case of Li2O, the gain in the tritium BR beyond tR - 50 cm is very

small and the breeding ratio saturates to ̂  1.4 at tn
 m 80 cm. This slow
B

increase in the tritium BR for blanket thicknesses greater than 50 cm stems

from the fact that the neutron spectrum is already well softened at tn • 50 cm
a

due to the moderating effect of the large content of oxygen in Li20 (see Fig.

6-3). Therefore, increases in the Li-6 capture cross section with decreasing

neutron energy no longer can compensate for the rapidly declining flux of

available neutrons.
6.3.2 Effects of Graphite Reflector. Beryllium Neutron Multiplier and

Vanadium Wall

Provision of 20-cm thick graphite surrounding the breeder zone can in-

crease the tritium production. The increase in BR is:

^ 32% (tfi - 30 cm) and -v- 18% (tB - 50 cm) for Li

^ 12% (tfl - 30 cm) and ̂  2% (t - 50 cm) for Li20

^ 46% (tB • 30 cm) for
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Again, the relatively slow increase in the tritium multiplication in

with the addition of a graphite reflnctor is due to the relatively soft neutron

spectrum in this system.

The analysis of neutron reflection was extended to include the effect

on tritium breeding of graphite oriented radially as inlet/outlet pipes for

the lithium-cooled design. Accounting for the geometrical details of this

problem will require a two- or three-dimensional analysis. To avoid such an

expensive analysis at this stage of the scoping study, an attempt was made to

investigate the global trend of tritium breeding in lithium with graphite

through a one-dimensional treatment. Table 6-3 shows the isotopic and total

tritium BR's for the following three blanket configurations.

System 1 - A 30-cm thick lithium breeder blanket followed by a 20-cm

thick graphite region.

System 2 - A homogeneous mixture of 57.7 vol-% lithium +42,3 vol-%

carbon in a 50-cm thick blanket. The volume ratio of lithium to carbon

above results from maintaining the same amounts of lithium and carbon

as those in System 1.

Table 6-3. Effect of Graphite in the Liquid Lithium Breeder

System

l a

2 b

3 C

Tritium Breeding Ratio

T6:6Li(n,a)t

0.667

0.679

0.638

T7:7Li(n,n'a)t

0.579

0.330

0.396

Total

1.246

1.009

1.084

a 30 cm Li + 20 cm C.

b 50 cm (57.65 vol-% Li + 42.35 vol-% C) mixture.

C 50 cm [Li (10)/C (10)/Li (10)/C (10)Li (10)].
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System 3 - A heterogeneous breeder blanket which consists of lithium

(10-cm)/carbon (10-cm)/lithium (10 cm)/carbon (10 cm)/lithium (10 cm).

It is seen from Table 6-3 that the presence of graphite in the hard

neutron spectrum environment tends to decrease tritium production compared

to the case of System 1. The essential effect of the presence of graphite

in the lithium zone is the reduction in the high-energy threshold 7Li(n,n'*a)t

reaction by the neutron spectrum shift (̂  40% reduction in T7 comparing

System 1 with System 2). However, the effect of graphite in the actual

lithium coolant channel designs will be of less significance because the

volume fraction of graphite should be much smaller than that examined here.

In all of the cases investigated, it has turned out that a 5-cm thick

beryllium zone directly behind the first wall substantially enhances the

tritium production. The BR's even at tD * 30 cm (1.32, 1.65, and 1.43
a

for Li, Li20, and Li7Pb2, respectively, at an assumed breeding zone volume

fraction of 1.0) will be well above unity, compensating a potential decrease

in BR due to the possible allowance previously mentioned.

However, it is worthwhile to note that questions associated with the

use of beryllium, such as the material resource problem, high helium gas

production in intensive nuclear radiation field, etc., remain unresolved.

Figure 6-5 shows the tritium BR for liquid lithium, Li^O and

as a function of 6Li enrichment. Again, in the cases of both Li20 and

Li7Pb2, 15% of the blanket volume was set aside for the helium coolant.

The enrichment of 6Li in each breeder has been varied from 7% (natural

lithium) to 90% for the two cases:

1. without Be-9 (breeding zone thickness - 30 cm); and

2. with Be-9 (5 cm, breeding zone thickness « 25 cm).

It should be noted that except the Li7Pb2 breeder case, the tritium BR always

decreases as 6Li in lithium is enriched. Although in the case of Li7Pb2,

the BR has a broad maximum around 50% of 6Li enrichment, the overall breeding

characteristic is quite insensitive to the enrichment. It is also seen in

Fig. 6-5 that when the breeder blanket circumscribes the 5-cm thick neutron

multiplication layer of beryllium the BR is not affected to any appreciable

degree by the 6Li concentration in all three breeder systems. It appears
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Figure 6-5. Effect of Li-6 enrichment on breeding ratio (0.20 m-thick graphite
reflected systems).

that the present result does not support the breeding scheme in which

beryllium is used with enriched lithium, and that the breeder containing

natural lithium always offers the best performance in terms of tritium pro-

duction and cost of breeder materials.

Two vanadium first-wall cases [(a) No-C/No-Be; and (b) with 5-cm thick

Be] were examined for the liquid lithium breeder. No noticeable difference

in the tritium breeding performance from the corresponding stainless steel

wall cases was observed. Obviously, this is due to the very slight volume

of the first-wall region (0.5-cm thick) compared to the rest of the blanket/

shield system. Effects of the vanadium as a primary structural material on

tritium oreeding will be examined later.

6.4 Impact of the Tritium Breeding on the Minimum Blanket/Shield Thickness
Requirement

In Figures 6-6 and 6-7 the tritium breeding ratios are plotted as a

function of the minimum wall/blanket/shield thickness, Ay^o* required to

protect TF coils from excessive radiation damage. As the magnet protection
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criterion, a nuclear dose limit of 5 x 109 ^ rad in epoxy-base insulators

was tentatively chosen in the present study. The radiation damage data on

organic insulators at liquid helium temperatures are lacking. In consequence,

the results in Figures 676 and 6-7 would be dependent upon the dose limit

criterion chosen here. Nevertheless, the results presented in these figures

are still very indicative as to the strong impact of the selection of

breeder/reflector/multiplier materials, the usable breeder volume fraction

VF, integral neutron wall load I , and the tritium BR.

6.A.I Liquid Lithium Breeder

With the liquid lithium breeder one cannot realize BR « 1 for a bulk

shield thickness, A^g, less than ̂  1 m at an integral neutron wall load,

1 , of 5 MW-yr/m2. The rather rapid increase in BR beyond i™, • 1 m (at

I • 5 MW-yr/m2) may make this breeder system attractive in its reactor appli-

cation, provided that the space problem is not so restrictive.

It is very important to point out that the graphite reflector serves

to make the overall reactor performance, in terms of shielding for the mag-

net, worse and to raise reactor cost unless a provision of large shield

thickness can be made. As an example, at I * 5 MW-yr/m2, A^g must be

larger than 'v- 104 cm for both Li and Li20 systems, in order to allow better

nuclear performance of the graphite reflector. This is a significant result

when one considers the wide employment of the graphite reflector in the

current fusion reactor design application although a decisive conclusion

must evolve from more detailed trade-off studies. The 5-cm thick beryllium

neutron multiplier after the first wall brings about a reduction in reactor

size by 10 cm at BR ̂  1.3 and by 18 cm at BR ̂  1.5 for VF « 1.0.

6.4.2 Solid LigO Breeder

The best nuclear performance among those investigated in the present

analysis is offered by the Li20 breeder from the magnet shielding point of

view. The minimum Lw&& for BR - 1 (VF - 1.0) with 100% dense Li2O is * 85

cm (at I • 5 MW-yr/m2) without graphite/beryllium. An appropriate increase

in the blanket thickness would be required to account for any porosity in

the LijO. The 85-cm thickness reduces the reactor size by ̂  16 cm compared
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to the corresponding lithium case. An additional 6-cm shield (30-cm thick

Li2O zone) yields ^0.35 margin in BR, which makes the total BR ^ 1.1 even

for VF = 0.8. It is debatable whether to employ the Li2O breeder beyond

A ^ 90 cm (tt = 30 cm, at I = 5 MW-yr/m2) unless BR > 1.35 (at VF = 1.0)

is required.

The 20-cm thick graphite degrades the shielding performance compared

to the case without graphite, as already mentioned in Section 6.4.1.

The provision of beryllium increases the tritium production by ^ 0.45

and ^ 0.42 in BR (VF = 1.0) at A ^ 88 cm and A ^ 93 cm (I = 5

MW-yr/m2), respectively.

6.4.3 Solid Li7Pb? Breeder

The minimum Aw „ for BR = 1 with LiyPbg is >v 0.96 m at an integral neu-

tron wall load of 5 MW-yr/m2. As shown in Fig. 6-7, the LiyPb2 system yields

the highest breeding ratio as the breeding zone thickness is increased, with-

out any serious penalty in reactor shielding. As an example, at t~ « 0.8 m,

the BR in LiyPbg is ^ 1.6 compared to 1.4 in Li20, while the penalty for this

substantial benefit in BR is only a slight increase of *\» 0.17 m in the total

blanket/shield thickness. Note that these calculations are based on 100%

dense LiyPb^ with a density of 4.59 g/cm^. The results obtained must be ad-

justed appropriately to account for any porosity in the material.

Since the solid compound LiyPb2 has an excellent tritium breeding

property, the range of alloys Li. Pb deserve consideration. The phase

diagram of the Li-Pb system is shown in Section 5 of this report.

The effect of lithium concentration in the lithium-lead breeder on the

isotopic and total tritium BR's is illustrated in Fig. 6-8. Table 6-4 shows

the atom densities used in the analysis. The lithium concentration of 77.8%

corresponds to the solid compound of Li7Pb2. In Fig. 6-9, the total bulk

shield thickness required to protect TF coils is shown for reference (at I =

10 MW-yr/m2). A nuclear radiation dose limit of 5 x 109 rad in an epoxy-

base insulator is taken again as the magnet protection criterion. These

results show a strong impact of lithium content in the lithium-lead breeder

on the fusion-fuel production and on the magnet shield requirement.
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Table 6-4. Isotopic Number Densities (atom/barn-cm)
for Several Lithium-Lead Breeders

Lithium (nat.)
Content Pb 6Li 'Li

Density
(g/cm3)

77.8%

(solid Li7Pb2)

40%

20%

0.01194 0.00310 0.03870 4.59

0.02223 0.00110 0.01372 7.82

0.02689 0.00050 0.00622 9.33

References (17) and (18).
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Figure 6-9. Effects of lithium concentration in a lithium-lead breeder on
shielding requirement and tritium breeding (magnet dose limit:
5 x 10^ rad in epoxy).

It is seen in Fig. 6-8 that as the lithium concentration varies from

^ 77.8% to 40% (density p = 4.59 g/cm3 -> 7.82 g/cm3), the 7Li(n,n'a)t reaction

decreases from 0.28 to 0.08 while the 6Li(n,a)t reaction remains almost

constant around <v. 1.04, which results in the reduction in the total breeding

ratio from 1.33 to 1.10. When the lithium concentration in the Li-Pb system

is reduced, a substantial loss of fuel multiplication results. However, as

shown in Fig. 6-9, lowering the lithium concentration tends to enhance the

magnet protection due to the more effective nuclear radiation shielding by

the lead-rich lithium-lead breeder.

6.5 Considerations on Space Allowance

6.5.1 Nonbreeding Inner Blanket Concept

If the function of tritium breeding is completely eliminated from the

inner blanket, the distance between the first wall and the maximum magnetic

field point can be reduced to *\» 77 cm (at 1 = 5 MW-yr/m2) with the reference
w
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blanket/shield materials. The penalty for such a significant payoff is only

a slight increase in the outer blanket/shield thickness to yield the extra

tritium. Assuming that 10% of the total volume is occupied by the inner

blanket of a reactor, the necessary increase in the outer ALTnc (without a

reflector and multiplier) is "\» 3.5 cm, 2 cm, and 2.5 cm with Li, Li2O, and

Li7Pb2, respectively, in a fairly wide range around BR «' 1.

Such nonbreeding inner blanket concept will not only make tokamak reactor

designs much simpler from the engineering point of view, but significantly

raise the reactor power for the same maximum magnetic field, thus lowering

the cost of the reactor.

6.5.2 Allowance for Major Penetrations

In tokamak reactors, it is necessary to accommodate neutral beam ducts

(or RF-waveguides) which penetrate the blanket/shield region and provide

large penetrations for torus evacuation ducts.

Unless the scientific and engineering feasibilities of the so-called

shield plug concept during the plasma burn phase are proven, one needs to

allow °» 10 vol-% of the blanket/shield volume for the penetrations. Based

on the nonbreeding inner blanket concept mentioned in 6.5.1, the total

allowance comes to *» 20% of the total volume (VF = 0.8). If the minimum

tritium breeding requirement is, let us say, ̂  1.1 for fuel multiplication,

the minimum A™ g requirement is ̂  1.18 m for lithium and 1 m for Li20

(without reflector/multiplier).

In the lithium and Li20 breeders (as noted previously), only when the

required BR is much larger than 1.1, or the allowable £,_„ is very large,

does the graphite reflected system offer better nuclear performance than

breeder systems without reflectors. Under the condition that VF <• 0.8,

BR > 1.1, the use of beryllium with the breeder materials becomes very

attractive. This observation should be emphasized, in particular, for a

tokamak reactor with divertors, for which 15-20% of the reactor volume

must be set aside.
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6.6 Neutron Spectra in Li, Li?Ot and LJ7Pb?

Figure 6-10 shows the neutron spectra in the three breeder systems of

liquid lithium, solid Li20, and Li7Pb2. The spectra are plotted at 0.3 m

from the first wall. The liquid lithium breeder system has a very large

fraction of high energy neutrons (£3 MeV). In fact, the fraction of neutrons

with energy larger than 1 MeV in lithium is ̂  32% compared to ̂  18% in L12O

and ̂  13% in L^yPbj (see Fig. 6-11). The relatively soft neutron spectra in

Li20 and LiyPb2 stem from the moderating effect of the large content of oxygen

in Li2O and the effect of the lead (n,2n) reaction in LiyPb2« The neutron

slowing down is particularly distinguished in the Li20 system, having ̂  20%

neutrons in the energy range below 10 keV.

i

This spectrum characteristic is quite consistent with the observation

that the tritium-breeding ratio in Li20 quickly saturates to ̂  1.4 beyond

t_ = 50 cm while in both cases ofi Li and Li7Pb2, the BR increases almost
B i
linearly with breeding zone thickness, up to 80 cm, as already shown in
Fig. 6-1. :
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Figure 6-10. Comparison of neutron spectra in Li, Li20 and Li7Pb2 breeder
systems (at O.'i m from first wall).

6-18



1.0

0.8

0.6

0.4 -

0.2

i i 1111 HI—rr IIIIII|—i i iniii|—i I iiniij—i i IIIIM|—v-r

100% Li

85% Li20 + 15% HELIUM

85% Li7Pt>2 + 15% HELIUM

i i nun i

10' 10* 10" 10'

NEUTRON ENERGY EO, eV
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6.7 Effect of Helium-Coolant Volume in the LipO and LJ7Pb? Breeder Systems

So far it has been assumed that 15% of the solid breeder blanket volume

is set aside for a helium gas coolant. In order to allow inherent fabrication

porosity designed to enhance tritium removal or heat transfer, the effect of

helium-coolant volume (treated as void) on the tritium BR was investigated.

Figures 6-12 and 6-13 show the effect of helium coolant volume on the

accumulated fusion-fuel multiplication for the Li7Pb2 and Li20 breeder systems.

The computation was performed for the total breeding zone thickness of 80 cm.

It is seen from these figures that the presence of a large amount of helium

in the breeder systems significantly lowers the fuel production. This is

particularly the case with Li7Pb2 due to the slower neutron-spectrum shift

with the breeder thickness than in Li20 as shown in Fig. 6-11.

The breeder zone thicknesses required to obtain BR » 1.0 and 1.1 are

shown in Fig. 6-14. Since the helium coolant is highly dilute and inert,

the variation of the required breeder thickness is approximately linear with
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coolant volume. Obviously the deviation from a complete linear relationship

results from the neutron spectrum change in the blanket according to the

coolant volume change.

6.8 Water-Cooled Systems

So far the nuclear analysis has been focused on (a) liquid lithium

breeder/coolant and (b) solid compound breeder/helium coolant. As an alter-

native to the blanket designs mentioned above, water-cooled systems are

currently being studied. Making use of water as a coolant in the tritium

breeding environment is a challenging design approach because of the fact

that all of the candidate breeding materials are chemically very reactive

with the water coolant. The hydrolysis reactions of lithium, which take

place when water makes contact with the breeding materials, may pose serious

safety problems because of the high enthalpies of the exothermic reactions

involved. On the other hand, water as a coolant in a commercial fusion power
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reactor has many attractive features, such as excellent heat transfer proper-

ties, low cost, almost inexhaustible resource availability, and availability

of well-developed technologies for coolant designs.

In general, the necessity of avoiding direct contact of breeding ma-

terials with water tends inherently, to increase structural material contents

in water-cooled systems. From the neutronics point of view, such an increase

in the structure content implies a performance degradation of tritium breeding,

a degradation due to increased parasitic neutron absorption in structural

materials. However, the strong neutron slowing-down power of water acts

to improve breeding performance by increasing 6Li(n,a)t reaction rate for

low energy neutrons, thus decreasing parasitic absorption in structural ma-

terials. Therefore, the primary object of the neutronics analysis in this

section is to investigate how these two conflicting tendencies (neutron loss

by structure vs increased 6Li(n,a)t reaction rate due to water) compete in

each water-cooled blanket design.

The water-cooled blanket designs being studied are grouped into two

categories, i.e., (1) "batch-type tritium processing" concept by a fuel-pin

approach and (2) "continuous tritium reprocessing" schemes either by (a) re-

circulating lithium or by (b) helium processing stream. One of the features

of the continuous processing blanket concept is a substantial reduction in

the structural material content relative to designs based on the batch-type

concept.

Note that the neutron mean-free path in the systems under question

is typically a few centimeters around the source neutron energy. This mean

free path seems to be long enough to treat the blanket as a homogeneously

mixed system considering the fine coolant channel structures. However, a

significant fraction of neutrons will be slowed down by the water coolant to

low energy ranges where the mean-free path is much shorter than the coolant

channel dimension. In such circumstances, flux dips, due to self-shielding

effects, may be of importance. In any event, the validity of the homogeni-

zation in the present analysis remains to be studied in the future.

The system limension used in this section is slightly different from

that in the preceding sections. The plasma and first wall radii are now

2.33 m and 2.53 m, respectively, and the first wall thickness is 1 cm.
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6.8.1 Batch-Type Processing

As a representative system for the batch-type tritium processing blanket

design, a blanket material composition of 50% breeder + 25.7% stainless steel

structure + 15% water coolant +9.3% gap was chosen. The gap region mentioned

above is defined as a space formed by adjacent fuel pin tubes. In order to

place emphasis upon the effect of structural material content on tritium

breeding, an extreme case was also considered, in which the stainless steel

volume is increased from 25.7% to 40.7% while the breeder volume decreased

from 50% to 35% to offset the structure volume increase.

For these two systems the analysis was focused on the effects of the

following parameters on tritium production:

(1) Gap Material : Water/graphite/breeder

(2) Coolant : H20/D20/He

(3) Gap Size : 9.32/21.5% (hexagonal/square cell matrix)

6.8.1.1 Effects of Gap Coolant Materials on Tritium Breeding

Table 6-5 summarizes the isotopic and total tritium breeding ratios

for several gap/coolant materials, and for the two breeder systems containing,

respectively, Li7Pb2 and Li2O. In both M and BB groups of systems, the

contribution of 7Li to the total BR is extremely small, as is usual with

systems having intrinsically soft neutron spectra. It is seen that the

water-gap systems offer 37% higher BR's than the graphite-gap systems. It

is conceivable that the neutron-slowing down by hydrogen atoms is more

effective than by graphite atoms in moderating neutrons past the resonance

absorption regions of stainless steel (1-60 keV in iron, for example), leading

to a larger probability of neutron capture by 6Li at low energies. The

slowing-down power of elastic scattering is very important in determining the
6Li(n,a)t reaction rate in water-cooled systems where the neutron spectrum

is soft. On comparing CC systems with BB systems, one finds that the BR's
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Table 6-5. Water-Coolant System Analysis - Maximum Tritium Breeding Ratio

a
to

*

System

AA1

AA2

AA3

AA4

BB1

BB2

BB3

BB4

CC1

CC2

Li7Pb2

35.0

35.0

50.0

50.0

0

0

0

0

0

0

Blanket

Li20

0

0

0

0

35.0

35.0

50.0

50.0

35.0

35.0

Composition (%)

SS

40.7

40.7

25.7

25.7

40.7

40.7

25.7

25.7

40.7

40.7

Coolant
(15.0%)

H2O

H2O

H20

H20

H2O

H20

H20

H20

D20

D2O

Gap
(9.3%)

H20

C

H2O

C

H20

C

H2O

C

D20

C

1

1

1

1

1

0

1

0

0

0

Tritium

T6

.200

.116

.272

.197

.027

.972

.004

.964

.897

.874

0

0

0

0

0

0

0

0

0

0

Breeding Ratio

T7

.064

.065

.105

.107

.119

.121

.189

.193

.121

.123

Total

1.264

1.181

1.377

1.304

1.146

1.093

1.193

1.157

1.018

0.997

First wall - 1 cm - 100% SS
Blanket - 80 cm
Shield - 20 cm - 50 SS + 50%
Density factor = 1.0
ENDF/B-IV



are ordered in accordance with the order of slowing-down powers, i.e., hydro-

gen > deuteron > graphite.

In Figs. 6-15 and 6-16, the accumulated tritium BR's are plotted as

a function of depth in the blanket for Li7Pb2 and Li2O, respectively. Note

that the BR's plotted hereafter have been obtained from the calculations for

a fixed breeder zone thickness of 80 cm. It should be pointed out that the

tritium production accumulated up to a certain blanket depth, dfi < 80 cm, is

different from the total tritium production that one obtains for a system

with a total blanket thickness t
B

dD. Such a difference will be affected

by the choice of materials used in the shield region. It has turned out that

if the shield consists of 50% SS + 50% B^C, the accumulated BR for d < 80 cm

is always slightly larger than the BR for tn • d_.
a a

From Fig. 6-16 it is seen that in the case of the Li20 breeder containing

40.7% stainless steel, the fuel multiplication is either too small to permit

a space allowance of more than 15% blanket volume (system BB1; H20-coolant/H20

gap) or unable to exceed unity at all (system CC2; D20-coolant/C-gap).
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Figure 6-15. Effect of gap material on tritium breeding in a
blanket (35% Li7Pb2 + 40s7% SS + 15% H20).
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Figure 6-16. Effect of coolant/gap materials on tritium breeding in a
breeder blanket (35% Li2O + 40.7% SS + 15% coolant).

The effect of the gap filled with the breeder material itself is shown

in Fig. 6-17 along with the water-gap case results for the sake of comparison.

It is of interest to see that the breeder-gap systems can produce no more

tritons than the water-gap systems. It should be noted again that the neu-

tron slowing down by water is so effective that the slight increment (35% •*•

44.3% in the present case) in the fraction of breeder materials (which also

work as moderators with less slowing-down power than water) cannot compensate

for the neutron loss caused by the parasitic neutron absorption in stainless

steel.

In Table 6-6 a comparison of the water- and helium-cooled systems is

given in terms of tritium production. The systems of 85% Li7?b2 (or Li20)

+ 15% helium correspond to our earlier designs with helium coolant. In Case

(c) the liquid lithium breeder/coolant system, which was also studied earlier,

is given for reference. The helium systems, 35% LiyPb2 (or Li20) + 40.7%

SS + 24.3% He, are somewhat unrealistic because of the unduly high content

of stainless steel for this type of coolant. Nevertheless, the results
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Figure 6-17. Comparison of water and breeder gaps on tritium breeding.

presented in Table 6-6 are very indicative as to the strong impact of the

helium coolant on the breeding performance. In both the LiyPbj and Li2O

breeders, the systems with 24.3% helium cannot yield more tritium than they

consume. This drastic curtailment in BR compared to the systems with 24.3%

H20 is due to the shortage of neutrons available, particularly for the
 6Li(n,a)

reaction, and hence the loss of BR is not recoverable simply by increasing

the breeder zone thickness.

Another important aspect of the results in Table 6-6 is that the liquid

lithium breeder/coolant system has a very attractive breeding performance

compared to any water-cooled system investigated here. This is simply

because a very hard neutron spectrum is maintained deep into the lithium

blanket region (̂  30% neutrons with energy above 1 MeV at d_ - 30 cm),

yielding an extremely high breeding ratio of •>» 0.78 in T7. If it is really

necessary to accommodate structural materials in the solid breeder systems to

an extent that their breeding characteristics are so degraded as shown in

Table 6-6, the liquid-lithium blanket studied earlier may be a very viable

candidate for the breeding blanket material.
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Table 6-6. Water-Coolant System Analysis - Comparison with
Helium Coolant Casea

(A)b Breeder = Li7Pb2

He:C 85% Li7Pb2 + 15% He

He: 35% Li7Pb2 + 40.7%
SS + 24.3% He

H20: 35% Li7Pb2 + 40.7%
SS + 24.3% H20

(B) Breeder = Li2O

He: 85% Li2O + 15% He

He: 35% Li?0 + 40.7%
SS + 24.3% He

H2O: 35% Li2O + 40.7%
SS + 24.3% H20

(C)C Breeder = Li

100% Li

1.310

0.800

1.200

0.907

0.826

1.027

0.804

T?

0.317

0.077

0.064

0.501

0.142

0.119

0.784

Total
BR

1.627

0.877

1.264

1.408

0.968

1.146

1.587

First wall - 100% SS
Blanket - 80 cm
Shield - 20 cm - 50% SS + 50%
Density Factor = 1.0

First wall thickness = 1.0 cm

First wall thickness = 0.5 cm
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6.8.1.2 Effect of Gap Size

A gap region of 9.3% is formed by three adjacent tubes tightly connected

to each other making up a hexagonal unit-cell matrix. In the case of a square

unit-cell matrix, gap regions surrounded now by four adjacent tubes occupy

«v» 21.5% of the blanket volume. In both the hexagonal and square matrix

arrangements, the volume fraction of each component in the tubs makeup is

kept constant. The results in Table 6-7 show that the square matrix arrange-

ment is more efficient in obtaining a higher BR in spite of the larger space

allowance for gaps which are not used for triton production. This result is,

however, not as hard to understand as it looks. As already mentioned in

Section 6.8.1.1 with respect to the breeder-gap cases, the most important

role in determining the 6Li(n,a)t reaction rate is played by the structural

materials. The difference in the stainless steel content between the hexa-

gonal and square matrices is large enough to yield a margin of ̂  5% in BR

covering the deficit in the breeder content.

6.8.1.3 Nuclear Heat Deposition

Table 6-8 shows the maximum nuclear heating rates by neutron and photon

reactions in the coolant channels located immediately behind the first wall.

Also shown in Table 6-8 are the maximum heating rates in the breeding ma-

terials. The results are normalized to a neutron wall loading of 1 MW/m2.

It is seen that the light-water coolant/graphite-gap case has the highest

heating rate in coolant (^8.9 MW/m3) for both the LiyPba an<* Li2° systems.

The heavy-water coolant appears always to lower the heat deposition by ̂  30%

compared to the light-water case. The use of graphite as a gap material

slJ-htly increases the heat multiplication (̂  5-6%, compared to water gap

cases) for both LiyPb2 and Li^O. Shown in Table 6-9 is a comparison of the

energy multiplication through the entire blanket/shield system for several

blanket material compositions. The total heat generation rates show no signifi-

cant difference with the blanket composition changes. It is seen that these

rates remain almost constant in the range of ̂  16.5 MeV ±0.5 MeV for the

D20-cooled systems and ̂  17.0 MeV + 0.5 MeV for the HgO-cooled systems.

Reference 1 in Table 6-9 corresponds to the reference system studied earlier,

in which a 30-cm thick blanket consists solely of stainless steel and is

followed by a 70-cm 50% SS + 50% B4C shield.
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Table 6-7. Water-Coolant Systems Analysis — Effect of Breeder/Coolant Tube
Layout

(A) Li7Pb2 Breeder

Case a: 35% Li7Pb2 +
40.7% SS + 24.3%
H20

Case b: 30% Li7Pb2 +
35.5% SS + 34.5%
H20

(B) Li20 Breeder

Case a:a 35% Li20 + 40.7%
SS + 24.3% H20

Case b:b 30% Li20 + 35.5%
SS + 34.5% H20

1.200

1.260

1.027

1.091

T7

0.064

0.079

0.119

0.106

Total
BR

1.264

1.339

1.146

1.197

CASE a CASE b
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Table 6-8. Water-Coolant System Analysis — Maximum Nuclear Heating Rates in Water
Coolant and Breeding Material (at neutron wall load of 1 MW/m2)

O

U>

*

System

AA1

AA2

AA3

AA4

BB1

BB2

BB3

BB4

Li7Pb2

35.0

35.0

50.0

50.0

0

0

0

0

Blanket

Li20

0

0

0

0

35.0

35.0

50.0

50.0

Composition (%)

SS

40.7

40.7

25.7

25.7

40.7

40.7

25.7

25.7

Coolant
(15.0%)

Water

Water

Water

Water

Water

Water

Water

Water

Gap
(9.3%)

Water

C

Water

C

Water

C

Water

C

Heating

D20

6.4

6.8

6.4

6.7

6.5

6.8

6.5

6.8

Heating

in Coolant

H20

8.4

8.9

8.3

8.9

8.4

8.9

8.4

8.8

Rate (MW/m3)

Heating in Breeder

H20 Coolant

13.7

13.2

11.0

10.8

12.6

12.1

10.8

10.5

First wall - 1 cm - 100% SS
Blanket - 80 cm
Shield - 20 cm - 50% SS + 50%
Density factor -1.0
EKDF/B-IV



Table 6-9. Water-Coolant System Analysis — Blanket/Shield Energy Multipli-
cation per 14-MeV Neutron

System

AA1

AA2

AA3

AA4

BB1

BB2

BB3

BB4

Ref. lb

Li7Pb2

35.

35.

50.

50.

0

0

0

0

(30
50%

0

0

0

0

Blanket

Li20

0

0

0

0

35.0

35.0

50.0

50.0

cm — 100%
B^C)

Composition (%)

SS

40.7

40.7

25.7

25.7

40.7

40.7

25.7

25.7

SS) +

Coolant
(15%)

Water

Water

Water

Water

Water

Water

Water

Water

70 cm —

Gap
(9.3%)

Water

C

Water

C

Water

C

Water

C

50% SS +

Nuclear 1Heat Deposition
(MeV)

Coolant/Gap

D20

16.8

16.9

16.5

16.6

16.4

16.5

16.0

16.1

H20

17.5

17.4

17.2

17.1

17.0

16.9

16.7

16.6

18.3

From AA1 to BB4:

First wall - 1 cm — 100% SS
Blanket - 80 cm
Shield - 20 cm — 50% SS + 50%
Density factor * 1.0
ENDF/B-IV

ENDF/B-IV
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6.8.2 Continuous Processing Scheme

As already mentioned, the continuous tritium processing scheme either

by recirculating tritium or by flowing helium processing stream has a po-

tential advantage that the structural material content could be reduced com-

pared to the batch-type processing method. In this section, an attempt is

made to identify the nuclear performance characteristics relevant to designs

based on the continuous processing concept by dealing with a water coolant

volume of 10-15% and stainless steel volume of 10-15%. A comparison between

the batch-type system and the continuous processing system will be made in

terms of the tritium production potential and neutron spectrum. In addition,

the analysis in this section includes a comparative study of stainless steel

and V-15Cr-5Ti alloy structures. The use of this type of vanadium alloy as

the structure material may not be compatible with a water coolant. Therefore,

the comparison here is simply from the neutronics point of view.

6.8.2.1 Effect of Structural Material Content on Tritium Breeding

Table 6-10 shows the isotopic and total tritium BR's in each system

having a blanket thickness of 80 cm. It is seen that the Li7Pb2 breeder sys-

tem has the best tritium-breeding capability at its maximum potential. For

the change of structure content from 10% to 24%, the BR is bracketed between

1.20 and 1.33 in the Li2O breeders and between 1.37 and 1.57 in the Li7Pb2

breeders. It has turned out that the vanadium alloy structure systems (with

15 vol-% structure) enhance the tritium production by ^ 0.1 compared to the

corresponding stainless steel systems. The results of Table 6-10 are repro-

duced in Figure 6-18, which covers the structure volume percent up to 40%.

It is of interest to see that the BR's of each breeder case, which are calcu-

lated for very different blanket compositions, fit a quite smooth curve

as a function of structure material volume. This strong dependence of BR on

structure content confirms our earlier conclusion that the breeding per-

formance is determined almost solely by the amount of structure in the

systems. The results for liquid lithium presented in Fig. 6-18 are very

consistent with the calculation of Cheng, et al. for the UWMAK-1 type

blanket system.
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Table 6-10. Water-Cooled System Analysis - Tritium-Breeding Ratio

System

GG1
C01

AA5
AA6
AA3
AA7

BB5
BB6
BB3
BB7

First
Wall
(1 cm)

SS.
SSa

SS
SS
SS
Vb

SS
ss
ss
Vb

Breeder
(80 cm)

Li
Li

Li7Pb2
Li7Pb2
Li7Pb2
Li7Pb2

Li2O
Li20
Li20
Li2O

Breeder

80
100

75
70
50
70

75
70
50
70

Volume

H20
Coolant

10
0

10
15
24.3
15

10
15
24.3
15

Percent

Structure
(SS/V)

SS-10
0

SS-10
SS-15
SS-25.7
Vb-15

SS-10
SS-15
SS-25.7
Vb-15

Helium
Gas

__

1 
1 

1 
U

l

5

Tritium Production

L_T6

1.005
0.804

1.321
1.299
1.272
1.397

0.946
0.958
1.004
1.030

0.370
0.784

0.197
0.165
0.105
0.173

0.329
0.283
0.189
0.297

Total BR

1.375
1.587

1.518
1.464
1.377
1.570

1.275
1.241
1.193
1.326

The first-wall thickness is 0.5 cm

V-15Cr-5Ti alloy: Densities (atom/barn-cm)
V - 0.05827
Cr - 0.01093
Ti - 0.00364



STAINLESS STEEL (316)

V - l5Cr -5T i

- STRUCTURE VOL / BREEBEfi VOL
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STRUCTURE MATERIAL VOLUME, %

Figure 6-18. Effects of structural material and its content on tritium
breeding in water-cooled systems.

Figures 6-19, 6-20 and 6-21 show the tritium accumulation trends in the

blankets as a function of depth from the first wall for the Li, Li2O, and

LiyPb2 systems, respectively. One of the common phenomena observed in these

figures is that the systems without stainless steel, in particular, the

LiyPbz breeder system, accumulate tritons much slower than the systems with

stainless steel and water coolant. This phenomenon is related to the spectrum

softening by water, and hence to the rapid tritium accumulation through the
6Li(n,a)t reaction by moderated neutrons. Another important feature of the

nuclear performance in the blanket designs using water coolant is the

saturation of the fuel production.at a relatively shallow region of the

blanket. In all the cases examined here, the gain in BR in the water-cooled

blanket beyond dg = 40-50 cm is very small. The relatively persistent in-

crease in BR in the Li blanket is brought about by the slow neutron-moderation

in this system.
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Figure 6-19. Effect of structural material and coolant volumes on tritium
breeding in Li breeder blankets.
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Figure 6-20. Effect of structural material and coolant volumes on tritium
breeding in Li2O breeder blankets.
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Figure 6-21. Effect of structural material and coolant volumes on tritium
breeding in Li7Pb2 breeder blankets.

6.8.2.2 Comparison of Neutron Spectra

The extent to which degradation of tritium-breeding performance takes

place because of the presence of parasitic absorbers strongly depends on the

neutron spectrum in the system. The essential difference in the breeding

trend between the water-cooled systems examined here, and the previous liquid-

lithium or helium cooled systems, must be understood from a detailed study

of the characteristic neutron spectrum in each system. In Fig. 6-22, 6-23

and 6-24, the neutron spectra at 0.3 m from the first wall are plotted for

the Li, Li20 and Li7Pb2 breeder systems, respectively. From the remarkably

different neutron spectra between the water-cooled systems and lithium- or

helium-cooled systems, one notes the following features:

(1) The substantial difference in T7 between the systems with and

without stainless steel/water (see Table 6-6, for instance) re-

flects the essential difference in the number of neutrons with

energies above "u 2.8 MeV which is the threshold energy for 7Li(n,n"a)t.
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Figure 6-22. Effect of structural material and coolant volumes on neutron
spectrum (at 0.3 m from first wall) in Li breeder blankets.
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Figure 6-23. Effect of structural material and coolant volumes on neutron
spectrum (at 0.3 m from first wall) in Li2<3 breeder blankets.
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Figure 6-24. Effect of structural material and coolant volumes on neutron
spectrum (at 0.3 m from first wall) in Li7Pb2 breeder blankets.

This difference is particularly large between the lithium-cooled

system (Fig. 6-22) and the solid breeder/water coolant systems

(Figs. 6-23 and 6-24) in the energy range mentioned above.

(2) The systems with water coolants have substantially larger fractions

of low energy neutrons because of the strong slowing-down power

of hydrogen atoms. This can be more clearly seen in Figs. 6-25

through 6-27, where the neutron fraction with an energy above a

given E is plotted as a function of E .

Note that the flux dips appearing aroung 250 keV in Figs. 6-22 through 6-24

are due to the 6Li(n,ot)t resonance at this energy.
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Figure 6-25. Effect of structural material and coolant volumes on neutron
fraction (at 0.3 m from first wall) in Li breeder blankets.
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Figure 6-26. Effect of structural material and coolant volumes on neutron
fraction (at 0.3 m from first wall) in Li20 breeder blankets.
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Figure 6-27. Effect of structural material and coolant volumes on neutron
fraction (at 0.3 m from first wall) in Li7Pb2 breeder blankets.

6.9 Effects of Toroidal Geometry

In the neutronics and photonics analysis presented in the previous sec-

tions, computations have relied to a large extent on the one-dimensional

transport code, ANISN. There has been increasing interest in refining the

methods in the case of low-aspect-ratio toroidal devices for which the

poloidal variation of various response functions seems to be significant.

Recent studies ' on the toroidal geometry effect have shown several

important considerations that must be accounted for in a tokamak reactor

design. According to Reference (21), the maximum of the neutron wall loading

occurs near the outermost point of the torus. The wall loading decreases

monotonically along the poloidal circumference until it reaches a minimum

at the innermost point for a wide range of the parameter Y, defined as the

ratio of the plasma minor radius to the first wall radius. In the case of

Y • 0.9 which is close to the reference design point, the maximum variation

of the neutron wall loading around the one-dimensional result is ̂  ± 8%.

"Hot spots" due to the nonuniform bombardment of the plasma chamber with
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the 14 MeV neutrons along with energetic plasma ions will aggravate the

material surface problems of the chamber wall such as erosion, sputtering, etc.

Besides these surface effects, there are bulk phenomena which are affected

by the toroidal curvature. Differential radiation damage due to helium gas

production and atomic displacement along the poloidal circumference in the

first wall and blanket may result in swelling and loss of ductility ex-

ceeding reasonable design limits. The study of Reference (21) has shown

that the toroidal geometry effects on the damage response rates cited above

are more pronounced at the first wall than in the deeper regions of the

blanket. The maximum variations of atomic displacement and helium production

in the first wall have been estimated to be ̂  20% and "\< 35%, respectively,

based on the shifted neutron source profile that results from the MHD

equilibrium plasma distribution. Impact of the toroidal geometry on the
(21 22)

tritium breeding has been studied by several authors. ' They have

concluded that the total tritium production in the entire blanket is about

the same, although there are significant variations in the local reaction

rates around the blanket. An important observation in regard to tritium

production in a toroidal device is the impact of the highly-localized space

allowance for major penetrations and/or for nonbreeding inner blanket.

As reviewed here, the toroidal geometry effects are significant and

should be accounted for in the detailed tokamak power reactor designs in

all relevant technical areas such as thermal hydraulic, stress, radiation

damage and fuel multiplication.
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7.0 Stress Analysis

7.1 Introduction

Stress analysis problems relative to the blanket region can be con-

veniently divided into four categories: those that pertain to (1) the first

wall, (2) the remainder of the blanket module, (3) the blanket support struc-

ture, and (4) the vacuum vessel.

The first wall undergoes the most severe thermal cycling of any portion

of the blanket region because of its exposure to the plasma. Consequently,

its lifetime is most likely to be the limiting factor in determining main-

tenance and replacement schedules for the blanket. Because these thermal

stress problems are unique to a tokamak reactor and, for the most part,

unavoidable even by detailed engineering design, the major portion of this

analysis will investigate the effect of first-wall design parameters on the

three-way relationship between reactor power, blanket lifetime, and plant

thermal efficiency.

From the stress analysis viewpoint, the major functions of the remainder

of the blanket module are to provide coolant paths to the first wall and to

structurally support the first wall with a minimum of constraint to differ-

ential thermal expansion. The means of accomplishing these functions are a

matter of detailed engineering design and will not be discussed here. Two

simple module configurations will be considered in the analysis of first-wall

lifetime to provide a rough bracketing of the influence of module geometry.

It is assumed that the blanket modules can be designed to minimize stresses

in the first wall arising from different average temperatures in the first

wall and the remainder of the module. Practical solutions have been developed

to similar design problems for heat exchangers and steam generators; without

some mechanism for accommodating differential expansion, most elevated tempera-

ture equipment would fail because of excessive thermal stresses.

The connections between the blanket support structure and the blanket

modules should be designed to allow for differential expansion, particularly

if their temperature difference varies during the burn cycle or the start-

up/shutdown cycle of the plant. Since the support structure is likely to be

located in a low temperature, low radiation field region, its design and

stress analysis may be more conventional than other portions of the blanket.

7-1



The stress problems associated with the vacuum vessel depend largely on

its location. If the vacuum vessel is close to the plasma, either functioning

as the first wall or supporting it, the vessel should be as thin as possible

to reduce the thermal gradient through its thickness. Buckling caused by the

pressure differential must then be considered as a possible failure mechanism.

Moving the vacuum boundary farther away from the plasma reduces the thermal

and radiation fields to which it is exposed. Since a much thicker vessel is

feasible, buckling is no longer an important consideration. However, the

vacuum pumping requirements are then increased because of the increased volume

contained within the vessel and the large surface area of many module con-

figurations.

To summarize, some problems associated with stress analysis of the

blanket can be avoided or reduced by judicious engineering. As examples,

moving the vacuum vessel away from the plasma avoids the buckling problem,

proper design of connections between different elements of the blanket reduces

or avoids differential thermal expansion problems, and increasing the wall

thickness or adding structural reinforcement at geometrical or loading dis-

continuities reduces local stress concentrations. The most significant prob-

lem for which no obvious engineering "fix" is available is the effect of

surface heat flux on first-wall lifetime. The remainder of this section will

be devoted to a discussion of engineering trade-offs associated with first-

wall stress analysis.

Proper design of the first wall requires a balance between mechanical

stress and thermal stress considerations. The mechanical stress in the first

wall results from the coolant pressure and support reactions at the structural

interface with the remainder of the blanket module. The associated failure

mechanisms are direct stress failure because of overloading; creep rupture

corresponding to the combination of stress, temperature, and time; and low-

cycle fatigue or ratcheting from the cyclic loads during the reactor start-

up/shutdown cycle. In general, increasing the thickness of the first wall

results in lower mechanical stresses for a given coolant pressure and in-

creasing the operating temperature reduces the time to creep rupture, the

yield strength, and the allowable stress.
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The surface heat flux and volumetric heating absorbed by the first wall

produce a temperature gradient through its thickness and an associated thermal

stress distribution. Since this temperature gradient essentially disappears

during the off part of the burn cycle, the result is cyclic thermal stresses

acting on the first wall. Increasing the thickness of the first wall in-

creases the amplitude of the cyclic thermal stress and lowers the fatigue

life for given surface and volumetric heating rates. An increase in the

average operating temperature of the wall usually lowers the fatigue life

for a given thermal loading and module dimensions.

The interrelation between thermal load, creep-fatigue lifetime, and

average operating temperature is such that increasing one of these parameters

while holding a second constant results in a decrease in the third. Since

thermal load is directly related to reactor power and average operating

temperature is directly related to plant thermal efficiency, a similar inter-

relation holds between reactor power, first-wall lifetime, and thermal

efficiency.

One purpose of this study is to demonstrate a procedure for working

backward from desired lifetime, based on various failure mechanisms, to re-

strictions on heating rate, average temperature, and wall thickness. This

approach contrasts with the normal method of selecting a design configuration

and operating conditions, and then calculating lifetimes for various failure

mechanisms, such as creep, fatigue, ratcheting, etc. Since the lifetimes

obtained in this way are likely to vary widely, the design may be overly

conservative in some respects and inadequate in others, which obscures

comparisons of structural materials and configurations. The developed

procedure also reveals which properties of a structural material limit its

usefulness for first wall applications.

The failure criteria and analysis methods employed are based on

ASME Code Case 1592 for Class 1 Components in Elevated Temperature Service

because the code covers the relevant failure mechanisms in a well-documented

systematic manner. However, it should be recognized that more detailed

analyses, specialized to the particular case of a fusion reactor first wall,

would give more realistic estimates of lifetime and avoid some of the con-

servatisms (and unintentional non-conservatisms) built into the Code Case.

The procedure discussed here is intended to be useful in the comparison of
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candidate structural materials, in the quantification of design parameter trade-

offs, and in the selection of an initial design point for further development.

This procedure is conveniently divided into two stages. First, Code

Case criteria on primary load limits and long-holdtime fatigue will be used

for developing trade-offs between heat flux, wall temperature, and lifetime

and for comparing candidate structural materials. Second, ratcheting and

creep criteria will be added using a modi

design point suggested by the first step.

(2)
creep criteria will be added using a modified Bree Diagram to refine the

7.2 Module Configurations

Two configurations will be considered as typical of reasonable

module geometries. Module I represents a first wall that is either

a "trough" or a tube of radius R and thickness 6, loaded by an internal

coolant pressure p and a surface heat flux W. The effect of the volumetric

heating will be neglected here because it usually produces much smaller

stresses in a thin-walled module than the surface heating does. The module

will be assumed to be long enough in the direction perpendicular to the paper

that end effects can be neglected. In addition, it will be assumed that the

remainder of the module is designed not to transmit significant bending

stresses from differential thermal expansion into the first wall. The primary

membrane stress in the first wall is given by

-, • F • <»
For purposes of illustration, the product pR will be taken to be 0.25 MPa-m,

representing anything from a lithium-cooled trough with p = 1 MPa and R =

0.25 m to a pressurized-water cooled tube with p = 10 MPa and R = 25 mm. The

mechanical bending stress a, is zero for the assumptions made here. Using

elastic analysis, the thermal bending strain and stress, e and a^, resulting

from the temperature gradient through the first wall are

a
e = ±T = ± 2k(l-v)

(2)

where a, E, k, v and W are coefficient of thermal expansion, elastic modulus,

thermal conductivity, Poisson's ratio, and surface heat flux, respectively.
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The upper sign pertains to the inner surface and the lower sign to the outer.

Since the temperature gradient is lost during the off portion of the burn

cycle, oT is a cyclic stress. The duration T of the burn cycle will be

taken to be 0.5 hr.

Module II is a cell or "bottle" having a flat circular front face of

radius R and thickness <5 acted on by coolant pressure p and surface heat

flux W. The first wall is assumed to be supported by the remainder of the

module so that its edges are clamped but free to move radially and no bending

or membrane stresses from differential thermal expansion are transmitted to

the front face. Therefore, the primary membrane stress o is zero and the

maximum primary bending stress, which occurs at the supported edge, is given

o. = ± 0.19 p S- (3)

b §2

The cyclic thermal stress is again given by Equation (2). We will assume that

p = 1 MPa, R = 0.25 m, and T = 0.5 hr.

7.3 Elevated Temperature Design Criteria

The ASME Code Case 1592 for Class 1 Components in Elevated Temperature

Service provides design criteria for components in service at temperatures

where creep and other time-dependent effects may be significant. It treats

seven possible failure modes: (1) ductile rupture from short-term loadings,

(2) creep rupture from long-term loadings, (3) creep—fatigue failure, (4)

gross distortion due to incremental collapse and ratcheting, (5) loss of

function due to excessive deformation, (6) buckling due to short-term loadings,

(7) creep buckling due to long-term loadings. The code case is intended to

cover a wide variety of design configurations and service conditions, and the

design criteria are therefore quite conservative. Various levels of analysis

are permitted with appropriate criteria for each. In general, the criteria

corresponding to the simplest, elastic analysis are the most conservative.

If one performs detailed inelastic analysis, the associated design criteria

are less restrictive because the analysis is more realistic. The usual pro-

cedure in evaluating a particular component design is to perform an elastic

analysis first. If the design satisfies the appropriate criteria, no further

analysis or redesign is necessary. If the elastic-based criteria are not
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satisfied for some region of the component, then either that region can be re-

designed or a more elaborate analysis can be performed and evaluated by the

criteria appropriate to that type of analysis.

As a result, it is difficult to work backwards from the design criteria

to trade-off relations between design parameters for a fusion reactor blanket.

The many types and levels of design criteria in the code case (and the

accompanying commentaries and explanations in the published literature) are

awkward to apply without having a detailed design to consider. The intent

here is to examine the restrictions imposed by the design criteria most

relevant to the determination of first-wall lifetime. The expected performance

of the candidate structural materials can then be compared, and the loading-

lifetime trade-offs can be used in selecting a design point for more detailed

study.

7.4 Limits on Primary Loads and Fatigue Cycles

In Code Case 1592, the load-related allowable stress values are based

on S m t, which is the lower of the temperature-dependent quantities Sm and St.

The time-dependent stress intensity limit S is defined as the lowest of 1/3

S at room temperature, 1/3 S u at design temperature, 2/3 S at room tempera-

ture, and 2/3 S y at design temperature for ferritic steels and non-ferrous

metals and alloys or 0.9 Sy at design temperature for austenitic steels,

where S is the ultimate strength and S is the yield stress. The time-

dependent stress intensity limit S is the lowest of (1) 2/3 of the minimum

stress to cause creep rupture in time t, (2) 80% of the minimum stress to

cause the onset of tertiary creep in time t, and (3) the minimum stress to

produce 1% total strain in time t. For normal operating conditions, the

limits are

a
p *

 Smt • ( 4 a )

a
P
 + a b s v t

s » (4b)

where

K - 1 + k (1 - •s2) , (5a)
t s St

k, = a(K - 1) (5b)
£3
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with a * 0.5 and K - 1.5 for the configurations treated here. Curves and

tables for Sm, St, and Smt as functions of temperature and primary-load life-

time L are given in the code case for various structural materials.

Procedures are prescribed in the code case for determining cyclic life-

time L for creep-fatigue interaction. Two sets of fatigue curves are pre-

sented, The first set gives strain range e versus number of allowable cycles

N^ at various temperatures for high rates and continuous cycling. The second

set gives strain range e versus number of allowable cycles N^ at various

temperatures for slow strain rates and long hold times. This second set

would appear to be the appropriate one for the long duration thermal cycling

experienced by the first wall. The design data on which the curves are

based comes from deformation-controlled fatigue tests and so should be rele-

vant to thermal cycling, which is also deformation-controlled. The principal

difference between the two sets of curves results from the creep occurring

during the hold times, rather than from strain-rate differences. Since the

test situation for the second set of curves matches fairly well the first-

wall deformation history, these curves will be used in determining fatigue-

related design criteria.

For preliminary lifetime calculations, let the wall thickness and surface

heat flux be chosen to satisfy the load criteria of Equation (4) and high-

temperature long-holdtime fatigue curves. Then for the Module I configura-

tion, the minimum wall thickness for a desired primary-load lifetime L is

found from Equations (1) and (4a) to be

u, - s^r
The maximum value of the product W6 for a desired number of cycles N, is,

using Equation (2),

The combination of these last two relations gives the maximum surface heat

flux for design values of primary load life L and number of fitigue cycles

W = 2 k< 3' X i ) S (l« I i:,.,(N.) (8)
nun; a pR ml p 1 d
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The predicted lifetime L for cyclic loads is given by

L = N, T , (9)
c d '

where T is the duration of the burn cycle. For this study, x = 0.5 hr.

Therefore, Equation (8) gives the maximum surface heat flux for a given

primary-load lifetime L and a given cyclic lifetime L . It seems intuitively

obvious that the best design would be one for which L and L are equal.

For the Module II configuration, the minimum wall thickness for a de-

sired primary-load lifetime L is

(10a)
min v x.o o

m
or

6 . . R /Q-19P dob)
min / K.S. (L )

t t p

whichever is larger. The maximum value of the product W6 is again given by

Equation (7), and the maximum value of the surface heat flux is

= 2k(l-v)
 £ T ( V

max a 6 . (L ) U 1 )

m m p

In Equations (6)-(ll), the quantities a, k, E, v, Sm, S , Smt and eT(N,)

are all functions of temperature.

7.4.1 Type 316 Stainless Steel

Detailed calculations will be shown for Type 316 stainless steel to illus-

trate the design procedure. Temperature-dependent material properties and

lifetime data were obtained from the Materials Properties Section and Code

Case 1592.

Figure 7-1 shows & . computed from Equation (6) as a function of design

temperature for the Module I configuration. Below 525°C, S is determined

by S and therefore <5 . is independent of lifetime. At higher temperature,

St begins to dominate, and the required wall thickness increases rapidly

with temperature for a given design lifetime.
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Figure 7-1. Minimum wall thickness for various design lifetimes as a function
of temperature; Module I made of Type 316 stainless steel, pR =
0.25 MPa-m.

The maximum value of the product of surface heat flux and wall thickness

is shown as a function of number of design allowable cycles N, in Fig. 7-2,

using Equation (7). The long-holdtime fatigue curves (Figure T-143O-1B, Code

Case 1592) were used to obtain the strain range £ as a function of N, at high

temperatures and the high strain-rate data were used for the room temperature

(38°C) curve. The room temperature curve and the 427°C curve on Fig. 7-2

coincide because the decrease in £„ with temperature is compensated by an in-

crease in the value of 2k(l-v)/a. The code case fatigue data is given as a

single curve for the 538°C to 649°C temperature range; since 2k(l-v)/a de-

pends only slightly on temperature in this range, the corresponding results

shown in Fig. 7-2 essentially fall on a single curve.

Figure 7-3 shows the maximum surface heat flux as a function of lifetime

for the Module I configuration for designs in which the primary-load lifetime

L and the cyclic-load lifetime L are equal and the burn cycle duration is
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Figure 7-2. Maximum value of product of surface heat flux and wall thickness
as a function of number of allowable cycles; Type 316 stainless
steel.
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Figure 7-3. Maximum surface heat flux as a function of design lifetime;
Module I made of Type 316 stainless steel, pR = 0.25 MPa-m.
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0.5 hr. These results can be obtained either from Equations (8) and (9), or

by using Figs. 7-1 and 7-2; i.e.,

(W6)
w
max o .

min

The maximum surface heat flux, computed as above, is shown in Fig. 7-4 as

a function of temperature for several lifetimes. The circled points are room

temperature values.

The minimum wall thickness needed to satisfy Equation (10) for the

Module II configuration is shown in Fig. 7-5. Comparison with Fig. 7-1 indi-

cates that a much thicker wall is required for the Module II design than for

the Module I design, primarily because the former supports the pressure load

through bending deformation while the latter supports it by membrane action.

Consequently, during the detailed design phase, attention should be paid to

the proper shaping of the first wall to minimize wall thickness for a given

set of mechanical and thermal loads. This may involve curving or doming the

first wall into a shape that is not necessarily cylindrical or spherical, and

providing reinforcement at points of geometric or load discontinuity.

The maximum values of the product W6 for various creep-fatigue cyclic

lifetimes is still given by Fig. 7-2 because this quantity does not depend

on the shape of the module.

Figure 7-6 shows the maximum surface heat flux for the Module II con-

figuration as a function of temperature for various values of L *= L . The

allowable surface heat loads for this configuration are considerably lower

than those for Module I (see Fig. 7-4), showing, as expected, that the flat-

ended module is a poorer shape than a curved first wall.

7.4.2 Other Structural Materials

A comparison of maximum surface heat flux as a function of temperature

for lifetimes of 3 x 101* hrs and 105 hrs is given in Fig. 7-7 for a vanadium

alloy, a titanium alloy, incoloy, and coldworked and annealed stainless steel.

A Module I configuration is assumed with pR « 0.25 MPa-m and T « 0.5 hr.
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Figure 7-4. Maximum surface heat flux as a function of temperature; Module I
made of Type 316 stainless steel, pR = 0.25 MPa-m.
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Figure 7-5. Minimum wall thickness for various design lifetimes as a function
of temperature; Module II made of Type 316 stainless steel,
p * 1 MPa, R * 0.25 m.
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Figure 7-7. Preliminary comparison of maximum surface heat flux for various
structural materials: Module I, pR » 0.25 MPa-m.
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Data on V-15Cr-5Ti are given in the Materials Properties Section.

Reference (4) contains fatigue lifetime data for vanadium which are closely

fitted by

E T = 4.48 x 10-
3 (Nd)-°-

06 (13)

Using a design scatter factor of four on fatigue lifetime gives

eT = 4.12 x 10~
3 (Nd)-°-

06 (14)

for design purposes. The fatigue life is thought to be essentially inde-

pendent of temperature for the design temperatures of interest. The strength

and creep data are such that S = S in the design temperature range, i.e.,

St. Also, 1/3 Su at temperature is the limiting factor in determining

S .
m

Data for Ti-6242 in the Materials Properties Section were used in ob-

taining the titanium results shown on Fig. 7-7. The sharp drop at about 500°C

in the allowable heat flux is caused by the crossover of the S and S curves
t m

at this temperature; i.e., time-dependent effects become dominant beyond this

point.

Inconel 625 is the reference nickel-base alloy in this report. However,

since the lifetime properties of Incoloy (800 H) are documented in Code Case

1592, results for the latter are shown in Fig. 7-7.

Cold-worked 316 stainless steel has an advantage over annealed 316 stain-

less steel at lower temperatures, but the difference decreases at higher

temperatures.

Vanadium is shown to best advantage in these results because of its low

thermal expansion, high conductivity, and high tensile and yield strength,

and because lifetime-dependent effects do not occur in the temperature range

of interest. However, some of the advantage may be the result of insufficient

lifetime data at high temperatures for vanadium alloys.

7.5 Ratcheting and Creep Limits

Code Case 1592 permits various levels of ratcheting and creep analyses

to be performed, with appropriate design criteria associated with each level.
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I

In general, the more elaborate the analysis, the less restrictive are the

design criteria. A detailed Inelastic analysis would most realistically

predict the performance of the first wall, and, consequently, the applicable

failure and lifetime criteria are the least conservative in the code. Since

an appropriate inelastic analysis would require design details and a compu-

tational effort beyond the scope of this study, the elastic analysis proce-

dure corresponding to the design criteria in the code which are next in

order of conservatism will be used here.

Paragraphs T-1322 and T-1323 of Code Case 1592 prescribe Test No. 1 and

Test No. 2, respectively, for meeting strain limits using elastic analysis

for non-critical elements of a design. Test No. 3, defined in Paragraph

T-1324 (a-e), provides criteria to prevent failure from short-term ratcheting

or long-term creep-ratcheting. These criteria are based on an elastic

analysis, and are the ones that will be applied here. Test No. 4, defined

in Paragraph T-1325 (a-e), is based on an inelastic analysis and is the

appropriate one for detailed analysis of critical elements of a design.

A convenient format for representing ratcheting information is the Bree
(2)

Diagram, shown in Fig. 7-8. The vertical axis is the secondary stress

Figure 7-8. Bree Diagram. Allowable design regions on cyclic stress-primary
stress plane.
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ratio oJS , and the horizontal axis is the primary stress ratio a /S . The

stress plane is divided into an elastic region E, a plastic region P, shake-

down regions S. and So, and ratcheting regions R, and R9. The boundaries be-

tween the various regions are given by:

(1) ° p + a T = S y ,

(2) ap + aT/4 = Sy ,

(3) aT(Sy - op) - Sy (15)

(4) aT = 2Sy

(5) a
P°T

 = Sy

Design points in region E correspond to purely elastic behavior. In

regions S and S., shakedown to elastic behavior occurs in the first few

cycles. Cyclic plastic strains occur in portions of the cross-section for

design points in region P; strain-hardening effects tend to prevent short

term failure in this region, but the design must be checked for fatigue

failure. Stress states in the ratcheting regions Ri and R2 produce incre-

mental plastic growth in each cycle and lead to short-term failure.

W. O'Donnell and J. Porowski have proposed a procedure for limiting

creep ratcheting using elastic analysis. Their procedure, which is included

in Paragraph T-1324 of Code Case 1592, involves the computation of an effective

creep stress a in regions S1( S2, and P of the Bree Diagram (0 cannot exceed

S ) . In region Slf a is given by

°c = °T + Sy ~ 2 /(Sy " °P
)aT

and in regions S2 and P, it is given by

Curves for constant values of a are shown on the Bree Diagram for a = S ,
c c y

a = 0.8 S . and a = 0.6 S . Creep ratcheting strain is then determined from
c y' c y
isochronous stress-strain curves using a stress of 1.25 a . The O'Donnell-

Porowski curves can be interpreted in two ways: first, if lifetime L is

fixed, then each constant effective stress curve corresponds to combinations

of pressure and thermal stresses which result in equal upper bound accumulated
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Inelastic strain; second, if accumulated strain is fixed, then each constant

a£ curve corresponds to a different creep-ratcheting lifetime. The first

interpretation is the one that is relevant here. Accumulated creep ratcheting

strain is limited to 1% by the code case.

A useful diagram for the purposes of this study is proposed here; it is

a plot of surface heat flux W versus wall thickness 6, showing the same stress

regions as the Bree Diagram. The various failure limits considered in the

code case can all be plotted on the diagram, so that combinations of W and 6

which satisfy all the failure criteria for a prescribed lifetime and tempera-

ture can be identified and a design point, which maximizes the allowable heat

flux, can be selected.

To construct this diagram for the Module I configuration, the product

of coolant pressure and channel radius pR is taken as a fixed parameter and

material properties are selected at a given temperature. A non-dimensional

version of this "modified" Bree Diagram is shown as Fig. 7-9. W is non-

dimensionalized by the factor CpR/S and 6 is non-dimensionalized by the

factor S /pR, where

Figure 7-9. Modified Bree Diagram. Allowable design regions on heat flux-
wall thickness plane.
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The boundary curves for the various stress regions, numbered as before, are

S 6 - pR
(1)

(2)

(3)

(4)

(5)

W =

W =

w =

w =

w =

y
C<52

4(Sy6 -

C62

S2

V
C(Sy6 -

2S
_JL
C& '

S2

CpR '

pR)

>

pR)

(19)

Curves for constant effective creep stress a are also shown in Fig. 7-9;

in region S\ they are given by

» , , 2

W = — [/S 6 - pR + AT 6 - pR] , (20)

C62 y c

and in regions S2 and P, they are given by

a S

The distinctions between regions Rj and R2 and between regions Sj and

S2 will be omitted in the figures that follow because they are only of

interest in determining the types of stress combinations pertinent to the

regions.

7.5.1 Type 316 Stainless Steel

Figure 7-10 shows the modified Bree Diagram for Type 316 stainless steel

at 482°C (900°F) for pR = 0.25 MPa-m, corresponding to the reference values

of pressure and radius used before. To protect against short-term failure,

the design point must be in the E, S, or P regions. Various long-term effects

can be shown on the same diagram. A design lifetime of 105 hrs was selected,

corresponding to 2 x 105 cycles at 0.5 hr/cycJe. To avoid long-term failure

from primary loads, the design point must be to the right of the vertical
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Figure 7-10. Modified Bree Diagram. Module I made of Type 316 stainless
steel, T = 482°C, L = 105 hrs, pR = 0.25 MPa-m.

dashed line, computed from Eq. (6). Using the long holdtime fatigue data of

Fig. T-1430-1B of Code Case 1592 to find the allowable cyclic strain range

£„ for the desired cyclic life, Eq. (7) then gives an upper limit to the

heat flux at a given wall thickness. The other dashed line on the diagram

shows this fatigue limit. The intersection of the dashed curves at A corre-

sponds to the value shown in Fig. 7-4 and Fig. 7-7 for this material at this

temperature and lifetime.

The isochronous stress strain curves at 482°C (900°F) (Fig. T-1800-B3 of Code

Case 1592) show that an effective creep stress a of 1.25 S produces less

than 0.4% strain in 105 hrs, so creep-ratcheting is not a factor in the

determination of a design point at this temperature. Similarly, creep is

insignificant in creep-fatigue interaction effects, although it must be con-

sidered at higher temperatures, as will be shown later. The shaded region

indicates those combinations of heat flux and wall thickness that satisfy all

the failure criteria. Consequently, the highest allowable heat flux, taking

into account both short-term and long-term effects, is point B on the diagram.
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It should be remembered that the short-term limitations are based on elastic

analysis and are presumably more conservative than an inelastic analysis would

require. Consequently, a more detailed analysis should bring point B closer

to point A. On the other hand, constraints imposed by the first wall support

system will produce bending stresses in the first wall to be added to the

membrane stress and thus necessitate a larger wall thickness.

Figure 7-11 is the modified Bree Diagram for Module I for a lower value

of pR, i.e., pR = 0.125 MPa-m, for the same temperature and lifetime as the

previous case. The diagrams are qualitatively similar, the main difference

being in the scale of the vertical axis.

In Figure 7-12, the temperature is increased to 538°C (1000°F) and the

other conditions are the same as for Fig. 7-10, i.e., pR = 0.25 MPa-ra and the

design lifetime is 105 hrs. The long hold-time fatigue curve for 316 stainless

steel is used as before in constructing the dashed fatigue limit curve on the

diagram. Its intersection at A with the S limit on primary stresses gives

the design point shown in Fig. 7-4 and Fig. 7-7 for this temperature and

Figure 7-11. Modified Bree Diagram; Module I made of Type 316 stainless steel,
T - 482°C, L * 10S hrs, pR = 0.125 MPa-m.
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Figure 7-12, Modified Bree Diagram; Module I made of Type 316 stainless steel,
T = 538°C, L = 10 5 hrs, pR = 0.25 MPa-m.

lifetime. The creep-ratcheting curve indicates those design points that corres-

pond to an accumulation of 1% creep-ratcheting strain in 10 5 hrs; the iso-

chronous stress-stream data in Fig. T-1800-B5 of Code Case 1592 were used to

determine the value of 1.25 a needed to draw this curve.
c

Paragraphs T-1411, T-1413, and T-1430 through T-1434 provide procedures

and criteria for evaluation of creep-fatigue interaction using elastic analysis.

The damage criterion appropriate to the simplified stress analysis used for

the first wall is

Nd
(22)

where n is the number of applied cycles, N, is the number of design allowable

cycles at the appropriate temperature and strain rate, t is the time duration

of the loading, and t, is the minimum time to rupture at the effective

reference stress crR. For the conditions of Fig. 7-12, n = 2 x 10
5 cycle's
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and t - 105 hrs. The number of allowable cycles N, is given by the long hold-

time fatigue curves of Fig. T-1430-1B as a function of strain range £„, which

is, in turn, a function of heat flux W through Eq. (7). The reference stress

aR is given by

(a + a )/K'
a = smaller of p

R 1.25 S /K'

where K' = 0.9 for Type 316 stainless steel; aR and the minimum time to rup-

ture t, are related through Fig. 1-14.6B of the code. The creep-fatigue

limit curve corresponding to Eq. (22) is shown in Fig. 7-12. The fatigue

and creep-fatigue curves approach each other at large values of wall thickness

where the membrane stress from the internal pressure is relatively less im-

portant.

Allowable design points correspond to the shaded region. The

intersection of the. creep-ratcheting and creep-fatigue curves at B is the

maximum design point for the given input parameters; i.e., it corresponds to

the largest heat flux which satisfies all the failure criteria that are

considered here.

Figure 7-13 is the modified Bree Diagram at a higher temperature of

593°C (1100°F). The S curve is moved farther to the right as compared to

the previous figure because S switches from S to S in the temperature
mt m t

interval between 538 and 593°C. The creep-ratcheting and creep-fatigue

curves are lower because of the increasing influence of creep effects with

temperature. Again, point A at the intersection of the primary load limit

S and the fatigue curve is the design point that corresponds to the previous

analysis. Point B at the highest point of the creep-fatigue curve gives the

largest heat flux which corresponds to a design point that meets all the

failure criteria considered here.

The design points B that correspond to maximum allowable surface heat

flux are plotted as a function of temperature in Fig. 7-14. The curve shows

a large decrease in allowable heat flux with increasing temperature for the

range 450-600°C.
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Figure 7-13. Modified Bree Diagram; Module I made of Type 316 stainless
steel, T = 593°C, L <* 105 hrs, pR « 0.?.5 MPa-m.
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Figure 7-14. Maximum surface heat flux based on modified Bree Diagram for
first wall made of Type 316 stainless steel; pR = 0.25 MPa-m,
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7.5.2 Vanadium Alloy

The modified Bree Diagram for vanadium alloy V-15 Cr-5 Ti is shown in

Pig. 7-15 for T - 600°C, L - 105 hr, pR = 0.25 MPa-m, and T = 0.5 hr.

Vanadium does not creep significantly at this temperature; consequently,

creep-ratcheting and creep-fatigue limits are not applicable. The intersection

of the primary stress limit (S ) and the fatigue limit satisfies all the

failure criteria and so corresponds to the maximum surface heat flux.

Points A and B coincide for vanadium alloy over the temperature range of

interest; i.e., the intersection of the SmJ. limit with the fatigue limit

(point A) coincides with the maximum allowable surface heat flux (point B).

As a result, the vanadium curve on Fig. 7-7 gives the maximum thermal loading

satisfying all of the failure criteria that are considered here.

The modified Bree Diagrams illustrate some of the qualitative differences

between a ductile, low yield strength material like stainless steel and a

higher strength material like vanadium. The allowable regions on

a diagram for stainless steel are much smaller than those for vanadium because

of the low yield strength and high value of C of stainless steel (see Eqs. 18

and 19). On the other hand, the allowable loading for vanadium is limited by

03

30

25

~ e 2 0

* I 5

10

5

1

—

—

- \
\

-I

I I I !

VANADIUM L= I05 hr

T=600 l>C pR=0.25 MPa-m

R

f
/FATIGUE

H

\ p

s ^ \ , ^

^ — S m f LI«|T ^ " ^

0.5 1.0 1.5 2.0 2.5
8, mm

Figure 7-15. Modified Bree Diagram. Module I made of vanadium alloy, T = 600°C,
L ~ 10s lira, pR = 0.25 MPa-m, L = 105 hrs.
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its fatigue life, which indicates that reliable fatigue data are essential in

evaluating vanadium alloys as first wall materials.

7.5.3 Ferritic Steel

Figures 7-16 and 7-17 are modified Bree Diagrams for 9 Cr-1 Mo ferritic

steel at 450°C and 550°C, respectively. Both figures are for L = 10s hr,

pR = 0.25 MPa-m, and T = 0.5 hr. The E, S, and P regions are large because of

the high strength of this material. However, the maximum allowable heat flux

(point B) is limited by the creep-fatigue curve. In the creep-fatigue inter-

action as computed from Eq. 22, the contribution of the fatigue term is

negligible compared to the contribution of the creep term to the accumulated

damage. Consequently, creep is the limiting factor for this material.

The maximum surface heat flux (point B) for 9 Cr-1 Mo is shown as a

function of temperature in Figure 7-18. Results for Type 316 stainless steel

(from Fig. 7-14) and vanadium alloy (from Fig. 7-7) are shown also. The curve

for 9 Cr-1 Mo rises rapidly as the temperature decreases; however, it will

eventually level off as creep ceases to be an important factor and the fatigue

life, which is relatively insensitive to temperature, begins to dominate.

I I I I
9 Cr- I Mo L = I05 hr

T=450°C pR = 0.25 MPo-m

\f\¥ L̂IMIT

Figure 7-16. Modified Bree Diagram. Module I made of 9 Cr - 1 Mo ferritic
steel, T = 450°C, L = 10s hr, pR = 0.25 MPa-m.
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7.6 Summary

A procedure is outlined for determining the impact of design lifetime on

first-wall material selection, operating temperature, thermal loading, and

geometric configuration. In the preliminary stage of the procedure, the

allowable primary load (S limit) and fatigue life are used to obtain a simple

relationship between lifetime, temperature, and thermal loading which can

then be employed in comparing candidate structural materials and selecting a

design temperature and lifetime for further analysis. The second stage is

the construction of a modified version of the Bree Diagram for the selected

material, temperature, lifetime, and coolant pressure. Failure criteria for

ratcheting, fatigue, primary stress, creep-ratcheting, and creep-fatigue

interaction can be included on this diagram. Allowable design points are

those combinations of surface heat flux and wall thickness that satisfy all

the failure criteria considered; the highest of these indicate the largest

heat flux that the first wall can withstand for the design lifetime.

Failure criteria and stress analysis methods from ASME Code Case 1592

were used in obtaining the examples shown here because the code provides a

systematic, well-documented starting point. However, this is not essential

to the procedure, and the use of more specialized failure criteria and more

exact analysis methods would improve the results.

The results obtained here are based on elastic analysis methods from the

Code Case. The advantage of elastic analysis is that it is possible to work

backwards from design lifetime to associated loading combinations for each

failure criterion so that scoping studies may be readily performed. Parameter

studies based on inelastic methods usually require a separate numerical solution

for each combination of thermal load, mechanical load, and wall thickness.

Consequently, they are inappropriate for preliminary analysis because of the

effort and expense involved. Similarly, a simple first-wall configuration

was assumed to reduce the number of design variables, to simplify the

calculations, and to emphasize lifetime constraints that are inherent to a first

wall rather than those that are peculiar to a particular design. Nevertheless,

the modified Bree Diagram would be an appropriate format for presenting results

of inelastic analysis for more detailed first-wall designs.

No radiation effects are included in the results shown here. They can be

incorporated as effects on material properties and failure criteria in the
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context of the modified Bree Diagram. In addition, radiation-induced creep

should be considered as a damage mechanism in addition to thermal creep, and

swelling effects should be included in a detailed stress analysis.

When the maximum heat flux (point B) is located at a cusp on the modified

Bree Diagram, such as on Figs. 7-10, 7-11, 7-12, and 7-15, the allowable heat

flux is strongly dependent on wall thickness in the vicinity of the optimum.

If an increased wall thickness is necessary to allow for handling, welding,

and corrosion, the design point will be shifted to the right and the allowable

heat flux will be significantly less than the maximum. For other combinations

of material and temperature, such as shown in Figs. 7-13, 7-16, and 7-17,

point B is on a flat curve. In these cases, the allowable heat flux is

insensitive to the wall thickness.

The location of the maximum heat flux (point B) on the modified Bree

Diagram shows which material property or combination of properties is limiting

the design lifetime. This may help in formulating requirements for more

accurate data bases, alloy improvement, or more detailed analyses.
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8,0 Mechanical Design of a Tokamak Reactor Blanket

In order to develop the total design of a tritium-breeding blanket system

for a tokamak reactor, a number of requirements, limitations, and interface

parameters with other systems must be established. The blanket design must

interface with toroidal and poloidal field coils, auxiliary (neutral beam or

RF heating) heating systems, vacuum systems, shield, structural support, and

energy conversion systems. The blanket design is affected by the plasma burn

cycle characteristics, power rating, plasma, impurity control devices (e.g.,

divertor), and repair and maintenance requirements. An iterative process of

adjusting many variables within the range of limitations is necessary to develop

a blanket design that meets the more important requirements. The present study

focuses on three major aspects of blanket design, viz., blanket module config-

uration, vacuum wall position, and manifolding. Fabrication, assembly, main-

tenance, structural support and special features are considered within the

framework of these three factors. The above parameters are used to formulate

a mechanical design which then must sustain and uphold critical heat transfer,

hydraulic and stress requirements. This is followed by an analysis of plant

availability for scheduled blanket replacement, tritium breeding and recycle

analysis, and a general safeguards critique.

8.1 Blanket Configuration

The variables and parameters that affect blanket design are considered

for three general blanket configurations. The three blanket configurations

evaluated consist of: a small number of complete wedges of the torus, a

moderate number of relatively large slab-type segments, and a large number

of small modules. The problems encountered in these three conceptual con-

figurations are representative of problems encountered in all design.

8.1.1 Complete Wedge

The wedge concept, in which the blanket consists of a small number of

complete wedges of the torus, is the simplest of the blanket concepts in

principle but the most difficult in practice to maneuver because of its

massive size. It integrates more reactor systems into its design than any
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other approach and requires a major reactor disassembly for its removal and

replacement. Figure 8-1 is a schematic diagram of the complete wedge concept.

The major incentive for this concept is related to routine maintenance. The

small number of segments are proposed to minimize downtime. Peripheral

requirements are extraordinary in that massive machines are required along

with unusually large hot cells for storage and maintenance. Some of the

advantages and disadvantages of this concept are summarized in Table 8-1.

As shown in the table, there are a number of severe disadvantages with the

complete wedge concept. Probably the major disadvantage of this concept

involves unscheduled maintenance in which replacement of a total wedge

would be required to repair a single small defect. This approach will

have its greatest value if these large wedge sections have a relatively long

projected lifetime (5 to 10 years), are very reliable (zero failure rate

for the first 50% lifetime) and are resistant to damage by off normal condi-

tions (plasma disruptions). Although the complete wedge approach possesses

several unattractive characteristics and severely limits flexibility in

incorporating components like divertors, etc., this configuration provides

a potentially viable mechanical design concept.

TOROIDAL

FIELD MAGNETS

REACTOR
REMOVABLE OUTER
SHIELD DOOR

BLANKET MODULE
IN REMOVED POSITION

Figure 8-1. Schematic diagram of the complete-wedge blanket configuration.

8-2



Table 8-1. Advantages and Disadvantages of the
Complete-Wedge Blanket Concept

Advantages Disadvantages

Fewest number of pieces (1-3
pieces per TF coil)

Fewest number of coolant
connections

Possible minimal downtime
for schedules blanket main-
tenance and replacement

Possible lower fabrication
costs

Requires removal of the following
equipment for unit replacement

- OH & EF coils

- neutral beam or Rf heating

injectors

- vacuum equipment

- torque frame structures
Requires multi-ton handling
equipment

Requires huge hot cell main-
tenance and storage facilities

Requires huge raw material
inventory per unit on standby

Difficult to maneuver

Fabrication tolerance difficult
to maintain

Long unscheduled maintenance
period

Little or no in-situ repairs
possible

Design of high integrity vacuum
chamber difficult

Difficult or impractical if:

- a divertor is used

- EF & OH coils are located
within the TF coil system

- requires special structural
support to vehicle transfer
system
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8.1.2 Large Slab

The large slab approach involves dissecting a wedge of the blanket into

several large slabs wherein each slab, whether contoured or flat, may consist

of several smaller modules. This system will multiply the number of blanket

pieces by a factor of 6 or more over the wedge approach and will require a

total of 100 - 300 pieces. Figure 8-2 shows a schematic diagram of the slab

design. An important objective in this approach is to minimize both the

number of pieces to be handled and the number of coolant connections to be

made.

Sizing of discrete modules yields "\» 216 slabs, i> 1.6 meters wide by

2.2 meters high. These slabs provide the basis for a standard module design

wherein a minimum number of module sizes would be first order criterion. The

weight of each slab will be of the order of 10,000 kg (10T). In general,

the slab concept is a compromise of the other two concepts considered. The

blanket segment is reduced in size from the complete wedge to a more manage-

able size, while the number of blanket segments is maintained at a modest

NEUTRAL BEAM PORT

BLANKET MODULES

SUPPORT PLATE

BLANKET SLAB ASSEMBLY

Figure 8-2. Schematic diagram of the slab blanket configuration.
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number. Several advantages and disadvantages of the slab concept are summarized

in Table 8-2. The major advantages relate to the modest 3ize of the segments

and the relatively few segments for complete blanket changeout. It is antici-

pated that unscheduled replacement of a defective blanket component would be

considerably faster than for the complete wedge. The major disadvantages

relate to the complex in vessel handling requirements and the difficulties in

gaining access to the vessel. However, it is concluded that this is a favor-

able blanket concept when one considers the trade-offs between scheduled and

unscheduled maintenance requirements.

8.1.3 Small Modules

The advantages and disadvantages of the small module approach are sum-

marized in Table 8-3. The number of blanket pieces in this concept is approxi-

mately an order of magnitude greater than for the slab concept (> 2000 pieces).

The first design iteration would maximize the size of each module and minimize

the number of different pieces for fabrication economics. The major advantages

of the small module concept relate to the relative ease with which a single

module can be replaced. This capability should minimize unscheduled replace-

ment of a defective module. However, the large number of individual modules

would require excessive downtime for scheduled replacement of the blanket.

From the comparison in Table 8-3, the small module approach is considered less

favorable than either the wedge system or the slab approach.

8.2 Vacuum-Wall Position

An important factor of an integrated blanket design is the location of

the primary vacuum vessel. Three positions are considered conceptually: the

vacuum vessel at the first wall, the vessel located in the outer portion of

the blanket in the high temperature zone, and the vessel located at the blanket/

shield interface in a low temperature zone. The vacuum vessel location impacts

the blanket design for the following reasons? the vessel and the blanket sup-

port structure must be of integral design, differential expansion conditions

must be compatible in the total blanket design from cold to hot operating

conditions, and vacuum penetrations are critical to the overall design reli-

ability. Because of vacuum pumping requirements and tritium containment consi-

derations, a vacuum wall outside the TF coils is considered unacceptable.
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Table 8-2. Advantages and Disadvantages of Slab-Type Blanket Concept

Advantages Disadvantages

Relatively few number of pieces
required for scheduled main-
tenance

Modest sized blanket components

Production line type module
fabrication process

Relatively fast replacement time
for unscheduled maintenance

Does not require complete
disassembly of reactor

Does not require disconnecting
magnets, neutral beams,
vacuum pumps, etc.

Relatively simple and permanent
blanket support structures

Relatively easily maneuvered and
modest tolerance for assembly

Modest hot cell size and
operations

Selective repair capability

Requires numerous in-vessel
handling fixtures capable
of handling up to 10 tons

Requires in-situ joining of
coolant manifolds

Requires accurate positioning
surfaces for remote operations

Table 8-3. Assessment of Small Module Blanket Concept

Advantages Disadvantages

Lightest and easiest to handle
pieces

Selective repair potential

Access to reactor without
major reactor
disassembly

Light weight handling equipment

Small service hot cells and
related equipment

Maximum versatibility in design
features

Difficult manifolding and coolant
nozzle access (especially on
inner blanket) for assembly and
replacement

Large number of in-situ coolant
and instrument connections to
make and check

Relatively long scheduled downtime for
blanket replacement due to large num-
ber of coolant hookups and modules

Poor shielding for neutron streaming

Requires in-reactor handling mrchines
(even though they are light duty)
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8.2.1 Vacuum Vessel at the First Wall

The simple first-wall vacuum chamber concept has been used in the majority

of plasma physics experiments to date. Important advantages of this concept

relate primarily to good vacuum characteristics and minimal pumpdown require-

ments. However, a first-wall vacuum vessel is subject to additional effects

in a power reactor environment. The first-wall must withstand the highest

radiation levels and operate at elevated temperatures. Welded joints must

also operate in the highest radiation environment. Probably the most impor-

tant constraint for this concept relates to the difficulties of remote main-

tenance and repair of this type of vacuum vessel. Change out of sections

would require excessive amounts of very difficult joining procedures, probably

welding. On an overall basis, the first-wall vacuum vessel approach does not

extrapolate favorably to commercial reactor applications.

8.2.2 High Temperature Vacuum Vessel at Outer Region of Blanket

A second concept would locate the vacuum vessel in the outer portions of

the blanket. Here the vacuum vessel would be exposed to the elevated temp-

eratures characteristic of the blanket; however, the neutron flux would be

considerably attenuated and the radiation damage reduced. The expected vacuum

wall lifetime would be substantially increased compared to the first-wall

vacuum vessel. In this concept the vacuum vessel would probably be an integral

part of the structure which supports the remainder of the blanket located in-

side the vacuum wall. Other advantages of this concept relate to fabrication

and joining of the vacuum vessel and structural support. Maintenance of the

vacuum wall is more reasonably accomplished in this concept than in the pre-

viously mentioned approach, as both the internal blanket as well as the

external shield can be removed to provide access for servicing.

Principle disadvantages of this concept relate to the elevated tempera-

ture of the vacuum vessel and the larger chamber volume with inherent cracks

and crevices. As in the case of the first-wall vacuum vessel, the complete

vessel will be thermally cycled during startup and shutdown of the reactor.

Substantial thermal stresses generated in the vessel must be accommodated.

Thermal expansion effects at the penetrations may also be important. Since

the majority of the blanket is inside the vacuum vessel, vacuum pumpdown time

will increase somewhat because of additional blanket surfaces, cracks, and
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entrainment volumes. However, supplemental pumping may be added to the

volume between the blanket and the vacuum wall to ameliorate this problem.

This concept is favored over the first-wall vacuum vessel concept for com-

mercial power reactor applications.

8.2.3 Vacuum Vessel in Low Temperature Shield

Location of the vacuum vessel in the low temperature shield has the

obvious advantages of being out of the high temperature and high fluence

zones where a more conventional approach to fabrication might be utilized.

Conceptually, the vacuum barrier may be located adjacent to the blanket,

outside the magnet shield, or possibly at the reactor room wall. It seems

very improbable that this latter location, I.e., the reactor building, would

be acceptable for the primary vacuum wall because of tritium inventory,

vacuum pumping, and plasma purity considerations. The primary incentive for

location of the vacuum wall outside tha blanket is that the wall may be de-

signe••'• for the lifetime of the reactor. Since the vacuum wall would operate

near ambient temperatures, thermal stresses in the vessel could be avoided.

The vacuum wall in this concept would probably be an integral part of the

blanket support structure.

The major problems associated with the vacuum vessel in the shield

relate to very large vacuum pumping requirements and high temperature coolant

penetrations. The large vacuum vessel volume with many cracks and crevices

in the blanket will necessitate large pumping requirements. This problem

is minimized by keeping the vacuum wall as close to the blanket as possible.

However, a dual pumping system may still be required. One system would

operate continuously and pump the crack volumes around the blanket (and

shield) while the main system would flush the plasma chamber during the dwell

period. High-temperature coolant-tube penetrations through the low-tempera-

ture vacuum wall will require special designs to withstand the thermal stresses.

The remote maintenance problems will strongly influence which of the

low-temperature shield locations are optimum for the vacuum wall. More de-

tailed design studies are also necessary to establish whether the blanket or

shield location of the vacuum wall is preferred.
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8.3 Coolant Manifolds

Coolant supply and return lines for the blanket heat transport system

pose a difficult problem in the blanket system design. The coolant connections

required for blanket replacement rarely have adequate access through the

reactor shield; this is especially true of the inner blanket region. Thus,

it becomes imperative to provide good manifold design features at an early

stage of blanket design. The criteria for coolant manifolding other than

coolant transport are basically two-fold: to minimize the number of connec-

tions to be made and to locate the connection points in a favorable location.

8.3.1 Size and Number

In the design of a liquid lithium system with a reasonable At of i< 1808C,

the heat transport piping (and manifolding) is relatively small in size and

operates at relatively low pressure. As such, the best utilization of this

feature is to reduce the number of connections necessary to remove the blanket

or portions thereof. Several ̂  25-cm lines would deliver coolant to the re-

actor and return it heated to a secondary sodium system. Each of the 25—cm lines

would have three or more distribution headers entering into the blanket/shield

interface zone as 10 to 15-cm pipes. Individual connections would be made

from each of the distribution headers to the blanket distribution piping. At

this point two connections per slab are required, one inlet and one outlet,

each **» 10-cm nominal pipe size or less.

Coolant manifolding sizes for pressurized water coolant would be similar

to that for lithium coolant. Because of lower permissible AT's in the coolant

system higher velocities would be required. Since pressurized water will

operate at 12-15 MPa (̂  2000 psi) larger wall thicknesses may be required for

the manifolds. Operating temperatures will be < 350°C.

Helium coolant will require considerably larger coolant manifolding than

either lithium or water. Main headers as large as 40 cm are probably necessary.

The relative large manifold and header sizes increase design difficulties in

the outer regions of the blanket and will require a larger major radius to

allow for manifolding in the inner blanket. High pressures characteristic of

the helium coolant combined with the large manifolds will increase the wall

thickness requirements. The relatively high temperatures desired for effec-
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tive helium cooling place additional burden on the manifolding, which will

also necessitate substantial wall thickness for adequate strength.

8.3.2 Joining

Both the type of joint and access to the joint are very important fea-

tures of the design process. Depending upon the type and temperature of the

coolant, mechanical joints are typically limited to 10 cm diameter or less.

Commercially available joints such as Conoseal and Grayloc fittings can be

considered in systems with up to 10 cm pipe size. These joining systems are

preferrable to standard flanges in that they are more compact and have favor-

able remote handling features, which is a requirement for fusion reactor blanket

systems. The alternative to these joining techniques is welding. Welding and

cutting require additional specialized machines which must work deep within

cavities In the reactor shield. Any system using welded closures must incor-

porate inspection and leak test capabilities.

Access to the coolant supply and return line connections may require

removal of portions of the reactor shield (shield plugs). The shield plug

should be carefully located so as to conveniently allow access to the plugs

and necessary equipment for making the joints. The joint operations, e.g.,

removal of the plug and installation of joining equipment, should be main-

tained as simple as possible.
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9.0 Lithium-Cooled Blanket Design

9.1 Major Considerations that Impact the Blanket Design

In general, lithium and the other alkali metals are excellent heat-trans-

fer fluids. They typically possess high heat capacities and thermal con-

ductivities and produce high heat-transfer coefficients. Considerable ex-

perience and technology related to liquid metals as heat-transfer fluids have

been developed in the Liquid-Metal Fast Breeder Reactor (LMFBR) program.

These liquid metals are particularly effective for heat removal in high-energy

density systems wnere minimal coolant volume and small coolant channel sizes

are essential. This is an important consideration in a fusion reactor because

of shielding requirements. The primary incentive for use of lithium as a cool-

ant in commercial fusion reactors is the fact that it is also a viable candidate

for the tritium-breeding medium. Therefore, lithium coolant with the solid-com-

pound or molten-salt breeding concepts are not considered to be viable options.

Important problems inherent in the use of lithium coolant in a tokamak

reactor blanket include: (1) compatibility with the structure, (2) magneto-

hydrodynamic (MHD) effects created by the strong magnetic field, (3) hydraulic

problems associated with the recirculation of a liquid metal, (4) tritium

recovery and processing, and (5) reactivity of lithium with air and water.

The selection of structural materials and the allowable operating temperatures

in a lithium-cooled blanket will be strongly influenced by compatibility con-

siderations. The MHD effects created by passing an electrical conductor

through a strong magnetic field will impact the coolant pumping power re-

quirements, the heat transfer characteristics, and the pressure requirements

of the lithium containment vessels, as well as the geometry and size of

coolant ducts and modules. Since lithium is solid at room temperature, pro-

vision tor in-situ heating is required and hydraulic effects such as gas

trapping in flow channels must be considered. Methods for tritium recovery

appear to be adequate; however, impacts on overall system operation require

further analysis. The reactivity of lithium with both air and water poses

the major safety related problem. A review of previously proposed lithium-

cooled blanket designs has been conducted and the evaluation of these designs

serves as a point of departure for the present work. In the present in-

vestigation, the constraints on blanket design imposed by the above
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considerations have been identified and potential design solutions have been

proposed. Preliminary analyses have been conducted in an attempt to quantify

the trade-offs of various design problems to the overall blanket design.

Within the scope of the present effort, a tentative reference design of a

lithium-cooled, tritium-breeding blanket is proposed for further detailed

study. Major uncertainties and concerns regarding the lithium-cooled blanket

concept are discussed.

9.2 Review of Previous Blanket Designs with Lithium Coolant

A review of previous lithium-cooled blanket designs has been conducted

as part of the present investigation. The major focus of this review was

to classify the basic geometry of each blanket concept, determine the primary

impetus for the specifif; designs, and summarize the important conclusions

arrived at by the designers. These various aspects of six lithium-cooled

blanket designs are discussed in the following sections, and pertinent

parameters are compared in Table 9-1.

9.2.1 UWMAK-I Design^1)

Basic Geometry - The blanket region contains radial flow cells for the

coolant. Each cell consists of four U-bends which are connected in series.

The structural material used was 316 stainless steel. The dimensions of a

typical cell and the coolant flow pattern are shown in Fig. 9-1. Addi-

tional design characteristics for the UWMAK-1 blanket are given in Table 9-1.

Impetus for the Design - Lithium was chosen as the coolant because of

its good heat transfer characteristics and because it simplified the mechani-

cal design of the blanket. The design simplification resulted from the use

of liquid lithium as both the breeder and the coolant. Another beneficial

characteristic mentioned was the low induced activity in lithium from neutron

irradiation. This would help to minimize maintenance problems in the pumping

and heat exchanger systems. The relatively low melting point of lithium

(180°C) was cited as an additional advantage.

Two of the major problems of a liquid lithium coolant are the MHD

pumping power requirements and the materials compatibility problem. To

minimize the pumping power requirements, the lithium velocity was kept low

9-2



Table 9-1. Design Parameters for Proposed Lithium-Cooled Blanket Designs

I

Parameter

Configuration

Coolant

Breeder

Power output

Burn time

Down time

Neutron wall
loading

Breeding ratio

Magnetic field
strength

Pumping power

Coolant inlet T

Coolant AT

Coolant
velocity

Coolant
pressure

Structural
material

Blanket
thickness

UWMAK-I(1)

U-Bend

Lithium

Lithium

5000 HWt
1500 MWe

5400 s

390 s

1.25 MW/m2

1.4

8.66 T

22 MH

283*C

200*C

0.04 «/s (blan-
ket), 0.94 n/s
(headers)

2.8 HPa

316 SS

0.73 m

UWMAK-III(2)

U-Bend

He (inner blanket)
Li (outer blanket)

Lithium

5000 HWt
1985 Htfe

1800 s

90 a

2.3 HW/m2

1.25

8.75 T

2 HW

488*C (Li)

382°C (Li)

0.39 m/s (Li)

0.9 MPa

Mo alloy (TZM)

1.0 m

ANL/HDAC-E^3'

Cylindrical
modules

Lithium

Lithium

—

—

—

S.2.0 HW/m2(SS)
£8.0 MW/m2(V)

—

8.0 T

< 1Z of thermal
power

235"C

225*C (SS)
325*C (V)

0.20 m/s (SS)
0.40 B/S (V)

—

Stainless steel
Vanadium alloy

0.6 H

ORNL ...
("Racetrack") l '

Channels

Lithium

Lithium

1000 MWt
518 MWe

—

—

0.69 MW/m2

1.5

5.3 T

< IX of thermal
power

996"C

56*C

0.36 m/s

0.01 MPa

Nb-lX Zr

1.0 m

ORNL.
(Tube) ti;

Tubes

Lithium

Lithium

—

—

—

3.14 MW/m2

—

7.0 T

< 1.12 of
thermal power

236"C

228°C (first
wall), 264°C
(inner loop)

0.77-1.54 m/s
(varies with
diameter)

—

Stainless
steel

0.62 m

Culham(6)

Cylindrical
modules

Lithium

Lithium

10,000 MWt

—

10.0 MW/m2

1.4

10.0 T

—

—

—

—

Stainless
steel

1.0 m



•30

20 cm

Figure 9-1. Diagram of UWMAK-I blanket module.

and the lithium flowed along poloidal field lines. The series connection of

U-bends in each cell was intended to decrease the residence time in each

bend and thus reduce heat conduction between adjacent radial streams. The

outlets of adjoining cells were juxtaposed to further decrease this heat

exchange. The chosen arrangement also avoids interaction of the eddy

currents between adjacent radial streams.

Because of the magnitude of available data and operating experience

for 316 stainless steel, it was chosen as the structural material. However,

the maximum structural temperature was limited to 500°C because of compati-

bility problems with liquid lithium.

Major Results Relating to Lithium Coolant - Lithium can be used as a

coolant for a tokamak reactor with proper design of the flow paths. In the

UWMAK-I design the pumping power requirements amounted to about 1.52 of the

electrical power output. The lithium coolant temperature was limited to a

maximum of 483°C because of corrosion problems with 316 SS in flowing lithium.

The calculated overall breeding ratio was about 1.5.
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9.2.2 UWMAK-III Design (2)

Basic Geometry - The lithium blanket contained a series of U-bend cells

similar to UWMAK-I. In the UWMAK-III cells the inlet and outlet flows are

separated by a region of static lithium located in the center of the cell.

A 25-cm thick graphite ISSEC was installed to protect the inner blanket from

radiation damage. The inner structure is designed to last the life of the

reactor. A thin carbon curtain serves as a radiation shield for the outer

blanket. The estimated wall life for the outer blanket is two years. The

UWMAK-III blanket and shield design are illustrated in Fig. 9-2 and pertinent

parameters are summarized in Table 9-1.

Impetus for the Design - Two of the major driving forces for the UWMAK-III

blanket design were the MHD pumping losses and the possibility of thermal re-

circulation between hot and cold lithium streams. The MHD problems were

minimized by cooling only the outer blanket with lithium. The inner blanket

does not breed. The U-shaped design for the blanket cells reduces the V x B

value within the blanket, which further decreased MHD effects.

Shield-

Li Manifolds-*}

I.i Headers—

Graphite
Reflector

Li Blanket-

—•37—

100

• 222 --

Dimensions in cm.

PLASMA

Figure 9-2o Diagram of UWMAK-III blanket module.
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The 10-cm wide static lithium zone in the center of the cell serves as

thermal insulation between the inlet and outlet lithium streams. The lithium

in the buffer zone actually has a small velocity, necessary for tritium re-

moval. Unfortunately, the buffer zone provides a thick passage for eddy

currents, which increases the MHD pressure drop within the blanket. The

large width of the cells (37 cm) was made possible by the low pressure in

the blanket (0.90 MPa).

The choice of the molybdenum-based alloy, TZM, as the structural material

was made primarily to increase the operating temperature of the coolant. This,

in turn, will increase the overall efficiency of the power cycle. A higher

operating temperature for TZM is possible because of improved compatibility

with liquid lithium, as compared to the 316 SS that was used in UHMAK-I. The

maximum structural temperature was 1000°C. Other advantages noted for TZM were

its good high-temperature creep strength and fatigue life, its low permeation

to tritium, good neutronics properties, and its good resource availability.

However, difficulties in joining, particularly welding, pose a major problem

in the use of molybdenum alloys.

Major Results Relating to Lithium Coolant - Proper design of the blanket

can lead to acceptable pumping power requirements for lithium-cooled systems.

For UWMAK-III the required pumping power was less than 1% of the average

electrical output. This low value was achieved, in part, by cooling only

the outer blanket with liquid lithium. Adequate breeding (BR ̂  1.25) can

be achieved by breeding only in the outer blanket.

9.2.3 Argonne ^

Basic Geometry - The blanket cells are a variation of bayonet coolers.

The lithium enters the cell through an inlet pipe with an electrically insu-

lated interface and exits through the annulus. Several cells are connected

in parallel through common inlet and outlet headers. A typical cell is shown

in Fig. 9-3 and important parameters are summarized in Table 9-1.

Impetus for the Design - The blanket cell design was chosen as being

representative of designs used for lithium-cooled systems. The objective of

this work was a parametric study of the simplified first wall/blanket system

to evaluate its thermal-hydraulic and thermomechanical behavior. Specific
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Figure 9-3. Schematic diagram of ANL bottle module.

characteristics of interest were the pumping power requirements, the MHD

pressure losses throughout the blanket, the maximum structural temperature,

allowable wall loadings, and the wall lifetime limitations. Type 316 stain-

less steel and a vanadium-base alloy were selected as the structural materials

for this analysis.

Major Results Relating to Lithium Coolant - With lithium coolant, designs

using stainless steel appear to be limited to a maximum coolant temperature

rise of 250°C and a neutron wall loading of under 2 MW/m2 (without a divertor).

For vanadium, the maximum coolant temperature rise was 350°C and the maximum

neutron wall loading (without a divertor and ignoring fatigue effects) was

8 MW/m2.

The total coolant pressure drop was calculated by dividing the coolant

path into four regions: (1) inlet to the blanket, (2) return through the

cell annulus, (3) inlet and exit through the shield, and (4) inlet and exit
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through the magnets. Pressure drop equations were solved for each of these

regions. For a maximum toroidal field of 8 T, the pumping power was found

to be less than 1% of the thermal power. Fields as high as 12 T may pre-

clude the use of lithium coolant in all but the most outboard sections of

the blanket. It may not be practical to use liquid lithium to cool the

innermost blanket region regardless of the toroidal field strength.

9.2.4 ORNL Racetrack

Basic Geometry - Lithium is circulated along "racetracks" in the reactor

blanket. The lithium flows to the end of each toroidal segment, flows toward

the first wall, and then returns flowing parallel to the first wall. The

liquid lithium is recirculated in the blanket. Heat from the lithium is

transferred to a potassium loop via a heat exchanger. The liquid potassium

is vaporized and the resultant vapor removes heat from the blanket. Sketches

of the blanket configuration are given in Fig. 9-4 and pertinent parameters

are summarized in Table 9-1.

ELECTRICAL

Op

ELECTRIC
FLOW PATW-

'A"

Figure 9-4. Schematic diagram of ORNL racetrack blanket concept.
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Impetus for the Design - The "racetrack" design was intended to minimize

the MHD effects which arise when pumping liquid lithium. A substantial MHD

pressure drop will occur at the end of the racetracks where the coolant flows

radially toward the first wall. In this region a counter emf is imposed so

the ends of the segments will act as EM pumps. Keeping the lithium velocity

low (̂  0.36 m/s) tends to minimize the MHD pressure drops.

Potassium flows into the blanket and is vaporized by the liquid lithium.

This reduces the amount of liquid metal which must be pumped through the shield

into the blanket, because of the high heat of vaporization of potassium.

The structural material chosen was Nb-1% Zr. This alloy allows higher

temperature operation with liquid lithium than does stainless steel. In

addition, good results have been obtained in welding niobium alloys and such

alloys have low sputtering coefficients. Thus it was felt that Nb-1% Zr was

a good structural material for this system.

Major Results Relating to Lithium Coolant - The pumping power was found

to be quite reasonable, with a pumping power-to-heat removal ratio of less

than 0.5%. Operating the lithium blanket at low pressure (the pressure

difference between the blanket and the plasma is about 0.1 atm) will reduce

the probability of lithium leaks. Liquid-metal systems give much better life-

. times than helium-cooled systems from a thermal strain cycling standpoint.

9.2.5 ORNL Tube Design^

Basic Geometry - The blanket consists of an array of round tubes as

shown in Fig. 9-5. The blanket modules contain two types of tube arrays:

the first type in which the tube array has a constant thickness in the toroidal

direction and the second type which is wedge-shaped. The two tube sizes

selected for this configuration were 15 and 60 mm in diameter. The manifolds

are positioned in regions where the magnetic field is low to reduce MHD

effects. Pertinent parameters are given in Table 9-1.
*

Impetus for the Design - The use of liquid lithium as a coolant was

seen by the author to have three major advantages. First, because heat is

generated largely in the lithium, it can be withdrawn at nearly the peak

blanket temperature. Secondly, cyclic thermal stress can be reduced by

stopping the flow during the power-off portion of the cycle. Third, tritium
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Figure 9-5. Schematic diagram of ORNL tubular blanket.

removal is easier than would be the case for stagnant lithium blankets since

all of the lithium is circulated. The flow paths for the present design

were chosen to minimize the length traversed perpendicular to the magnetic

field.

Major Results Relating to Lithium Coolant - Recent prospects for higher

3 devices (and hence lower required field strengths) could result in a marked

decrease in MHD effects for liquid metal systems. Proper design of the

blanket can lead to acceptable pumping power requirements. In the tempera-

ture range permitted by stainless steel, heat removal by boiling potassium

or cesium appears to be ruled out because of the large flow area required

by the vapor.

An advantage in the use of liquid lithium coolant compared to helium

is that the high pressure stresses occur only in low temperature regions.

The pressure stresses could be further reduced by tapering the thickness

of the round tubes and using an insulated sandwich construction outside the

radiation shield.
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9.2.6 Culham Design^

Basic Geometry - The Culham blanket design consists of wedge-shaped

cells which are arranged as shown in Fig. 9-6. The lithium coolant flows

into the cell through a central inlet pipe and returns through the cell

annulus. This design is similar to the Argonne Design (3). The dimensions

of the cells are not specified but they are approximately 1 m in length.

Important design parameters are included in Table 9-1.

Impetus for the Design - The cellular design chosen allows for thermal

expansion of the cells in the spaces between them. The first wall of the

cells is hemispherical in shape so as to be stressed in simple tension. This

allows the wall thickness to be a minimum. The inlet pipes extend into each

cell and fan out near the first wall. Such an arrangement distributes rela-

tively cold lithium over the first wall, where the structural heating is a

maximum.

The cellular blanket construction permits (electrically) shielded gaps

between the blanket cells. This will serve as insulation against electrical

currents generated by the flowing lithium.

Major Results Relating to Lithium Coolant - A simple relationship has

been derived between the structure fraction and the coolant pressure. As a

result it is possible to correlate tritium breeding gain, heat transfer

parameters, and coolant pumping power. No quantitative estimates were made

of the required pumping power. Although the blanket cell length was determined

by nucleonic breeding requirements, the cell width can be selected on the

basis of material strength, ease of manufacture, and maintenance. By allowing

the cells to expand and accounting for radial differential expansion between

the blanket and shield, thermal stresses produced during reactor heatup

should not be excessive. The blanket temperature should be at least 500°C

for reasonable thermal efficiency.

9.3 Blanket Materials Selection

9.3.1 Breeding Material and Coolant

Since the primary incentive for use of lithium as the coolant in a fusion

reactor is the fact that it can also be used for tritium breeding, lithium is
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Figure 9-6, Schematic diagram of Culham blanket design.
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the only breeding material considered in the present study. Therefore, the

materials considerations generally apply to both coolant and breeding material.

9.3.1.1 Physical and Chemical Properties of Lithium

The physical and chemical properties of lithium, which have been fairly

well established, are summarized in Section 4.0. Liquid lithium possesses

excellent heat transfer characteristics with a high heat capacity of •v 4.2

j/gra«°K and a high thermal conductivity of *o 50 W/m«°K. Since the melting

point is 180°C, auxiliary heating will be required to maintain the liquid

state when the reactor is down. The high electrical conductivity of lithium

leads to MHD effects discussed below.

Lithium used for breeding and coolant purposes in a fusion reactor will

of necessity be of relatively high purity. Probably the major concerns in

these areas relate to atmospheric contamination in large lithium systems and

the fact that lithium reacts readily with oxygen, nitrogen, and water. Al-

though the reactivity of lithium poses a major concern with regard to safety,

the problem is not considered prohibitive since adequate safety appears feasi-

ble with appropriate design. This effect is discussed more extensively in

Section 9.9 where the importance of dual containment barriers for tritium

is addressed.

9.3.1.2 Radiation Effects

The critical properties of liquid lithium are not significantly affected

by neutron radiation. Although generation of substantial amounts of tritium

and helium will occur during irradiation, these elements can be readily

extracted and present no measurable effect on the properties of the liquid

phase. Mass transport and activation of dissolved impurities in the liquid

phase are discussed in the following section.

9.3.2 Structural Materials

A survey of the critical properties of candidate fusion reactor struc-

tural materials is presented in Section 4.0. Only those properties that are

particularly pertinent to the selection of the structural material for a

lithium coolant/breeder blanket design are addressed in the present section.

The compatibility related aspects are the major considerations that are
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peculiar to the lithium cooled blanket, and hence, will be a primary focus

of this section. The major consideration has been given to five classes

of structural materials, viz., austenitic stainless steel, high nickel alloys,

and titanium, vanadium, and niobium alloys. Ferritic steels have generally

been omitted from consideration for magnetic fusion applications; however,

because of their other generally attractive properties, some interest is

presently being shown for ferritic steels. Therefore, a brief comparison

of ferritic steels is presented.

9.3.2.1 Physical Properties of Candidate Structural Materials

The physical properties of candidate structural materials are summarized

in Section 4.0, and therefore are not repeated here. However, a comparison

of a thermal stress factor demonstrates the importance of the physical proper-

ties on the magnitude of stresses induced in a thermally loaded wall. Since

the physical properties do not generally vary substantially within a class

of materials, the thermal stress factor is a measure of the ability of various

materials to withstand surface heat loads. The thermal stress factor considered

here is defined by

where a is the thermal expansion coefficient, E is the modulus of elasticity,

k is the thermal conductivity, and v is Poissons ratio. Table 9-2 gives the

thermal stress factors for six candidate structural materials at estimated

mean operating temperatures. The range for the materials considered is

nearly an order of magnitude with the lower stress factors being most de-

sirable. The niobium and vanadium alloys have the lowest stress factors

while stainless steel and the high nickel alloys have the highest stress

factors. Those of the ferritic steels and titanium alloys are intermediate.

These results indicate that the physical properties of the structural ma-

terials should be a major consideration in the selection of structural ma-

terials for components where cyclic thermal stresses will limit the design

lifetime.
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Table 9-2. Thermal Stress Factors for Candidate Structural Materials at
Probable Mean Operating Temperatures

Thermal
Stress
Factor

MPa«m/W

0.220

0.218

0.128

0.112

0.055

0.028

Reference
Structural
Material

316 Stainless Steel

Inconel 625

Ti-6242

Fe-9Cr-lMo

V-15Cr-5Ti

Nb (FS-85)

Assumed
Operating
Temperature

°C

400

500

400

400

500

500

*
ctE

r-Tz—r- , low numbers are desirable.

9.3.2.2 Compatibility with Lithium

Compatibility considerations with lithium will have a major influence

on the materials selection and operating limitations of the structural

material for lithium-cooled fusion reactor blankets. The two major compati-

bility problems relate to (a) deterioration of the mechanical integrity of

the structural containment and (b) mass transfer of corrosion products that

leads to plugging of circulating systems or excessive deposition of radioactive

material in unshielded regions. It is generally concluded that these effects

will be important long before uniform wall thinning will lead to failure

under conditions of interest. The limiting compatibility problem varies for

the different classes of structural material and will be partially dependent

on design aspects, e.g., bimetallic element transfer in systems with different

structural materials contacting the lithium. Although experimental data are

insufficient to accurately assess the compatibility problem, it is possible

to qualitatively assess the corrosion problems for the various alloys.

The important corrosion mechanisms and the proposed maximum operating

temperatures in lithium for each of the alloys are summarized in Table 9-3.
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Table 9-3. Operating Limitations of Structural Materials in Lithium.

Structural
Alloy

Maximum
Temperature

Limiting Mechanisms

Austenitic SS

Ni-Alloy

Ti-Alloy

V-Alloy

Nb-Alloy

Ferritic Steel

450 Mass transfer - plugging,radio-
active mass transfer, stress
corrosion.

< 400 Mass transfer - plugging, radio-
active mass transfer.

< 500 Leaching of aluminum, mass transfer.

i> 700 Control of nitrogen is
required.

*> 800 Carburizatlon of niobium, con-
trol of nitrogen required.

550 Mass transfer - plugging, radio-
active mass transfer, stress
corrosion.

a) Stainless Steel

Lithium is known to be much more corrosive to stainless steel than is

sodium. Corrosion rates varying from 10 to 100 pm/y at 600*C has been re-

ported for lithium under a variety of conditions compared to a generally

iccepted 1.5 pm/y corrosion rate of Type 316 stainless steel at 600°C in

high-velocity reactor-grade sodium. Although the data are limited, the

corrosion rates are known to depend on velocity, purity, temperature, and

temperature gradient in the lithium as well as microstrueture and stress

state of the steel. The corrosion rate of stainless steel in lithium at

500°C for conditions of interest is estimated to be <\» 10 um/y. For an

estimated stainless steel surface area in the blanket of 105 m2, half of

which is near the maximum temperature of 500°C, the estimated mass transfer

rate would be over 0.1 gm/s (4000 kg/y). This mass transfer rate is probably

unacceptable since deposition of this amount of material could create plugging

problems in low temperature regions and valves. These estimates do not include

corrosion in the high temperature manifolds and ducts or the high temperature

regions of the intermediate heat exchanger. Additional data on velocity effects
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and impurity effects are necessary before more accurate estimates of these

problems can be made. In situ coatings as a means of reducing corrosion rates

are under investigation; however, the implications of this approach have not

been considered in depth.

The second major concern regarding the use of stainless steel in a

lithium environment relates to the interaction with stress and the resultant

effects on the mechanical integrity of this structure. The extent of thermal

cycling in the blanket is addressed in Section 9.7. Effects of major concern

involve (a) stress effects on the microstructure that may enhance inter-

granular penetration by lithium and (b) effects of stress that may reduce the

tendency to passivity with time, e.g., fracture of the ferrite layer typically

observed after exposure. Intergranular penetration of stainless steel by

lithium has been observed under conditions of high temperature and under cer-

tain stress conditions. The intergranular penetration is often associated

with attack of carbides precipitated on the grain boundaries. Cyclic stresses,

which tend to enhance precipitation of carbides, may increase the inter-

granular attack. Indeed, severe grain boundary attack has been observed

at modest temperatures (̂  400°C) on highly cold-worked stainless steel.

Ferrite layers typically form on the surface of stainless steels as a

result of leaching of nickel during exposure to lithium. It is generally

concluded that these ferrite layers tend to reduce the rate of attack after

they reach a certain thickness. The integrity of these ferrite layers, or

any other coating, has not been established under cyclic deformation. It

is possible that these layers may crack because of differences in elastic

properties, and therefore, not serve as protective corrosion barriers.

Since the extent of these effects and their importance to the overall

response of the stainless steel structure have not been well established,

it is difficult to define an upper temperature limit for the stainless

steel/lithium system. For the present investigation, 450°C is considered

to be the maximum operating temperature for a stainless steel blanket struc-

ture exposed to flowing lithium.
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b) High Nickel Alloys

Because of the relatively high solubility of nickel in lithium, nickel-

base alloys do not appear to be viable candidates for the lithium-cooled

blanket structure. The corrosion rates for alloys of interest have not been

well established; however, they are generally believed to be significantly

greater than those for stainless steel. Therefore, the beneficial strength

advantage of nickel alloys over stainless steel at elevated temperatures

cannot be effectively utilized. For this reason nickel-base alloys are not

considered for the lithium-cooled blanket design.

c) Titanium-Base Alloys

Very little data are available on the corrosion of titanium by lithium

and essentially no data are available on the corrosion of commercial alloys.

Under limited test conditions titanium is fairly resistant to corrosion by

high purity lithium. However, as indicated by thermodynamic calculations, a

strong driving force exists for transfer of nitrogen and carbon from lithium

to titanium. Consequences of this interaction in a large lithium system

have not been investigated. There is also a major concern regarding the

compatibility of lithium with commercial titanium alloys, most of which con-

tain several percent of aluminum and tin. Both of thet.e alloys are highly

soluble in lithium and will probably be leached from the titanium similar

to the case of nickel leaching from stainless steel. The importance of this

effect must be determined before titanium alloys can be seriously considered

for use in lithium-cooled blanket.

d) Vanadium and Niobium Alloys

Vanadium and niobium are both known to be very resistant to corrosion

by high purity lithium at temperatures of interest. However, thermodynamic

studies indicate that very low nitrogen and carbon concentrations in lithium

are required to prevent nitriding and carburizing of these refractory metals.

Of the two metals, niobium is the more susceptible. These interactions may

lead to embrittlement at high temperatures. It is believed that the impurity

levels in lithium can be maintained at sufficiently low levels, at least for

vanadium alloys; however, this must be demonstrated in a large system. Al-

though niobium that contains more than a few hundred ppm oxygen is attacked

intergranularly, higher purity material required to mitigate this problem is

attainable. Intergranular attack of vanadium has not been observed. In
i

9-18



general, it is concluded that the compatibility of lithium with both vanadium

and niobium alloys will be adequate for conditions of interest. However,

experimental verification is required, particularly in regard to maintaining

adequate purity of the lithium.

e) Ferritic Steels

The ferritic steels are generally more resistant to corrosion by lithium

than are the austenitic steels. The rates are affected some by alloy composition,

and microstructural effects, e.g., carbide precipitates at grain boundaries,

can also affect the compatibility. There is also concern about the effects

of stress on the compatibility. Further work is required to assess the

importance of stress effects and microstructure on the corrosion. Based on

the limited available data, the temperature limits for ferritic steels in

flowing lithium systems are taken as 500-550°C.

9.3.2.3 Compatibility with Hydrogen and the Ambient Atmosphere

Compatibility with the hydrogen (DT) environment is not expected to be

a problem with any of the structural materials with the exception of titanium

and possibly the ferritic steels. The equilibrium hydrogen concentrations

will be low in the other alloys at the hydrogen pressures anticipated. For

example, the concentration of hydrogen in vanadium at 10""1 torr is only "\» 50

wppm at 350°C. Since hydrogen pressures.in all regions of the blanket are

expected to be < 10~3 torr, hydrogen concentrations of < 10 wppm are predicted

for stainless steel and nickel, vanadium and niobium alloys. The concen-

trations anticipated for these four alloy systems should not have a major

impact on either their mechanical properties or the tritium inventory. How-

ever, equilibrium hydrogen concentrations in titanium are calculated to be

^ 1000 wppm at 10~3 torr and temperatures below 300°C. Although further

investigation is required, these concentrations may be excessive for both

tritium inventory and mechanical property considerations.

Compatibility of the structural material with the ambient environment

is also an important consideration, however, the environment of interest

has not generally been specified. Tritium containment is the major factor

in establishing the ambient environment, with vacuum, inert gas, and nitrogen

frequently mentioned as preferred environments. It has generally been
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conceded that a secondary vacuum region surrounding the plasma chamber will

be required. This secondary vacuum boundary may be at the magnets, a "bell

jar" around the reactor, or the reactor building itself. In either case the

ambient environment for the blanket region is expected to be a vacuum,

probably with significant hydrogen (DT) pressure. All of the candidate struc-

tural materials, with the possible exception of the vanadium and niobium alloys,

should be compatible with the secondary vacuum for conditions of interest.

Vanadium and niobium alloys both require very low oxygen and nitrogen partial

pressures at elevated temperatures to prevent oxidation or nitriding and

subsequent embrittlement.

The anticipated capability for tritium processing of lithium should lead

to acceptably low tritium concentrations in titanium alloys in other regions

of the blanket. Although the hydrogen concentration in the ferritic

steel will be very low, pure iron is significantly embrittled by hydrogen

concentrations of only a few weight parts-per-million. The importance of

this effect on the candidate ferritic alloys has not been established

for the conditions of interest.

9.3.2.4 Radiation Effects on Structural Materials

Available data on the mechanical properties and the effects of radiation

on the behavior of the candidate structural materials are summarized in

Section 4.0. It is readily apparent that the data base for the six classes

of materials, viz., austenitic and ferritic steels, and nickel, titanium,

vanadium and niobium alloys, varies dramatically. Austenitic stainless steels

have been subjected to extensive testing while the data base for the other

alloys are much more limited. In addition, essentially no mechanical proper-

ty data exist on the in-situ behavior of the structural materials in a radia-

tion environment characteristic of a fusion reactor. Therefore, considerable

extrapolation of data and judgmental interpretation are required to evaluate

arid compare the predicted performance of the candidate structural materials

in a fusion reactor environment.

Figure 9-7 shows the predicted lifetime versus temperature for austenitic

and ferritic steels and a vanadium alloy exposed to a fusion reactor environ-

ment. The assumed limiting criteria for swelling, loss of ductility and

radiation creep at a specified stress level are indicated. The life limiting
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Figure 9-7. Composite lifetime curves as a function of temperature for stain-
less steel, Fe-9Cr-lMo and V-15Cr-5Ti alloy when limited either by
swelling, loss of ductility, or creep strain for specified
criteria.
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criterion varies at different temperatures for the specific limits. Ob-

viously the radiation creep limit would increase for a lower nominal stress.

It should also be emphasized that the data base for these curves are from

fission reactor irradiations. It is important to note that if the swelling

limit for austenitic stainless steel is raised or a lower swelling alloy is

developed, the predicted lifetime is not substantially increased because
(9)

of the ductility limitations. Also, from the original work, ' increases

of the assumed limiting criteria produce only modest increases in lifetime

for the austenitic stainless steel over much of the temperature range. The

improvement in predicted lifetime is much greater for the ferritic steel and

vanadium alloy when more liberal limiting criteria are assumed. The operating

limitations for the candidate structural materials are discussed further

under stress analysis in Section 9.8.

9.4 Tritium Recovery

The use of lithium coolant presents a unique set of circumstances from

the standpoint of tritium recovery. Because the coolant and breeder are the

same, a number of potential problems such as compatibility and uncertainty

of mass transfer rates across the coolant-breeder interface are avoided. On

the other hand, the entire blanket inventory of tritium is now circulated

through the power cycle and an efficient tritium recovery system is required

in order to minimize this inventory. In contrast to other candidate breeding

materials, there is a rather extensive data base and the question of tritium

recovery has been extensively studied. Although lithium has a very high

affinity for tritium, it now appears that at least one method will be de-

veloped and demonstrated that can maintain a tritium concentration in lithium

to ̂  1 wppm or less.

9.4.1 The Power Cycle

In the case of lithium-cooled systems, the tritium recovery is intimately

associated with the power cycle. The characteristics of a specific design

impose constraints upon the tritium recovery system. The reference power

cycle consists conceptually of a primary lithium loop, an intermediate heat

exchanger, a secondary sodium loop, a steam generator, and the steam loop.
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Three possible blanket structural materials are considered, namely 316-stain-

less steel, a ferritic steel, and a vanadium alloy. Accordingly, three power

cycles were considered:

Case 1 - All 316 stainless steel, maximum Li temperature = 450°C.

Case II - All ferritic steel, maximum Li temperature = 500°C.

Case III - V alloy with ferritic steel heat exchangers, maximum Li
temperature = 550°C.

The parameters for these three power cycles are listed in Table 9-4.

9.4.2 Considerations for the Design of Tritium Recovery System

Given the reference power cycle, an efficient tritium recovery system

must be used in order to minimize the circulating tritium inventory and to

reduce permeation losses to the steam to an acceptable level. The approach

taken will be to make conservative estimates of the capability of the tritium

recovery system and then analyze in detail resultant permeation losses and

associated tritium inventories in the coolants.

There are a number of possible methods of tritium recovery which have

been proposed, including solid or liquid gettering, semipermeable windows,

and molten salt extraction. Of the proposed methods, molten salt extraction

appears to be the preferred method and experiments have shown that recovery

at a tritium concentration of one ppra or less appears feasible. '

It will be conservatively assumed that the tritium recovery system shall

maintain a tritium concentration of 5.0 wppm in the lithium. Further, it is

assumed that no tritium is recovered from the sodium and effects of an oxide

permeation barrier on the steam generator are ignored. Under these conditions,

and using the data in Table 9-4, the permeation losses to the steam are

calculated for the three cases (Table 9-5). For 316 stainless steel, the rate

is 4.4 Curies per day. In practice, an oxide barrier present in the steam

generator will likely reduce this value by one to two orders of magnitude.

For Cases II and III, the use of ferritic steel in the heat exchangers and

the higher temperatures result in much higher permeation rates into the

steam. However, it has recently been shown that for Croloy (Fe-2JsCr-lMo),

steam at 482°C creates an oxide film that will reduce tritium permeation

by a factor of about 150. Thus, the permeation loss to the steam should

only be about 1-3 Curies per day. The calculated rates or back-permeation

of hydrogen from the steam to the sodium would be correspondingly reduced.
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Table 9-4. Blanket Parameters for Three Structural Materials

Parameters of Coolant System

Lithium

Lithium Inventory, kg/105

Lithium Flow Rate, kg/hr/106

Lithium Burnup per Year, kg

Percent 6Li Burnup per Year

Tritium Production Rate in Lithium,
kg/day

I
316-55

1.0

1.5

200.

2.0%

0.30

II
Ferritic

1.0

1.5

200.

2.0%

0.30

III
V/Ferritic

1.0

1.5

200.

2.0%

0.30

Max. Lithium Temperature, °C 450. 500. 550.

Sodium & Steam

Sodium Inventory, kg/lQs

Sodium Flow Rate, kg/hr/106

Max. Sodium Temperature, °C

Max. Steam Temperature, °C

Intermediate Heat Exchanger

Area, m2/103

Wall Thickness, mm

Temperature (rms), K

Steam Generator

Area, m2/103

Wall Thickness, mm

Temperature (rms), K

Constants Used for Calculations

Seiverts Constant for Li
(Pa1/2/wppmT)«10lf

Seiverts Constant for Na
(Pa1/2/wppmT)^102

Permeability, Ci/da^Pa1/2

2.7
5.0

425-

400.

2.0

2.0

630.

3.0

2.0

626.

2.24

1.10

.0059

2.7
5.0

475.

450.

2.0 •

2.0

658.

3.0

2.0

654.

3.64

1.13

.137

2.7
5.0

525.

500.

2.0

2.0

687.

3.0

2.0

683.

5.40

1.16

.187
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Tabla 9-5. Tritium Breeding Characteristics of a Lithium
Cooled System.

Tritium Parameters

Tritium concentration in Li, wppm

Tritium inventory in Li, kg

T2 pressure over Li, pPa

T2 permeation to Na, Ci/day

Tritium inventory in Na, mg

T2 pressure over Na, yPa

Tritium permeation to steam,
Ci/day (assumes no oxide
barrier)

1I2 pressure in steam @ 100 atm,
mPa

H2 back-permeation to Na, g/day
(assumes no oxide barrier)

Barrier effectiveness

T2 permeation to steam, Ci/day

H2 back-permeation, mg/day

I

5.0

0.50

1.23

4.4

25

0.055

4.4

0.036

0.007

10

0.5

0.7

II

5.0

0.50

1.23

170.

—

—

170.

0.278

2.16

100

1.7

21.6

III

5.0

0.50

1.23

340.

—

—

340.

1.632

25.4

100

3.4

254.

The permeation calculations have shown that it is not necessary to

remove tritium from the sodium in order to reduce tritium permeation losses

to the steam to an acceptable level. In practice, the sodium purification

system will likely have a cold trap that will accumulate tritium and hydrogen.

In the case of a blanket having a vanadium alloy as the structural

material, permeation from the hot leg of the vanadium piping to a secondary

enclosure could be as high as 10-100 Ci/day. However, as in the previous

cases, an oxide film will reduce the permeation rate to about one Ci/day.
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9.4.3 Design of the Tritium Extraction System

The previous section showed that a tritium concentration of 5.0 wppra in

lithium ±a sufficient to maintain release rates to modest levels. A para-

metric analysis of the design of a molten salt extraction scheme has been

examined in some detail. J Assuming an extraction efficiency of 90%, and

using th« data in Tables 9-4 and 9-5, the requested processing rate is only

2.8 x 103 kg/hr, or 0.28% of the Li flow. The parameters are summarized

in Table 9-6.

Table 9-6. Parameters for Tritium Extraction System.

Lithium Inventory, kg 1.0 x 105

Tritium Inventory, kg 0.500

Lithium Flow Rate, kg/day 3.6 x 107

Tritium Flow Rate, kg/day 180.0

Tritium Production Rate, kg/day 0.300

Tritium Recovery Efficiency 90%

Required Processing Rate 2.8 x 103 kg/hr

Percent of Li to Extractor 0.28%

9.5 Neutronics Analysis for Lithium-Cooled Blanket Designs

In this section, the analysis is oriented toward the effect of struc-

tural material content on tritium breeding performance. In addition to Type

316 stainless steel, a vanadium-base alloy (V-15Cr-5Ti), which is considered

compatible with liquid lithium, is used as the primary structural material.

Table 9-7 summarizes isotopic and total BR's in several lithium-cooled blanket

systems examined in the present study. Other structural materials con-

sidered in this study give effects intermediate between stainless steel and

the vanadium alloy.

A high T7-BR of 0.784 in system C01 shows that the pure liquid lithium

blanket possesses a very hard neutron spectrum which contrasts with other

candidate breeding materials cases. On the other hand, the breeding deterior-

ation due to spectrum change caused by neutron interactions with structural

materials is also greatest in lithium-cooled blankets simply because the
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Table 9-7. Tritium Breeding Performance in Lithium-Cooled Blankets.

System

C01

C32

GG3

GG4

GG5

First
Wall
(1 cm)

SSb

SS

ss
vc

vc

Breeder
(80 cm)

Li

Li

Li

Li

Li

Volume

Breeder

100

90

80

90

80

H20

0

0

0

0

0

%
Struc-
ture
(SS/V)

0

SS-10

SS-20

Vc-10

Vc-20

Helium
Gas

0

0

0

0

0

Tritium

*e

0.804

0.868

0.878

0.969

1.016

T

0.

0.

0.

0.

0.

Production

784

461

318

490

344

Total
BR

1.587

1.330

1.196

1.459

1.360

Blanket - 80 cm, Shield - 20 cm - 50% SS + 50% B^C, density factor - 1.0.

First Wall Thickness = 0.5 cm.

V-15Cr-5Ti alloy.

tritium breeding in these systems relies to a large extent on the 7Li(n,n*a)t

reaction. In fact, as the structure content is increased from 0 to 20%, the

T7-BR decreases by ̂  60% while the increase in Te~BR is only 10-20%, resulting

in a decrease of 15-25% in total BR.

From the results given in Table 9-7 and plotted in Fig. 9-8, it appears

that attaining a BR of 1.3 with a stainless steel content of more than 10%

is questionable in lithium-cooled designs. Note that these calculations

are based on a 80-cm thick breeding zone. In the case of a thinner breeding

blanket design, the relative effect of stainless steel content on BR will be

greater. The vanadium-base alloy can substantially improve the system per-

formance regarding the fusion fuel multiplication. The marginal gain in total

BR brought about by use of the vanadium alloy is *v» 0.13 relative to the stain-

less steel case at a structure content of 10%, being further increased to

'v- 0.16 at a content of 20%. The trend of vanadium-base alloys toward breeding

improvement has a non-trivial impact on shielding for superconducting TF-

coils. As shown in Section 5, the radiation attenuation characteristics of

liquid lithium blanket is relatively poor from the magnet shielding point of

view. Therefore, lithium-cooled blanket systems tend to inherently require
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Figure 9-8. Effect of structural material content on tritium breeding
in lithium-cooled blankets.
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a slightly thicker shield. There seems to be a strong economical incentive for

a thin liquid lithium blanket design using a vanadium-base alloy as a struc-

tural material. In addition, the fact that many of vanadium-base alloys ex-

hibit low long-lived radioactivities also enhances the attractive features

of such lithium-cooled designs from the environmental safety aspect.

The radioactivity induced in the structural material of an operating

reactor is an important concern. Predicted biological hazard potentials after

reactor shutdown are summarized in Table 9-8 for three prime candidate

structural alloys. The results, which are given for various times after

shutdown, are based on two years operation and 10% structural material in

the blanket. Significant differences are observed for the three materials. .

Table 9-8. Calculated Biological Hazard Potential of Structural Ma-
terials in Blanket after Reactor Shutdown*

Material

316 SS

Fe-9Cr-lMo

V-15Cr-5Ti

Biological

1 year

72

41

0.92

Hazard Potential,

10 years

8.0

1.1

1.5 x 10"5

Km3/KWt

100 years

0.015

0.0025

^ 0

For 2.4 MW/m2 neutron wall load.

No impurities included in all structural materials.

Reactor thermal power =0.5 MWt/unit length.

Plasma radius = 2.3 m.

First wall radius = 2.53 m.

First wall = 10 mm structural material.

Breeding blanket - 0.60 m (90% liquid lithium + 10% structure).

Shield = 0.89 m (50% B^C + 50% structure).

Total wall/blanket/shield thickness =1.5 m.
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9.6 Mechanical Design of a Lithium-Cooled Blanket

9.6.1 General Considerations

Major factors that impact the design of a lithium-cooled fusion reactor

blanket include the following:

• Lithium can also be used as the breeding material.

• Lithium coolant can be used at relatively low pressures.

• Lithium possesses excellent heat-transfer properties.

• Lithium has a low density.

• Lithium coolant can be used for tritium processing.

• Lithium flowing in a magnetic field is subject to MHD effects.

• Lithium is solid below 180°C.

A primary incentive for the use of lithium as a coolant in commercial fusion

reactors is the fact that lithium is also a viable candidate for the tritium-

breeding medium. A single material for this dual-purpose coolant/breeding

function greatly simplifies the design of a reactor blanket, since coolant/

breeder compatibility, which is a major problem for some coolants, is not

an important factor. As discussed in Section 9.3.2, compatibility with the

structure is a major consideration that affects the operating limitations.

Since lithium can be used at low pressures, probably < 0.5 MPa, minimal wall

thickuesses and relatively large containment vessels can be used. This

allows for a minimum 6f structural material in the blanket region.

Because lithium has a low density, the mass of lithium required in a

blanket is only about 0.1 of the mass of Li7Pb2 and the structural support

requirements are much less for a lithium blanket. This further reduces the

parasitic absorption and enhances breeding as indicated in Section 9.5. Since

lithium possesses high thermal conductivity and high heat capacity, it is

ideally one of the best heat transfer media available. As discussed in

Section 9.4, tritium can be processed from lithium at levels of 1 wppm

or less; therefore, an auxiliary tritium processing fluid is not required.

The two major concerns with the use of lithium relate to the MHD effects

and the high chemical reactivity of lithium. As indicated in Table 9-1

and discussed in Section 9.7, the pumping power requirements can be maintained

at very modest levels (£ 1% of thermal power) by judicious design. Future

development work may permit further optimization and reduction of the pumping
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power requirements. In any event, the pumping power requirements appear to

be considerably less than those for helium coolant. Since lithium reacts

readily with air and water at elevated temperature, a safety concern exists.

However, several alternatives are possible to minimize the risk of inadvertant

contact of lithium with either air or water. Tritium containment requirements

are such that air probably will be separated from the blanket region by at

least two barriers. Water from the steam generator will most likely be isolated

from the reactor system by an intermediate sodium loop similar to that generally

utilized in liquid metal breeder reactor designs. Therefore, the reactivity of

lithium does not appear to be prohibitive. The fact that lithium melts at

180°C poses some difficulties; however, this does not appear to be a major

problem.

In general, it is concluded that the favorable characteristics of lithium

coolant far outweigh the unfavorable characteristics and that a viable lithium-

cooled blanket design can be developed. The major goal of this investigation

is to identify the characteristics of an optimum lithium-cooled blanket.

9.6.2 Conceptual Lithium-Cooled Blanket Designs

Simplified lithium-cooled blanket concepts have been developed for further

thermal-hydraulic and stress analysis. The various lithium-cooled blanket

concepts have been placed into two general categories for evaluation purposes.

The first of these defines the coolant flow direction and the basic path of

energy pickup as being radial or transverse with respect to the blanket

toroidal geometry; radial flow being perpendicular to plasma surface and

transverse flow defined as flowing parallel, usually horizontal, to the plasma

surface. The second category envelops the blanket design pressure and is

divided into classes where the lithium coolant is separated from the bulk

breeding material (also lithium) and those where the coolant and breeder are

one. A third category was considered but not evaluated in depth because of

relatively poor neutronics and space utilization. This category involved

a blanket made of stacked tubes in various geometric arrays where all the

lithium is contained within the tubes. The major disadvantage of this type

of concept relates to the high structure and \ fraction of the blanket,

which leads to a much thicker blanket to attain dequate breeding capa-

bility. Manifolding, leak repair and other maintenance design features were
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also found extremely difficult and the category thus dropped from further

consideration. The favorable and unfavorable characteristics of various

blanket designs are evaluated conceptually according to the two categories.

9.6.2.1 Radial Flow Blanket Concepts

Three radial flow blanket module concepts have been considered. These

include the small bottle-type cell with and without separation of coolant and __

breeding material, and an elongated cell in which the same lithium serves as

both coolant and breeding material.

a) Small Bottle-Type Cell (Type A)

The small cell or bottle concept is at its most effective design position

when categorized as a radial coolant flow with mixed coolant/breeder. In

this concept, which is shown schematically in Fig. 9.9, the bottle-shaped

containment is subjected to the total fluid pressure (̂  0*5 MPa). The bottle

concept has a near square base with the side of the base being equal to, or

Semi-Ellipsoidal
Head

Flow Baffle

Containment
Vessel

Outlet

Inlet

Figure 9-9. Schematic diagram of small bottle-type cell concept.
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less than, the thickness (height) of the blanket. Lithium flows up through

the center of the cell and is distributed to the head end (plasma face)

whereafter it enters the bulk blanket region and slowly travels to the high

temperature exit. In this concept the lithium velocity perpendicular to the

toroidal field can be maintained very low to minimize the MHD pressure losses.

Although simple in principle and with a potentially efficient containment

structure, this approach requires a large number of connections, an excess

of structural material in the side walls, and an excessive amount of crevice

space (between modules) because of the large number of individual modules.

b) Small Bottle-Type Cell-Separated Coolant (Type B)

Figure 9-10 depicts the salient features of the radially-cooled bottle

module with separated coolant/breeder function. This system, type B, is

similar in function of type A with the only exception being the separation

of the coolant from the bulk breeding material. The primary advantage of

this arrangement relates to the lower static pressure in the bottle-shaped

container, and therefore, a reduction in the containment vessel stress re-

quirements. This concept also suffers from an inordinate number of coolant

COOLANT
MANIFOLDS

COOLANT OUTLET

COOLANT
INLET

'CONTAINMENT

COOLANT TUBES

"••-FILL & DRAIN & TRITIUM
REMOVAL

Figure 9-10. Schematic diagram of bottle-type cell conceDt with
separated coolant.
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connections, manifold problems, and a somewhat high amount of parasitic

structural material associated with packing of small units. The separate

coolant loop concept requires an additional small set of connector lines

for filling, draining and tritium removal.

c) Elongated Full-Flow Cell (Type C)

The elongated full-flow lithium cell is similar conceptually to the

bottle-type cell (Type A) with an expanded width in the toroidal dimension.

Depicted in Fig. 9-11, this elongated cell category has been used in various

forms in various arrays including multiple units of the UWMAK III design.

Cool lithium enters the bottom of the elongated cell and is guided up to the

upper (plasma) region and channeled (controlled flow) over the top surface

nearest the plasma where the heat flux is the highest. Leaving the channeled

zone, the lithium flows slowly to the bottom of the module and out through a

nozzle to a collection header. The flow pattern is basically radial and the

total pressure is similar to that of the Type A bottle module. The favorable

characteristics of this concept are its simplicity, a minimal number of coolant

connections, and a reduced amount of structural material. Because of the

larger module size, the number of crevices between modules is reduced. The

shape of the channels in the module can also be adjusted to minimize the MHD

pressure drop as discussed in Section 9.7.

COOLANT ••

DISTRIBUTION
SYSTEM

PRESSURIZED CONTAINER

OUTLET LIQUID INLET NOZZLE

Figure 9-11. Schematic diagram of elongated radial-flow cell concept.
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9.6.2.2 Transverse Flow Blanket Concepts

a) Elongated Full-Flow Cell (Type D)

This concept resembles the previous (Type C) design except for the sub-

stitution of a transverse flow pattern instead of radial flow. The flow may

be parallel to (horizontal) or perpendicular to (vertical) the toroidal field.

As shown in Fig. 9-12, lithium coolant enters one end of the module in a dis-

tribution manifold and exits the opposite end in a similar manifold after

traversing the length of the module. In the more complex design of this con-

cept, partitions in the module provide added structural support and permit

grading of the flow velocity in each channel to correspond with the heating

rate. Flow along the first wall is ensured by a formed baffle. In a simpler

version of this concept in which the partitions are eliminated, cooling of

the near plasma region of the module is enhanced by both conduction and con-

vection in the lithium. This concept possesses many of the advantages of the

Type C module; viz., simplicity, minimal structural material and few connec-

tions. The major disadvantages relate to the higher radial flowrates necessary

to provide adequate cooling and the higher first-wall temperatures near the

outlet end of the module.

t
Figure 9-12. Schematic diagram of elongated full-flow cell concept.
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b) Elongated Cell - Separate Coolant (Type E)

This elongated cell concept features a separated coolant/breeder system.

The general arrangement, which is shown schematically in Fig. 9-13, is

similar to the Type D concept except that the coolant lithium flows through

small tubes. The manifolding and inlet channel are similar to the preceding

design. The coolant enters through a distribution manifold in one end of

the module into a graded array of tubes defined by the heat transfer parameter

where it is collected at a near uniform temperature in an outlet manifold

at the opposite end of the module. The coolant tube functions to remove heat

from the bulk lithium assuring that the maximum lithium coolant temperature

is achieved without exceeding the bulk temperature limits. Since the coolant

is separated from the bulk, additional drain/vent lines are required. These

lines may also serve to slowly circulate the bulk lithium for tritium pro-

cessing. The separated coolant concept minimizes the pressure in the cell;

however, it probably requires a larger fraction of structure and additional

connections. This concept may also require a special first wall design.

The thermal-hydraulic considerations are discussed in more detail in Section

9.7.

Figure 9-13. Schematic diagram of elongated cell concept with
separated coolant.
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9.6.3 First-Wall Considerations

One of the major advantages of lithium coolant relates to the flexibility

of first-wall design. Because of the combination of excellent heat-transfer

characteristics and low operating pressure of a lithium-cooled system, a

simplified blanket module in which the front surface serves as the first

wall may be feasible. Since the coolant operates at relatively low pressure,

"̂  0.5 MPa, a thin module wall necessary to accommodate the cyclic thermal

stresses caused by surface heating of the first wall is probably adequate

to contain the coolant pressure stresses. This capability, along with the

dual purpose coolant/breeding function of the lithium, substantially simpli-

fies the design of a lithium-cooled blanket compared to blankets for the

other candidate coolants.

9.6.3.1 Geometry Considerations for First Wall

Two geometry considerations are important in the design of the first

wall. The first relates to the surface geometry of each module and the

second relates to the general toroidal geometry of the plasma chamber.

a) Surface Geometry of Module

As discussed in Section 9.6.2, the first-wall surfaces of the proposed

blanket module concepts generally consist of hemispherical or semi-cylindrical

shapes in order to better accommodate the coolant pressure stresses. Since

it is also very beneficial to minimize the total thickness of the blanket

module, some general constraints are imposed on the shape of the front

surface. For the case of the small bottle-type cells (Section 9.6.2.1),

a hemispherical front surface is generally proposed. For this cell geometry,

it is important to consider the impact on the effective density of the

cell, particularly as a function of cell size (radius). For a square-packed

array of hemispheres, the effective density is slightly over one half. There-

fore, as the radius of the cell increases, the reduction in effective density

of the cell extends further into the blanket region. For example, to provide

the equivalent breeding volume of a flat-faced module with an 0.5 m diameter,

a module with a hemispherical front surface must be approximately 0.12 m

thicker. This is nearly a 25% increase in blanket thickness for a lithium

blanket. The geometric effect just described can be reduced by decreasing
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the module radius, using the elongated module with a semi-cylindrical front

surface, or modifying the front surface by flattening the hemisphere or

semi-cylinder. This latter alternative is limited to some extent by the

pressure-stress requirements.

The complex shaping, hemispherical or semi-cylindrical, of the first wall

surface also affects the energy density of the surface heating by exposing a

larger surface area to the plasma. For an idealized first wall comprised

of adjacent semi-cylinders, the surface area exposed to the plasma is increased

by a factor of ir/2 compared to a flat surface. If the energy deposited on

the first wall from the plasma is assumed to be isotropic, the energy de-

posited on the corrugated surface will vary from a maximum at the peak to

a lower energy density in the grooves. The effect of this variation in

deposited energy density should be considered in a detailed stress analysis

of the first wall.

b) Toroidal Geometry of Plasma Chamber

As discussed in Section 8.0, the plasma chamber is generally conceived

to be an irregular torus made up of several flat sections. The impact of

this irregular shape, particularly as it relates to transport heat losses

from the plasma and preferential heating of regions of closest approach

to the plasma edge, must be considered in the thermal and stress analyses

of the first wall. The regions of closest approach to the plasma should

be designed to accommodate higher surface heat fluxes that can result from

preferential transport heat losses.

9.7 Thermal-Hydraulic Analysis

In addition to breeding tritium, a major function of the fusion reactor

blanket is the conversion of the neutron energy into sensible heat, and the

transport of this thermal energy out of the blanket region. To accomplish

this function efficiently under the neutronic, material, geometric, magnetic,

and temperature constraints of an operating fusion reactor, poses a number

of difficult design problems. However, an inherent advantage of a lithium

coolant is the fact that lithium can also serve as the tritium-breeding ma-

terial. Important problem areas that have been investigated include tempera-

ture and flowrate limitations, cyclic thermal variations, and MHD pumping
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requirements. Preliminary analyses have been conducted to determine the

trade-offs and advantages of proposed blanket concepts and the constraints

imposed by the various blanket materials. Two general blanket concepts shown

in Fig. 9-14 have been considered. In the tube concept a small fraction of

the lithium serves as the coolant for a semistagnant lithium blanket. The

primary impetus for this concept is to minimize the pressure in the larger

lithium blanket module. Obviously, breeding would occur in both the coolant

and blanket portions and tritium could be processed via the coolant or by

slowly circulating the blanket lithium. In the channel concept the entire

lithium inventory is circulated and serves as both coolant and breeding ma-

terial. Analytical results obtained for these two concepts can generally-be

applied to all of the proposed blanket designs.

9.7.1 Blanket Temperature Limitations

A thermal-hydraulic analysis of the two lithium-cooled blanket concepts

has been conducted to evaluate the trade-offs between blanket temperature,

flow velocity and duct size. Results shown in Fig. 9-15 for the tube design

indicate the maximum lithium temperature as a function of coolant velocity

for a variety of blanket parameters. The reference parameters are a lithium

inlet temperature of 230°C, coolant tube diameter of 2.0 cm and a tube or

module length of 2.0 m. Uniform nuclear heating rates of 8.16 MW/m3 used

in the calculations are based on a near first-wall region of lithium exposed

to a neutron wall loading of 2.4 MW/m2. Results in Fig. 9-15 indicate the

effects of varying the outlet temperature from 330 to 430°C, i.e. AT = 100

to 200°C, on the flow velocity and blanket temperature. The maximum blanket

temperatures become excessive at the higher outlet temperatures for the higher

coolant velocities. Also indicated on the figure are the module sizes required

to produce the desired temperature rises for the specific parameters. Figure

9-16 shows the effect of variations in the coolant tube size on the same

parameters for a coolant velocity of 0.5 m/s. For the higher outlet tempera-

ture the maximum blanket temperature exceeds 600°C for coolant tube diameters

greater than 2.0 cm. These calculations assume only conduction, i.e., no

thermal convection, in the stagnant blanket.
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Figure 9-14. Schematic diagram of two lithium-cooled blanket module
concepts.
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Figure 9-15. Plot of maximum lithium temperature as a function of coolant
velocity for the tube concept.
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Figure 9-16. Plot of maximum lithium temperature as a function of coolant
tube diameter for the tube concept.
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Similar calculations have been conducted for the channel design with

the results given in Figs. 9-17 and 9-18. Figure 9-17 shows the effect of

channel velocity on the temperature rise through channels of varying lengths.

For coolant temperature rises of 100-300 8C, the channel velocities are less

than 0.1 m/s for channel lengths less than 2.0 m. The average velocity of

0.05 m/s will give a 200°C temperature rise in a 2-m-long module. Figure 9-18

shows the variation of temperature rise as a function of the channel diameter

to inlet tube diameter ratio for different inlet velocities. To minimize the

MHD effects, the inlet velocity is generally maintained as low as possible.

For a given inlet velocity and inlet tube diameter, increasing the channel

width raises the AT. This is due to the increased neutron heating in the

channel. If the inlet diameter and AT are fixed, an increase in the channel

width requires a higher inlet velocity. For this concept the outlet tempera-

ture is assumed to be the maximum temperature in the module.

o.io

0.08 —

0.06 —

0.04 —

0.02 —

Figure 9-17. Plot of coolant velocity as a function of temperature rise in the
channel concept.
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Figure 9-18. Plot of channel-to-inlet tube diameter ratio as a function of
temperature rise for the channel concept.

Results from the previous calculations indicate that for the same

outlet temperature, the maximum blanket temperature in the tube concept is

significantly higher than the maximum temperature in the channel concept.

If the flow velocities are parallel to the magnetic field, the MHD losses

should not differ significantly for the two concepts. However, if the flow

direction is not parallel to the magnetic field, the higher velocities in

the tube concept would create higher MHD losses. Based solely on these

thermal-hydraulic considerations the channel geometry is favored.

9.7.2 Cyclic Thermal Variation in Blanket

Preliminary calculations have been made to estimate the blanket thermal

variations during the off-cycle. Results were obtained for both the channel

and the tube designs. The outlet temperatures for the channel design (which

are the maximum lithium temperatures in the blanket) are given in Table 9-9

as a function of down time. The results given are for a 2-m long channel with

an inlet temperature of 230°C, and a reference neutron wall loading of 2.4

MW/m2. The variation in outlet temperature was calculated from the steady
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Table 9-9. Thermal Responses of Lithium-Cooled Blanket During
Off-Cycle

Time, s

0

10

20

30

Coolant

Channel

430

381

332

283

Outlet Temperature, °C

Design

530

481

432

383

Tube

430

398

378

360

Design

530

499

478

459

Maximum Blanket*1

Temperature, °C

Tube Design

610b

562

520

483

835C

787

742

702

Maximum blanket temperature in channel design is assumed to be the same as
coolant outlet temperature.

For coolant outlet temperature of 430°C.

For coolant outlet temperature of 530°C.

state temperature profile and the coolant velocity. The outlet temperature

decreased by *> 150°C for both cases during a 30-s off cycle. The similarity

results from the fact that the flow velocity is less for the AT - 300°C case.

Similar results for the tube design are also included in Table 9-9.

These values were obtained for 2-cm diameter tubes that were 2-m long. The

coolant velocity was 0.5 m/s, with an inlet temperature of 230°C and a neutron

wall loading of 2.4 MW/m2. The calculated initial cooling rates of 4.9*C/s in

both cases are independent of the coolant temperature rise. Although the

coolant' tube spacing increases for a higher AT, the heat flux into the coolant

also increases, thus giving the same cooling rate. The initial temperatures

given for the tube design are the maximum calculated temperatures of the

stagnant lithium. The variation in coolant outlet temperature with downtime

is also given. The decrease in outlet temperatures for the tube-concept are

less than those for the channel concept. However, the variation in~maximum

blanket temperatures do not differ substantially for the two designs.
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9.7.3 Magnetohydrodynamic (MHD) Effects

A major concern regarding the use of liquid lithium as a coolant relates

to MHD effects arising from a moving conductor in a strong magnetic field.

This problem is particularly critical for the coolant application, since rela-

tively high mass flow rates are essential. Although there is a high degree

of uncertainty as to their severity, three problems caused by the high mag-

netic fields have been identified: (a) increased pumping power requirements,

(b) higher hydraulic pressures caused by the moving fluid, and (c) reduced

heat transfer efficiency. Although these problems have generally been recog-

nized for some time, very little additional experimental information has been

generated with which to evaluate the problem. However, the magnitude of

these effects can be substantially reduced by appropriate blanket design.

Design options frequently proposed to mitigate the pumping problem in-

clude alignment of the coolant channels parallel to the magnetic field lines

whenever possible and locating supply headers and manifolds in the outer

blanket regions (farthest from the major axis) where the magnetic field is

lower. As discussed in more detail below, recent evidence indicates that

theoretical calculations substantially over predict MHD effects at high

magnet fields (> IT). In addition, shaping of the manifolds and modifications

of the wall surface to reduce the electrical conductivity may also be useful in

reducing MHD pumping pressures. As indicated in Section 9.2 and Table 9-1,

the designers generally concluded that the pumping power requirements for

lithium coolant could be maintained at 1% or less of the reactor thermal power.

This value is considerably less than the pumping power requirements generally

conceded for helium cooled blanket designs. A major focus of the present

investigation was an analysis of the pumping power requirements and MHD

pressure losses throughout the blanket. In the present study the lithium

coolant system was divided into several regions as shown in Fig. 9-19 and

the pressure losses in each region were calculated for the average magnetic

field in that region. The number of manifolds and the volume of manifolding

inside the TF coils are summarized in Table 9-10 for several design conditions.
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Figure 9-19. Schematic diagram showing manifold locations used for MHD pumping
power calculations.

Table 9-10. Manifolding Requirements for Lithium-Cooled Blanket
(Breeding Zone Only)

Blanket AT, °C

Lithium Velocity, m/s

Manifold Diameter, m

Number Manifolds

Volume Manifolds, m3

(inside TF-coils)

0.5

0.10 0.20

1280 320

36 36

200

1.0

0.10 0.20

640 160

18 18

300

0.5

0.10

864

24

0,20

216

24

1.

0.10

432

12

0

0.20

108

12

Since the majority of the blanket volume is in the outer blanket where the mag-

netic field typically is < 1/3 B ^ ^ the calculated pumping power requirements

are rather modest. The calculated ideal MHD pumping power for the tritium-

breeding regions of the blanket are summarized in Table 9-11. For the condi-

tions represented in the table, the total idealized MHD pumping losses for the

tritium-breeding portion of the blanket (88%) are <\< 0.9% of the reactor thermal

power. It should be emphasized that these calculations are based on ideal MHD

interactions, which, for the present purpose, will be a worse case, and hence
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Table 9-11. Calculated MHD Pumping Power for Lithium-Cooled Tritium-Breeding
Blanket

Segment

2

3

4

5

TOTAL

Volume
Fraction

%

12

21

35

20

88

Manifold(a)

Length
m

5.0

4.0

3.5

3.0

B*L(a>
T2-m

130.6

59.3

34.7

20.4

245.0

Pumping Power

MW

7.67

6.06

5.93

2.00

21.66

% p T
( c )

.319

.253

.247

.083

.902

Reflects manifold length in one direction (inlet) only (10-cm-diam.
vanadium alloy manifold with 0.32 cm wall).

Total pumping power in and out for lithium velocity of 0.5 m/s in manifold.
K ' P : Total reactor thermal power of 2400 MW.

Q2)
a conservative estimate. Recent work by Dunn on MHD pipe flow with sodium

in stainless steel under similar conditions of flow velocities and pipe size

indicate that deviation from ideal behavior occurs at fluxes greater than

^ 0.5 T. The calculated values significantly over predict the measured MHD

effects at 0.9 T; the maximum magnetic field tested. Although further work is

required to accurately determine the MHD pumping losses at higher fields, extra-

polation of Dunn's data to the higher fields of interest indicate the values in

Table 9-11 to be substantially higher (a factor of two or more) above the extra-

polated experimental data. .

Consideration has also been given to the possibility of cooling the inner

blanket with lithium. Only sufficient lithium required to cool the inner blanket

is proposed. Although some tritium breeding will occur, this benefit is not con-

sidered in the overall breeding capability. The primary advantage of lithium

coolant for the inner blanket relates to the use of a single coolant for the

entire reactor blanket. Since space in the inner blanket is a premium, it is

desirable to limit the volume of lithium in the inner blanket to less than 20%

of the inner blanket volume. The inner blanket is assumed to be a good neutron

attenuator with a thickness of only ̂  30 cm. Because manifolding is difficult,

the most promising concept appears to be one with vertical coolant channels
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supplied by manifolds at the bottom. In order to minimize the manifolding pro-

blem further, it is assumed that the coolant flows vertically upward through

the near-plasma region of the blanket and returns downward through the back

part of the blanket. Figure 9-20 is a schematic diagram of the inner blanket

block showing the coolant channels. The MHO pumping losses have been calcu-

lated for this configuration. An important aspect of this analysis is the

sensitivity of the MHD pressure drop to the channel geometry when the flow

is perpendicular to the magnetic field. For example, the calculated pressure

losses in a round duct are 33% greater than in a square duct if the cross-

sectional areas, wall thicknesses, and resistivities are maintained constant.

Also, the pressure losses in a rectangular duct vary nearly inversely with

the ratio b/a where b Is the duct dimension parallel to the magnetic field and

a is the duct width. The calculated pumping power requirements for the inner

blanket and manifold are given in Table 9-12 for different duct geometries.

For a constant lithium velocity of 0.5 m/s in both manifold and blanket block,

the major pumping loss is in the manifold except for the case of the round

blanket duct. The total pumping power required for the manifold and inner

blanket with round ducts is about 0.60% of the reactor thermal power. Results

given in the table also indicate that the pumping power requirement can be

Figure 9-20. Schematic diagram of inner blanket.
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reduced to 0.45% of the reactor thermal power If square ducts with a b/a ratio

of 3 is used. The actual pumping power should be even less because of the con-

servatism in the calculations as discussed in the previous paragraph. The

pumping losses in the blanket block are markedly reduced for the cases with the

rectangular ducts. If the velocity in the blanket block is increased to 1.0 m/s,

the pressure losses in the blanket block for rectangular ducts with b/a - 3 are

still less than 0.1% of the reactor thermal power.

According to the neutronics results in Section 6.4, the 10 cm of lithium

will increase the total wall/blanket/shield thickness by only 6 cm compared to

a solid stainless steel blanket block. In addition, an effective breeding

ratio of over 0.6 is predicted for the 10-cm of lithium. If one combines the

results in Tables 9-11 and 9-12 for an optimum design, the total MHD pumping

losses in both the inner and outer blankets can be maintained at "v» 1% of the

reactor thermal power.

Table 9-12. Pumping Power Requirements for Inner Blanket (Twelve Blocks)

Location

Manifold

Blanket Block

Duct
Geometry

Round(c)

Round^

Square^

b/a = 2 f e )

b/a = 3<e>

(a)Pumping Power

MW

9.78

4.42

3.31

1.66

1.10

% P T
b

0.408

0.184

0.138

0.069

0.046

(a)

(b)

(c)

(d)

(e)

Lithium velocity of 0.5 m/s unless specified.

Fraction of reactor thermal power.

Vanadium manifold: 10 cm-diameter by 0.317 cm wall

Vanadium duct: a = r = 1 cm, wall = 0.125 cm

Rectangular with b parallel to magnetic field.
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The effects of high magnetic fields on the hydraulic containment pressures

have also been analyzed. The containment pressure requirements will depend

primarily on the MHD pressure losses in the coolant system. From the previous

calculations for pumping power losses, the maximum lithium hydraulic pressures

are predicted to be < 2.0 MPa compared to pressures of <v 5 and 12 MPa, which

are typical of helium and pressurized water coolants, respectively. Even so,

the blanket module size and shape will be limited to some extent by pressure

vessel considerations as demonstrated in Section 9.8.

The more laminar flow characteristics of an electrically conducting liquid

in a magnetic field will also affect the heat transfer properties. This

effect appears to be of limited importance because of the high thermal con-

ductivity of lithium and the fact that most of the neutron energy will be

deposited directly in the lithium for the designs considered. More detailed

analyses will be required in regions where lithium serves as the coolant only,

e.g., the inner blanket of the reference reactor design.

9.8 Stress Analysis

A general procedure for incorporating lifetime considerations into first

wall design is described in Section 7. This analysis indicates that the

first wall of a low-pressure lithium blanket can be composed of large, thin-

walled modules, and that adequate heat loads and module lifetimes can be

attained if bending stresses resulting from differential thermal expansion

can be avoided through judicious engineering.

Figure 9-21 shows design trade-offs between surface heat flux, wall

temperature, and lifetime for some candidate structural materials. These

results are based on lifetime limits on primary membrane stresses caused

by the coolant pressure and fatigue strains caused by the cyclic thermal

load. As described in Section 7, having selected" a desired lifetime, wall

temperature, and structural material, further criteria corresponding to

creep and ratcheting effects can be incorporated into the design through

a modified form of the Bree Diagram, which shows various failure criteria

as a function of heat load and wall thickness.

9-50



Figure 9-21. Maximum surface heat flux for various structural materials;
comparison based on primary load and fatigue limits.

Modified Bree Diagrams will be shown here for two material and tempera-

ture combinations which span a reasonable range of choices for the first wall

of a lithium-cooled blanket. These are Type 316 stainless steel at 450°C

and vanadium alloy (V-15Cr-5Ti) at 600°C. In both cases, the coolant pressure

is 1 MPa, the radius of the cylindrical surface of the first wall is 0.25 m,

the burn cycle duration is 0.5 hr, and the design lifetime is 105 hrs.

Figure 9-22 is the modified Bree Diagram (surface heat flux W vs. wall

thickness 6) for Type 316 stainless steel at 450°C (850°F). The regions on

the figure are labeled as on the standard Bree Diagram; i.e., E denotes the

elastic region, design points in region S correspond to stress states that

shakedown to elastic behavior after a few cycles, P corresponds to stress

states where bounded cyclic behavior occurs, and R is the ratcheting region

where failure occurs after a few cycles. Design points in regions E, S, and

P are allowed provided other failure criteria are satisfied, but design points

in region R are not allowed. Combinations of W and 6 below the long-holdtime

fatigue curve have lifetimes of more than 105 hrs. Points to the right of

the Sm^ limit line have lifetimes of more than 10
s hrs for failure caused
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Figure 9-22. Modified Bree diagram for Type 316 stainless steel module at
450°C.

by primary membrane stress. The intersection of the dashed lines at A there-

fore corresponds to the point on the 316 stainless steel result at 450°C on

Fig. 9-21. Creep effects are not significant at 450°C and so creep-ratcheting

and creep-fatigue failure curves are not shown on Fig. 9-22. Point B gives

the maximum surface heat flux that can be attained for all the failure criteria

considered here. It corresponds to a surface heat flux of 0.5 MW/m2 and a

wall thickness of 4.2 mm. (Part of the fatigue curve lies directly on the

boundary between the S and P regions; this is just an accident of the choice

of design parameters and has no physical significance.)

The modified Bree Diagram for vanadium at 600°C is shown in Fig. 9-23.

Creep effects are not significant at this temperature so creep-ratcheting and

creep-fatigue criteria are not applicable. The intersection of A of the

primary stress limit line (Smt limit) and the fatigue curve correspond to

the point on Fig. 9-21 for vanadium at 600°C. Points A and B coincide for

vanadium at the selected temperature and design lifetime; i.e., the inter-

section of the primary stress limit and the fatigue curve also satisfies the

other failure criteria considered. The maximum surface heat flux is 6 Mff/m2
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Figure 9-23. Modified Bree diagram for vanadium-alloy module at 600°C.

at a wall thickness of 1.2 mm. If a thicker wall is required for fabrication

and handling, the permissible heat flux would be reduced. For example, W

would drop to 3 MW/m2 for a wall thickness of 2.5 mm.

Figures 9-22 and 9-23 illustrate some of the qualitative differences

between a high ductility, low yield strength material like stainless steel

and a more brittle, high strength material like vanadium. The allowable

stress regions on Fig. 9-23 are much larger than those on Fig. 9-22, but

the design is limited by the fatigue properties. Conversely, the design

point for stainless steel on Fig. 9-22 is limited by the strength of the

material. A reasonable assessment of the usefulness of vanadium as a first

wall material, therefore, strongly depends on the availability of adequate

fatigue and ductility data. The heat flux predictions of Fig. 9-23 were

computed from an extrapolated data base for fatigue life and are subject

to some uncertainty.
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9.9 Reference Design for Lithium-Cooled Blanket

Based on results of the analyses presented in the previous sections, a

reference design for a lithium-cooled tritium-breeding blanket has been de-

veloped. This reference design will be subjected to more detailed analyses

and used as the reference point for comparison with the other blanket designs

developed as part of the overall investigation. The proposed reference design

utilizes liquid lithium for both tritium breeding and as the coolant, and a

vanadium-base alloy for the blanket structural material. The outer blanket

consists of ^ 480 individual modules assembled in slab sections with 4-6

modules per slab. With appropriate design, the inner blanket can be cooled

with liquid lithium at a very modest pumping power penalty from MHD losses.

Because of the low pressure of the coolant and favorable physical and mechani-

cal properties of the structural alloy, it is considered feasible to utilize

the front face of the blanket module as the first wall of the plasma chamber.

Radiatively-cooled multiple limitersv ' will be incorporated into the first-

wall design to partially shield the module wall from concentrated plasma

energy deposition. Important aspects of the materials selection, first

wall/blanket/shield design, heat transfer capability, tritium recovery methods,

maintenance approach, and the power cycle are discussed in the following

sections.

9.9.1 Materials Selection

9.9.1.1 Breeding Material

Probably the primary incentive for selection of liquid lithium as the

coolant is the fact that lithium is one of the favored candidates for the

tritium-breeding material. Use of lithium for both breeder and coolant

greatly simplifies the blanket design considerations since compatibility

problems between breeder and coolant are eliminated. Also, because of this

multiple application, and the low coolant pressure requirements, the struc-

tural fraction in the blanket region is minimal. Shielding is also simplified

since void fractions in the blanket, e.g., down coolant channels, are mini-

mized compared to helium coolant.
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The major materials concerns regarding the use of lithium coolant relate

to the 180°C melting temperature, the reactivity with water and air, the MHD

effects, and the compatibility with the structure. In the proposed reference

blanket design discussed below, an attempt has been made to minimize the

effects of these property-related problems.

9.9.1.2 Structural Material

The important considerations in the selection of vanadium as the struc-

tural material for the lithium-cooled blanket are listed in Table 9-13.

Table 9-13. Prime Considerations in the Selection of a Vanadium-Base Alloy
for the Structure of the Reference Blanket Design

Availability

Fabricability

Compatibility
with Lithium

Compatibility with
Hydrogen

Vanadium resources are not a limiting factor.
Although the technology for production of high-
purity vanadium was developed and demonstrated
early in the LMFBR program, very little capacity
presently exists. Sufficient demand appears to
be the only obstacle.

Secondary fabrication procedures for sheet,
plate, and tubing were developed in the LMFBR
program. Importance of alloy composition and
the requirement of preventing atmospheric con-
tamination was demonstrated. Although welding
properties of vanadium have not been well es-
tablished, characteristics are believed similar
to niobium and tantalum. The status is more a
lack of effort than a demonstrated difficulty,
although very high purity environments are
essential for satisfactory welds.

Although data are limited, vanadium appears to
be among the most corrosion resistant materials
to lithium in terms of metallic mass transfer,
nonmetallic element interactions and stress
corrosion.

For the range of hydrogen (DT) pressures antici-
pated, the hydrogen solubility of vanadium is
sufficiently ±ov that tritium inventory and
embrittlement are not important. Since the
permeability of hydrogen through vanadium is
quite high, the blanket design must provide
acceptable control.
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Table 9-13 (Cont'd)

Compatibility with
Air

Physical/Elastic
Properties

Mechanical Properties

Radiation Effects

Neutronics

Vanadium will oxidize in air at elevated tempera-
ture. The combination of vacuum and hydrogen
pressure in the plasma chamber tend to reduce
the oxygen partial pressure to very low levels.

Except for the niobium alloys, the melting
temperature of vanadium is the highest and
the thermal stress factor is the lowest of
the six classes of alloys considered.

The tensile strength and creep-rupture strength
of vanadium alloys compare favorably with other
candidate alloys, particularly above 500°C. Be-
cause of the relatively good high temperature
strength properties, special thermal-mechanical
treatments do not appear necessary. With
appropriate nonmetallic impurity control, ex-
cessive increases in DBTT have not been observed.

Considerable ilssion reactor irradiation data
indicate that selected vanadium-base alloys are
among the most radiation damage resistant
materials. Residual ductility of neutron
irradiated (fission spectrum) vanadium is
higher than for most structural alloys. Al-
though effects of helium on loss of ductility
have not been investigated in great depth,
vanadium alloys appear to be fairly tolerant
to helium and helium generation rates are
relatively lowo

Along with selected titanium alloys, vanadium
alloys produce the lowest long-term residual
radioactivity of any alloys considered. Re-
fabrication within 20-30 years appears feasible.
Penalty on tritium-breeding ratio from parasitic
absorption is considerably less for vanadium
than for other candidate materials.

Of the six classes of structural materials considered, selected vanadium

alloys possess many advantages. The major questions relate to the limited

data base and whether the few problem areas can be mitigated by appropriate

design.
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The ferritic steels are considered the best alternative to the vanadium

alloys. Advantages of ferritic steels compared to vanadium alloys involve

lower cost, easier secondary fabrication and better compatibility with air.

Disadvantages compared to vanadium alloys include poorer lithium compatibility,

higher thermal stress factor, lower mechanical strength, less radiation damage

resistant, and greater long-term residual radioactivity. The ferritic steels

may also be more susceptible to increases in DBTT. Welding is a major con-

cern for both classes of alloys; the high-temperature post-weld heat treatment

typically required for the ferritic steels versus the high purity welding

environment required for vanadium.

Based on the lifetime model presented in Fig. 9-7, a wall lifetime of

30 to 40 MW«y/m2 for vanadium alloys at temperatures below 550°C may be

feasible. These values correspond to i> 20-year first-wall lifetime for the

reference conditions.

9.9.2 First-Wall/Blanket Design

The first-wall/blanket design includes: (1) the outer blanket or

tritium-breeding region, which makes up 85% of the total blanket, and (2) the

inner blanket, which is basically a high-temperature shield that makes up

the remaining 15% of the total blanket.

9.9.2.1 Breeding Blanket Design

The elongated, full-flow cell concept shown in Fig. 9-11 is selected

for the reference blanket module design. Figure 9-24 is a more detailed

design of the blanket module showing manifolding and assembly features.

Parameters for the reference tritium-breeding module design are summarized

in Table 9-14. The module is fabricated from 5.0 mm (3/16 in) vanadium-alloy

sheet with internal structural support. The front surface is an ellipsoidal

shape defined by the stress requirements. The primary purpose of the

flattened front face of the modules is to minimize the effective void space

near the front surface and thereby reduce the module thickness requirement.

The front surface of the module is formed so as to minimize the welding re-

quirements in the high radiation zone.
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Figure 9-24. Lithium-cooled blanket module.

Table 9-14. Parameters for Reference Blanket Module Design

Dimensions, m

Thickness

Width

Length

Structure

Wall Thickness, mm

Structure Volume, m3/module

Lithium Volume, m3/module

Structure Fraction, %

Breeder/Coolant Fraction, %

Mass per Module, kg

Number of Breeding Modules

0.50

0.60

1.7 to 2.5

V-15Cr-5Ti

5.0

0.041

0.60

6.5

93.5

650

480
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Since the front face of the module also serves as the first wall, the

inlet lithium coolant is manifolded to the front surface and through a thin

flow channel adjacent to the first wall provided by a formed baffle. After

the lithium flows over the front wall, it slowly circulates toward the back

side of the module to the outlet manifold. The design pressure of the

lithium coolant in the module, based on the MHD calculations in Section 9.7.3,

is 1.0 MPa. Based on the stress analysis in Section 9.8, the predicted wall

life of 20 years is attainable for low-pressure lithium in a vanadium-alloy

module.

According to the stress analysis (Fig. 9-23), surface heat loads as high

as 2-5 MW/m2 (neutron wall loading of 8-20 MW/ra2) are acceptable for vanadium

alloy structures.

For the 7% structure fraction, an effective breeding ratio of 1.3 is

attainable with a 40-cm-f.hick lithium module backed up with a 20-cm-thick

reflector. The headers that supply the modules are nested in the reflector

region. A small amount of breeding that will occur in the headers slightly

enhances the breeding capability. Also, the headers will supply adequate

cooling for the relatively low heating rate in the reflector region.

The total mass of lithium in an average module (including headers) will

be less than 400 kg. Processing methods for removing tritium from lithium,

e.g., molten salt extraction, are capable of maintaining tritium concen-

trations in lithium below 1 wppm. This concentration corresponds to less

than 0.4 g of tritium per module or ̂  0.2 kg of tritium in the entire

blanket.

9.9.2.2 Inner Blanket

The inner blanket of the reference design is essentially a high tempera-

ture shield cooled with lithium. As such, the primary incentive is to mini-

mize the total thickness. The general configuration of the inner blanket is

a slab of the type described in Section 9.7.3 and shown in Fig. 9-20. For the

reference case, the neutronic properties of stainless steel are used for the

thickness requirement. The lifetime of the inner blanket will be limited by

radiation damage considerations. Since the structural requirements of the

slab are minimal, greater swelling and ductility loss criteria may be assumed

in this region compared to structural containment in the outer blanket. In
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order to minimize the induced stresses in the slab, it is proposed that the

inner blanket consist of several thinner slabs packed together. Alternate

materials for the inner blanket include tungsten and vanadium. Tungsten

gives slightly better attenuation than stainless steel, while vanadium is

slightly poorer. The major benefit of vanadium would be the longer lifetime

that results from better radiation damage resistance. An economic tradeoff

that considers lifetime, shielding efficiency and material cost has not been

completed.

For compatibility reasons, vanadium cladding is used to contain the

lithium coolant in the inner blanket slabs. Several fabrication techniques

are considered feasible. The coolant channels are vertical as shown in Fig.

9-20 and have a width-to-thickness ratio of three. As indicated in Table 9-12,

the pumping power requirements resulting from MHD losses are quite modest.

Based on coolant velocity and heat-transport considerations, an effective

coolant volume fraction of 10% is proposed. Coolant flowrate of 0.5 m/s is

adequate to cool the blanket and the pumping power requirement is 2.2 MW.

From the neutronics results presented in Section 6, the penalty in neutron

attenuation for 5 cm of lithium coolant in a stainless steel blanket is less

than 2 cm. In addition, an effective breeding ratio in this zone of over

0.5 is predicted. This breeding enhancement substantially reduces the penalty

for a "nonbreeding" inner blanket.

Manifolding for the blanket is discussed in Section 9.9.6; however, it

is important to emphasize that no allowance for manifolding behind the inner

blanket is required. The lithium flows into the inner blanket at the bottom

and either returns through a manifold at the top or returns downward through

vertical coolant channels near the back of the blanket slab.

In order to accept the high cyclic heat loads on the first wall of the

inner blanket, a thin slab similar to a panel coil is used to minimize thermal

stresses. This section is constructed of the vanadium alloy because of longer

life and higher wall loading capability. It may also be desirable to use the

vanadium alloy in the first 5 to 10 cm in order to enhance the wall life and

reduce the residual radioactivity induced in stainless steel. Since vanadium

produces very low long-term (> 20 y) activation products, an alternative

to the stainless steel inner blanket may be very beneficial.
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9.9.3 Shield Desipn

General aspects of shield design have been discussed in Sections 6.0 and

8.0. The reference inner shield is constructed of stainless steel and B^C.

Calculations of the shielding requirements for the outer shield are also

based on stainless steel and Bi+C. A detailed economic tradeoff between the

high efficiency stainless steel/boron carbide and less efficient, cheaper

alternatives has not been-conducted in the present study.

Two areas of shield design require further study for optimization of

a shield for the lithium-cooled blanket: (1) low activation shield materials

and (2) an alternate coolant to water. Since the vanadium alloy blanket

structure produces very low long-term (> 20 y) residual radioactivity,

there is a clear incentive to provide a low activation shield. The economic

tradeoffs between the maintenance and environmental benefits of a low acti-

vation blanket/shield versus the probable higher cost require further study.

The optimum coolant for the low-temperature shield has not been defined. Low

pressure helium (̂  1 MPa) is proposed for the reference design, since tritium

inventory consideration and reactivity with lithium make water unattractive.

The penalties associated with the use of helium for the shield have not been

analyzed in detail. Other alternatives, such as organics, merit further in-

vestigation for low temperature coolants in the low radiation zones.

9.9.4 Mechanical Design

The aspects of mechanical design considered in the present investigation

include the position of the vacuum wall, the blanket configuration and mani-

fold requirements.

9.9.4.1 Position of the Vacuum Wall

The position of the vacuum wall has important implications regarding the

viability of the lithium-cooled blanket. The major consideration involves

restriction of inadvertant contact of air or water with elevated temperature

lithium. This, in itself, could be a significant penalty for the use of

lithium coolant, However, the fact that tritium containment is also an

important requirement greatly diminishes the penalty for reliable containment

9-61



of lithium. It is generally conceded that a dual vacuum wall will be required

for adequate tritium containment. Also, an inert environment such as argon

is frequently proposed for the containment building. Therefore, the contain-

ment requirements for tritium, greatly reduce the penalties associated with

the reactivity of lithium with air.

In the lithium-cooled blanket design the first vacuum barrier is placed

in the low temperature region at the inside of the shield. Advantages of

this design include:

(a) Thermal expansion problems are minimized since the temperature of

the vacuum wall does not change significantly.

(b) The vacuum wall is outside the high radiation zone and is relatively

unaffected by radiation.

(c) The entire high-temperature blanket is inside the vacuum wall.

(d) Tritium permeation through the low-temperature wall is minimal.

(e) Alternate structural materials for the vacuum wall are possible.

The vanadium alloy is not proposed for the vacuum wall.

(f) The volume inside the vacuum wall is nearly minimal, thus mini-

mizing vacuum pumping requirements.

The first vacuum wall will also serve as the structural support for the

blanket. Stainless steel is considered as the reference structural material

for the first vacuum wall, however, alternatives such as aluminum, titanium

and ferritic steels should receive further consideration. Probably the major

disadvantage of stainless steel is the high residual radioactivity. However,

since the wall is not in the high radiation zone, the lifetime of the vacuum

wall should be the expected plant life. Therefore, the major activation

problem relates to maintenance considerations. Probably the major design

difficulty associated with the low temperature vacuum wall relates to the

design of high-integrity coolant penetrations. This is not believed to be

prohibitive.
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A secondary vacuum barrier is placed at the TF coils. The primary pur-

pose of this secondary vacuum region is to minimize leakage into the plasma

chamber and for tritium control. However, this barrier will also be bene-

ficial for lithium containment and safety in the event of an inadvertent

leak. The possibility of a controlled environment, e.g., inert gas or low

pressure, in the reactor room because of tritium considerations provides

further safety benefits for the lithium-cooled blanket concept. Elimination

of reactive materials such as water, plus the two vacuum barriers with a con-

trolled reactor-room environment will result in a very low probability of

lithium reaction. One can also cover concrete with sheet metal, which again

may be necessary for tritium containment, to mitigate this lithium reaction.

9.9.4.2 Blanket Configuration

The proposed blanket configuration for the reference lithium-cooled

design is the slab geometry discussed in Section 8.0. Four or six of the

blanket modules shown in Fig. 9-24 are attached to a single base plate and

are assembled in the blanket as a unit. The slab units will vary in weight

from 2000 to 4000 kg.

9.9.4.3 Manifolds

The manifold requirements for several design considerations are summar-

ized in Table 9-10. There are two major considerations that influence the

size of the manifolds; viz., larger size permits, lower coolant velocities

and reduced MHD pumping requirements while smaller size (< 10-cm-diameter)

may permit mechanical rather than welded joints.

More detailed analysis is required to determine the optimum number and

size; however, one manifold for each of the <v> 480 breeding modules is proposed

for the reference case. According to Table 9-10, this number is adequate

for the case of 10-cm-diameter manifolds and a blanket AT of 300°C. As indi-

cated in Table 9-11, the calculated pumping power requirements under ideal

conditions, which are believed to be quite conservative, are modest.

Since flow velocities of ̂  5 m/s are feasible outside of the TF coils,

'v 10 manifolds can be joined into a single pipe to the intermediate heat

exchanger.
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9.9.5 Maintenance Approach

The general aspects of remote maintenance have been discussed in

Section 8.0. Three blanket configurations evaluated include: (1) a small

number of complete wedges of the torus, (2) a moderate number of relatively

large slab-type segments, and (3) a large number of small modules. The

second configuration, viz., a moderate number of relatively large slabs,

possesses several advantages for the lithium-cooled blanket and is selected

for the reference design. This configuration is a compromise between mainte-

nance advantages for scheduled and unscheduled repair. The blanket consists

of 192 slab segments that can be individually removed after access to the

plasma chamber is gained by removing specific blanket/shield segments.

Only sections of the shield covering the access regions are removed. This

tends to minimize handling and storage requirements compared to concepts in

which the combined blanket/shield segments are removed. Complete disassembly

of the reactor vessel is not required and moving poloidal coils does not appear

necessary. The maximum slab size is less than 5,000 Kg, which is relatively

easy to handle. Since blanket lifetimes in excess of 10 y are believed

attainable with the present design, scheduled maintenance requirements will

be quite modest.

9.9.6 Heat Transport & Energy Conversion System

9.9.6.1 General Description

The basic heat transport system is comprised of a primary lithium

circulating system used to extract reactor heat from the blanket and a

secondary sodium system which is used to generate steam for conventional

turbine generator units. Figure 9-25 is a schematic diagram of the plant

power conversion cycle with characteristic parameters listed in Table 9-15.

Salient features of each system with a basic description of each is given

as follows.
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Table 9-15. Parameter List for Reference Heat-Transport and Energy
Conversion System

Parameter

Neutron Wall Loading

Plasma Duty Factor

Steady-State Power Output

Number of Loops

Rating per Loop

Primary Coolant Loop

Reactor Outlet Temperature

Reactor Inlet Temperature

System Pressure

Flow Rate

Materials

Intermediate Coolant Loop

Sodium Inlet

Sodium Outlet

Flow Rate

System Pressure

Thermal Storage Dwell

Materials

Major Components

Ancillary Systems

Steam Generator System

Steam Temperature

Steam Pressure

Feedwater Temp.

Condenser

Efficiency

Steam System

Li-Va System

2.8 MW/ra2

95%

2850 MW(th)

3

950 MW(th)

Lithium

550°C

340 eC

1500 kPa

2.4 m3/s

Ferritic Steel

Sodium

520°C

320 °C

4.0 m3/s

275 kPa

< 25 s

Ferritic Steel

Pumps, piping, evapor-
ator, superheater, and
thermal storage

Purification, emergency
heat removal, inert
gas, etc.

Superheated steam

460°C

11,400 kPa

230°C

5 kPa

*> 39%

Evaporator, recircula-
ting type, using a
steam drum separator
and recirculating
pumps
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Lithium System - A three loop system was selected with each loop con-

taining a circulating pump, piping, surge tank, and an intermediate heat

exchanger. Together or separately the lithium loops require storage vessel,

impurity control (cleanup), cover gas, trace heating, and tritium reprocessing

equipment. For the most part, ferritic steels would be used in the ex-reactor

regions. With a large AT (̂  200°C) in contrast to an LMFBR, the components

would be smaller. Development of pump materials such as vanadium or molybdenum

castings are envisaged for the pump impeller and housing. A high temperature

vanadium to steel pipe joint or transition is required.

Intermediate Sodium System - Sodium is used for the intermediate heat

transfer system because of the existing technology and ability to meet the

functional requirements. Little development is anticipated anywhere in the

system. Major components include the shell side of the intermediate heat

exchanger, sodium pump, piping, surge tank and steam generator with ancillaries

including sodium storage tank, impurity control, blanket gas, trace heating,

thermal storage (if needed) and emergency heat removal systems. Proposed

materials are ferritic and austenitic steels. All components are well within

the size limits currently being developed for the commercial LMFBRs.

Energy Conversion System - The steam generator and reheater systems with

mating turbine generator sets are well within the state-of-the-art for the

proposed heat transport system. Modern superheat or saturated steam cycles

of many variations can be adapted. No attempt to detail or optimize a plant

system has been made. The schematic diagram in Fig. 9-25 shows the general

features.
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10.0 Helium Cooled Blanket Design

10.1 Introduction

Pressurized helium offers several advantages for use as a fusion reactor

coolant. For example, it does not produce any significant radioactive products,

it is not subject to MHD effects, and it possesses favorable characteristics

for tritium containment and processing. In addition, considerable technology

related to the use of helium as a heat transfer medium has been developed in

gas-cooled fission reactor (HTGR) programs. The use of helium, however, is

not without associated penalties with respect to pumping power and material

compatibility. Additionally, helium, as with all gaseous coolants, will re-

quire gas pressures of between 50-70 atmospheres to provide adequate heat

transfer capacity.

The objective of this task was to define an improved first wall/blanket

design using helium for cooling. This design will serve as the basis for

comparisons with other blanket/coolant design combinations. The objective

was accomplished by compiling a summary of reactor design configurations and

operating parameters. Evaluation of these designs provides a basis for es-

tablishing typical configurations and parameters for use in subsequent analysis.

Thermal analysis, stress analysis and life prediction analysis were conducted

for the different first wall configurations. Results of these analyses demon-

strated the importance of minimizing constraints against thermal deflection of

the first wall to attain acceptably long life. For a stainless steel first

wall, flaw growth was shown to limit lives calculated for a free floating

tube, spherical dome and constrained tube (> 15 years, 4 years and < 1 year),

respectively. Use of Inconel 625 results in ̂  3 times longer life than

attained with stainless steel because of its higher strength, higher thermal

conductivity and lower flaw growth rate. The neutron wall load and helium

flow rate were also shown to be L .̂ ortant variables to first wall life.

Temperatures of Li^O and LiyPbg pebbles, used as breeding materials, were

evaluated and found to be within acceptable limits. Material considerations

were also addressed.

A helium cooled blanket/shield reference design is recommended that

utilizes Inconel 625 as the structural material. It consists of elongated
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canisters with an integral tubular first wall. Five hundred fifty-two elon-

gated canisters are assembled into 96 slabs to form the complete blanket

shield assembly. The attained life of the first wall, as determined by flaw

growth, is > 70 MW-yr/m2 and the maximum structural temperature at the first

wall is 475°C. A heat transfer enhancement of 2.2 is used in the tubes. The

coolant inlet temperature is 250°C and the outlet temperature is 550°C.

A LiyPb2 solid breeder is utilized which has the advantages of: 1)

direct tritium release to the helium coolant thereby avoiding a separate

tritium transport system, 2) preventing breeder transport to the vacuum

vessel or reactor room due to module pressurization failure, and 3) providing

the opportunity to integrate the shield and blanket into a single unit.

The overall breeding ratio is 1.08 with 83% of the blanket volume having a 1.3

breeding ratio and 17% having no breeding. This breeding ratio provides a 12

year doubling time with a 1% fractional burnup. The inboard blanket/shield

(12% of the total) does not incorporate breeding because of the desire to

minimize its thickness. The other 5% of the wall area is allocated to ports

and ineffective breeding areas such as divertors.

10.2 Review of Previous Blanket Designs for Helium Coolant

Existing helium designs were reviewed. These designs are shown

in Fig. 10-1, and basic machine parameters are summarized in Table 10-1. The

concepts can be categorized as large module approaches (Figs. 10-1(d), 10-l(j),

and 10-l(k)), a domed canister approach (Figs. 10-l(b), 10-l(f), 10-l(h) and

10-l(i)) and an elongated canister (U-bend) approach (Figs. 10-l(a), 10-l(c),

10-l(e), and 10-l(g)). It should be noted that each of these designs was

developed to meet differing requirements; some emphasized a particular design

aspect such as maintenance, fabrication, etc., and may not have been completely

analyzed for other factors such as life. Most of the designs are exposed to

neutron wall loads of from 1 to 3 MW/m2 and have a stated wall life of ̂  2 years.

All designs operate at coolant pressures of i> 50 atmospheres. Many of these

designs are in the process of being updated, however, useful guidelines can be

established using them as defined.

The coolant operating conditions vary greatly between designs. Large

structural modules utilize separate cooling tubes for containment of the

helium pressure (Figs. 10-l(c), 10-l(d), 10-l(j) and 10-l(k)) whereas the
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Table 10-1. First Wall Blanket/Shield (helium cooled).

PARAMETER

BLANHET

COOLANT

GENERAL CONFICUUTION

POWER OUTPUT

BURN TIME

RECYCLE TIME

BUTV FACTOR

STRUCTURAL MATERIAL

BREEDER

NEUTRON MULTIPLIER

BREEDING RATIO

REFLECTOR/MODERATOR

TRITIUM INVENTORY
(COOLANT)

TRITIUM FUELING RATE

THITIDM FRACTION BWHUP

IMfvRITV CONTROL

DIVERTER EFFICIENCY

MAXIMUM STRUCTURE TEMP.

STRUCTURAL TEMP. VARIA.

PERCENT VOLUME OF

STRUCTURE

NEUTRON FLUENCE

NEUTRON WALL LOAD

HEAT FLUK

HALL REPLACEMENT

COOLANT PRESSURE

COOLANT VOLUME FRACTION

COOLANT OUTLET TEMP
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the smaller module designs (Figs. 10-1(a)-(b), 10-l(e)-(h)) permit the helium

to pressurize the structure directly. The advantage of direct pressurization

is the reduction of thermal gradients from the coolant to the first wall.

Flow rates vary from 8 to 120 ra/s, while inlet and outlet temperatures vary

from 77°C to 450°C and 370°C to 780°C, respectively. Selection of these

coolant parameters has a significant impact on design, material selection

and resultant life.

10.3 Major Design Considerations

The major design considerations for a blanket/shield system include the

structural life, material selection, operating temperatures, thermal effi-

ciency, fabrication costs, time for repair, frequency of repair, breeding

ratio, pumping power, materials compatibility and neutron attenuation re-

quirements. Of these, the life, temperatures, thermal efficiency, materials

compatibility and total thickness are the key considerations.

10.3.1 Manifolding Considerations

A common problem with use of helium designs is that large coolant mani-

folding is required that results in loss of access space and increased blanket

thickness. Manifold requirements for the reference 2380 MWth reactor are

shown in Fig. 10-2. As indicated, if one inlet and outlet manifold is used

in each of 12 segments in the reactor, a 1.4 m diameter outlet and a 1.1 m

diameter inlet is required. The cross-sectional area of the 1.4 diameter

duct is approximately two times the cross-sectional area of the inlet duct

indicating that three near equal diameter ducts could be used on each module

(2 outlet, 1 inlet). Further division of the 1/12 segment into 8 pieces,

as shown in Fig. 10-3, permits use of a design that requires approximately

16 cm additional thickness at the inboard wall for helium manifolding when

2 inlets and 4 outlets are used. This appears to be a good manifolding sys-

tem approach, and is used as a reference in this study for helium coolant.

The large space required for helium manifolding at the inner blanket has
(12)

been shown to increase reactor cost significantly. A total reactor system

analysis will be required before this effect can be properly weighted for

comparison with other blanket/coolant concepts.
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10.3.2 Maintenance Considerations

Maintenance of the helium coolant system should be much simpler than for

a liquid coolant primarily because gravity draining or preheating to melt

the coolant is not required. However, the larger helium coolant lines will

impair access and make maintenance more difficult. In addition, control of

helium leakage is more difficult than for other coolants.

Large coolant modules are desirable for end of life replacement of the

blanket assembly because the number of maintenance operations are reduced

and the downtime is minimized. The designs shown in Fig. 10-1 assume first

wall/blanket removal as part of a large module, except for the General Atomic

(GA) design (Fig. 10-l(b)), which incorporates a small canister replaceable .

from the interior. The major uncertainty of the GA concept is the ability to

develop a seal which can reliably perform in a cyclic temperature and radia-

tion environment after installation by remote maintenance techniques. If a

reliable seal (metal or welded) can be developed, the GA design offers a

desirable maintenance option not available in the other designs because it

permits repair of a single small failed module before end of life. The

approach utilizes small modules assembled into a larger replaceable module.

For unscheduled maintenance activities, the small modules can be quickly re-

placed from the chamber interior without disturbing the rest of the reactor,

yet the entire larger module can be replaced at end of life. A requirement

of the small module approach is that it be easily replaceable, and that it

not significantly increase the complexity or decrease the reliability of the

blanket. These requirements reduce the viability of the small module and

require considerable development. For this "optimization" effort, the small

internally removable module has not been incorporated, but if a design is

developed, it should be added.

10.3.3 Coolant Temperature Considerations

Coolant temperature selection for a commercial fusion reactor involves

a compromise between many competing reqpirements. In general, since power

is produced using thermodynamic conversion cycles, the coolant temperature at

the blanket exit should be as high as possible for maximum conversion effi-

ciency. At the same time, first wall and blanket material considerations
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usually indicate the desirability of lower coolant temperatures. A review

of helium cooled wall designs shows helium coolant outlet temperatures ranging

from 370° to 780°C (Table 10-1). A helium coolant outlet temperature of 500°C

was selected for this study as a value which will adequately drive a standard

steam turbine cycle and also meet material constraints.

The coolant temperature rise through the first wall/blanket, AT , was

selected as an operating parameter. A value for AT • 300°C was chosen from

the AT range of 166°C - 600°C, which appears in the review of existing de-

signs (Fig. 10-1). Large values for AT imply possibly large temperature

changes in the blanket structure. The resultant thermal stresses are un-

desirable primarily due. to their cyclic nature and the resultant effect on

structural life. Low values for AT require large helium flow rates and

undesirably high power to circulate the coolant.

10.3.4 Structural Life Considerations

Evaluations of tokamak first wall structures have indicated that the life

of designs that constrain the first wall against thermal gradient deflection

yield relatively short life of ̂  2 years. In the present studies, life of

an unconstrained coolant tube first wall design is shown to yield a signifi-

cantly longer life of greater than 15 years. Canister designs yield inter-

mediate lifetimes of ̂  4 years.

Life of tokamak reactor first wall structures are affected by many

variables. These include structural material, cyclic stress level, structural

configuration, environment, and operating parameters. In most previous first

wall studies, first wall life has been dictated by growth of initial flaws

to a coolant leak condition. As in any structure where fatigue related

mechanisms are important in controlling life, careful attention must be given

in the design to minimizing stress concentrations, minimizing response to

dynamic loads, and protecting against corrosion. This will be particularly

true in the case of the first wall structure where material embrittlement and

cyclic loads occur.

Other failure modes which must also be considered are creep rupture,

fracture, and excessive strain due to thermal ratcheting. Thermal ratcheting

is more likely to be a potential problem in helium cooled systems due to high

coolant pressure.
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(13}

Previous studies have shown that lower structural temperatures pro-

vide longer life, particularly for stainless steel and nickel alloys, because

material properties are enhanced and radiation damage effects are reduced.

Lower structural temperatures can be achieved by lower coolant inlet tempera-

ture and high flow velocities. Designs that immediately direct the coolant

flow to the first wall and exit through the blanket for further heating pro-

vide the lowest structural temperatures in the critical first wall area.
Previous studies have shown that a circular canister geometry provides

(12)

longer life than a U-bend design, and this study has identified that un-

constrained tubes have a significantly longer life than constrained tubes.

The longer life results because the shape permits relief of thermal stresses

by radial expansion; whereas the U-bend will permit the stresses to relieve

in only one direction.

A prime drawback of a circular canister (Fig. 10-l(b), 10-l(f), 10-l(h),

10-1(i)) is that a plug is required between modules to fill the gaps. Gener-

ally, a graphite material is proposed since it can withstand the high tempera-

tures. Problems which must be addressed are the shrinkage and subsequent

swelling of graphite in a radiation environment which can result in neutron

leakage and structural loading on the canister. Also, issues to be addressed

are the carburization of the canister material in contact with the higher

temperature graphite plugs and chemical sputtering of graphite. Furthermore,

the large number of plugs, brittleness of graphite and plug shape suggest

premature fracture.

10.4 Materials Selection

The requirements for a minimum coolant outlet temperature of 400°C for

practical energy conversion results in relatively high temperature requirements

for structural materials, and essentially limits the choice of structural

material to titanium, stainless steels, nickel base, and refractory metals.

Titanium is compatible with helium; however, it does not have as high a

temperature capability as the other candidate materials. Current generation

titanium alloys rapidly lose their strength at temperatures above 500°C.

Therefore, if titanium alloys are to be used, the maximum metal temperature

anywhere in the blanket structure should be limited to 500°C.
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The refractory metals, on the other hand, have the required elevated

temperature strength for operation at higher temperatures; however, the

presence of trace impurities (such as H2, H2O, CO, CO2, CHi,., N2, and O2) in

the helium can lead to interstitial contamination for both niobium and

vanadium. This embrittlement also was found to occur in the molybdenum alloy

TZM when exposed for 3000 hours, to HTGR helium at 800-1000°C. ' Therefore,

it does not appear likely that the refractory metals will be acceptable for

use with helium unless a protection scheme- is developed. Since the refractory

metals are unacceptable for use with helium, and titanium is limited to 500°C,

there appears to be only two choices left for a structural material, austenitic

stainless steel and nickel base alloys.

If the stainless steels are used, restrictions will have to be placed on

the maximum temperature of the first wall, due to helium embrittlement from

transmutation reactions. Recent data has shown that the loss in ductility as

a result of helium embrittlement is less for 20% cold worked stainless steel

irradiated at ̂  350°C than for the same material irradiated at 575°C. ' If

it is assumed, however, that through alloy development, this temperature

could be increased by 50-100°C, then the maximum metal temperature at the

first wall would be 450°C. The temperature limit for stainless steel struc-

ture in the depth of the blanket and shield where radiation damage is not

as severe is 600-650°C based on creep and helium compatibility considerations.

A somewhat higher temperature limit appears possible for nickel base

alloys with the limit due to thermal aging and helium embrittlement. Tests

conducted by General Atomic (GA) on Inconel 625 showed that specimens aged

for 4000 hours under no load at 700°C experienced a loss in elongation from

60 to 10 percent. Additional work performed at ORNL on irradiated

Inconel 600 showed a similar trend after exposure of 4-9 dpa and helium

generation of 600-1700 appm, ' where the elongation went from < 40 percent

to < 3 percent. Therefore, based on this data, it appears that the maximum

temperature for the nickel base alloy should be limited to less than 650°C.

Within the blanket, where the radiation damage will be less severe, higher

operating temperatures for stainless steel and nickel alloy structural ma-

terials can be allowed; however, these temperatures may be limited by the

compatibility with the breeding media used.
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In this study, three types of tritium breeders have been proposed. They

include liquid lithium, lithium-lead (probably LiyPba) and lithium oxide.

Both stainless steel and nickel base alloy are corroded by lithium. Based on

an allowable corrosion rate of 15 tWyr, the maximum operating temperature

would be roughly 500°C in a recirculating lithium system. Temperatures

50-100°C higher would be possible if the lithium is kept semi-stagnant, and

if corrosion inhibitors, such as aluminum additions to the lithium, prove

effective. Therefore, a maximum temperature of 600°C for 300 series stain-

less steel may be feasible. Because of the high solubility of nickel in

lithium, it appears that the maximum temperature for the nickel base alloys

will have to be below that of stainlt. =.• steel, and probably be limited to

400cC in flowing lithium. As in the case of stainless steel, semi-stagnent

lithium should allow higher temperatures. However, the effectiveness of

inhibitors is unknown at this time (tests are currently in progress at ORNL),

and as a result the temperature should be limited to 450°C. Therefore, since

the better high-temperature properties of the nickel base alloys cannot be

fully exploited in a liquid lithium blanket, there does not appear to be any

advantage in using nickel base alloys. As a result, stainless steel should

be used.

An alternate to the liquid lithium are the solid breeder compounds such

as Li7Pb2 and Li2O. The lithium-lead alloy contains roughly 90 wt. "7, lead

and melts at 726°C. The use of this alloy above the melting point could

present compatibility problems, particularly with respect to the nickel base

alloys. Nickel is soluble in both lithium and lead. The solubility in

liquid lead at 726°C is roughly 2 wt. %. Therefore, to retard this, the

LiyPb2 breeding alloy should be kept below 726°C. An additional consideration

is the possibility of sintering. In most designs, a solid breeder is usually

used as spherical pellets of sufficient size to allow the free passage of

coolant. If these passages are closed or restricted, through sintering,

then overheating can result. Sintering usually starts to occur at tempera-

tures above 2/3 the absolute melting point and progresses with time. For

the LiyPb2 alloy, sintering will probably start to occur at 400°C. Assuming

a diffusion barrier such as oxide or nitride coatings, or relatively large

spheres, sintering of spheres to each other can be retarded. Ir chat case

the temperature probably could be raised 100°C. Therefore, the recommended
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temperature for Li7Pb2 would be 500°C, and at this temperature either stain-

less steel or nickel base alloys can be used in contact with the Li7Pb2«

Other questions which must be answered include the diffusion of tritium,

helium entrapment and compatibility. Diffusion of tritium has been investi-
(19)

gated at BNL for LiyPbz and LigO. Both materials appear to have accept-

able diffusion rates. The LiyPb2 was formed to near theoretical density by

mixing molten lithium and lead in a crucible. As a result, subsequent sinter-

ing tests of the LiyPb2 sample showed no densification sintering; however,

the tests did indicate some separation into two phases. This separation was

shown to increase the tritium diffusion rate. Calculations, shown (Section 5)

for unsintered material have indicated that the 20 to 30 mesh material (0.1 mm

diameter) at 450°C would result in a 250 gram inventory due to tritium hold-

up. A 1.0 cm pellet would result in a 25 kg tritium inventory. This estab-

lished that small pellets (̂  0.15 mm) should be used to limit the tritium

inventory to approximately 1 kilogram. Helium generation rates in Ll7Pb2 have

been calculated to be >v» 3000 appm at the end of 10 years for a 0.6 kg/da

tritium breeding rate.

Estimating the maximum use temperature for the lithium compound Li20 is

more difficult. Lithium oxide (Li20) melts at 1427°c/
20^ and if the sintering

criteria of 2/3 the absolute metling point were applied, the maximum tempera-

ture would be 866°C. Then, assuming a diffusion barrier or relatively large

diameter spherical material is used to inhibit sintering, this temperature

could be raised 100°C to 966°C. Unfortunately, very little is known about

the compatibility of Li20 with the metals of interest. If, for example,

LiOH i8 formed from coolant impurities and/or breeding products, a potential

problem could exist with the containment material since LiOH melts at 4718C

and is extremely corrosive to all candidate structural metals. If lithium

hydride is formed rather than lithium hydroxide, then the corrosion is not

as severe. However, lithium hydride melts at 688°C and will reduce oxides

present on the metal surfaces. Therefore, to minimize the potential impact

of the formation of lithium hydroxide, it appears that the temperature of

the Li20 should be kept below 500°C.
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10.5 Evaluation of Helium Coolant Tube Designs

Most of the previous helium designs investigated have a stated first

wall life of ̂ 2 years. Longer lives are desirable, and other studies have

shown that constraints against bending are a prime contributor to high ther-

mal stresses and that thermal stresses limit life through fatigue crack

growth. A tubular first wall design was investigated as a design option

that could provide a minimum of bending constraint.

10.5.1 Design Approaches

A typical helium tube first wall design is shown in Fig. 10-4. It is a

large module design that incorporates a bank of tubes on the first wall

surface. These tubes provide an unconstrained surface to absorb the heat

flux and promote long life. The blanket incorporates a liquid breeder and

stainless steel structural materials. Liquid lithium is used to achieve

acceptable heat transfer to the coolant. Coolant flows to the front surface,

FIRST WALL TUBE BANK

16 cm TO 38 cm SHIELDINGU

M N-INLET MANIFOLD (1)
^-OUTLET MANIFOLD (2)

LIQUID
LITHIUM ^^-CORRUGATED

COOLING
PANEL

Figure 10-4. Tubular first wall/large module concept.
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travels through the tube bank, and exits to the interior of the blanket

at «Vi 300*C. It is further heated to 550*C before it exits the nodule. A

secondary slow flowing He coolant loop is used to cool the depth of the

blanket. Tritium extraction is accomplished by slowly circulating the

molten lithium through a processing loop.

A thickness of 58 cm lithium, 90 cm of B^C/SS, and 16 cm to 38 cm of

manifolding is required for this configuration. Construction of the module

is simplified by use of corrugated panels in the blanket interior. The

corrugated panels contain the helium pressure and minimize the blanket wall

thicknesses. The corrugated panels greatly simplify the module assembly by

minimizing the number of separate tubes and connections. A drawback of this

design is that a helium leak would cause an overpressurization failure of

the module and spill liquid lithium into the plasma chamber. An alternate

version of this design would be to remove the corrugated panels of the

blanket and replace them with a low pressure helium coolant loop and a solid

breeder. This approach is shown in Fig. 10-5. The prime consideration with

this design approach is minimizing the pressure in the large module yet

58 cm 90 cm

PLASMA

SOLID
BREEDER
PEBBLES

(70% DENSE)

TUBULAR FIRST
WALL

HIGH PRESSURE HELIUM (50 ATM)

LOW PRESSURE HELIUM (5 ATM)

B4C/SS
SHIELDING
(70% DENSE)

COOLANT DIFFUSION SCREEN

Figure 10-5. Large module solid breeder concept.
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providing sufficient heat transfer to the helium without exceeding the solid

breeder maximum temperature limits. The film temperature drop for a 1 cm

pebble is shown for different pressures and flow rates in Fig. 10-6. As shown,

reasonable film temperature drops can be maintained for the expected flow

rate of 6 m/s, and a pressure of 5 atm. Smaller pellet diameters reduce the

film temperature difference, AT . As an example, an 0.1 cm pebble would have

a AT of 38°C at 5 atm. Primary considerations for this design are the

structural complexity required to contain 5 atmospheres pressure, and the

required heat exchanger area necessary to transfer the heat from the low

pressure helium to the secondary coolant loop. Domed side walls could likely

be required to contain the pressure. The significantly larger heat exchanger

area must be evaluated in a systems study for economic effects.
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10.5.2 Thermal Analysis of Helium Coolad Tubes

Maximum first wall structural temperatures have a significant impact

on structural life because of radiation damage effects and changes in

material properties such as crack growth and strength. Assessment of wall

temperature was made for a design where the coolant flows to the front wall,

then across the surface and exits through the blanket. This coolant flow

approach is depicted in Fig. 10-7.

Temperatures were calculated for a first wall consisting of a series

of tube banks. Temperature of the tube surface nearest the plasma is the

sum of the adjacent coolant temperature, the temperature difference across

the coolant film, and the difference across the tube wall thickness. The

film temperature difference, AT , was calculated for different flow velocities

as shown in Fig. 10-8, These temperature differences are shown for a 1 MW/m2

neutron wall load and scale directly proportional to wall load. As indicated,
(21)

large flow velocities are required for reasonable AT values. Other studies

have indicated that heat transfer coefficient and friction factor multipliers

of 2.2 to 4.0 can be attained by roughing or otherwise modifying the inside

wall surface. If heat transfer enhancement is used, the values of AT of

Fig. 10-8 are reduced proportionally. The film temperature difference is

also sensitive to the helium property values, which are dependent on helium

temperature. Figure 10-9 shows this effect. As indicated, the lower the

coolant temperature, the lower the value of ATf.

Temperature differences through the first wall are shown in Fig. 10-10

for the candidate materials subjected to a 1 MW/m2 neutron wall load. These

temperature differences are proportional to wall load for steady state opera-

tion which is reached early in the burn phase of commercial reactors. Lower

structural temperatures, of course, can be achieved by use of thinner walls.

The rise in coolant temperatures per length of run across the front

surface of a module is shown in Fig. 10-11. Large flow velocities, large

tubes and short runs minimize this temperature rise.

Figure 10-12 data permits the calculation of a "backside" temperature

for stainless steel tubes. This backside temperature along with values from

the front (plasma) side is used in tube life prediction. As indicated, the

wall temperature in this area will be close to the coolant temperature for >

reasonably thin walls.
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When the preceding data are combined, as ahown in Fig. 10-13, maximum

structural temperatures can be determined as shown in Table 10-2. The largest

temperature rise occurs as the coolant flows across the 2.7 m front face of

the module (see Fig. 10-7). Temperatures were also calculated for a divertor

condition, where the first surface heating amounts to 10% of the neutron wall

load. These results are cross-plotted for titanium, Inconel 625 and stainless

steel in Fig. 10-13. Results indicate that for a 450°C maximum metal tempera-

ture, a maximum wall load of 0.9 to 1.5 MW/m2 can be tolerated without a

divertor whereas 2.5 to 3.8 MW/m2 can be tolerated if a divertor is used.

A maximum wall load of 2.4 MW/m2 without a divertor can be achieved using

Inconel 625 at its 650°C temperature limit. This implies that Inconel 625

must be used for this blanket in the reference reactor unless a divertor

is added.

10.5.3 Structural Analysis of Helium Cooled Tubes

Helium cooled tubes were analyzed to determine cyclic thermal stresses

and resulting lifetimes. Stainless steel was used as the reference material

300

2.7 m RUN AT FIRST WALL

HELIUM
FLOW VELOCITY 6 5 m / s

—TITANIUM
STAINLESS STEEL

— INCONEL

1 2 3
NEUTRON WALL LOADING - MW/m2

Figure 10-13. Tubular first wall maximum metal temperatures.
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Table 10-2. Tube First Wall Material Temperatures

• WALL THICKNESS = 0.25 cm
• T INLET = 250°C
• NO DIVERTOR (SURFACE FLUX = 25% NEUTRON WALL LOAD)

MATERIAL

STAINLESS
STEEL

TITANIUM

INCONEL
625

NEUTRON
WALL LOAD

f HA \
/ Mw \
V 0 §

0.8

1.0

2.4

1.0

2.4

0.5

1.0

1.0

1.5

2.0

0.5

1.0

1.0

3.0

FLOW
VELOCITY

(m/sec)

65

65

65

130

130

65

65

130

130

130

65

65

130

130

TUBE
DIA.
(cm)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

ATFILM

60

75

180

50

120

38

75

50

75

100

37

75

50

150

ATWALL

24

30

70

30

70

25

50

50

75

100

20

40

40

120

AT^SE
FRONT

52

65

177

37

90

32

65

37

56

75

32

65

37

111

TCOOLANT
FRONT

FACE (OC)

260

260

260

260

260

260

260

260

260

260

260

260

260

260

TMAX
METAL

396

430

687

377

540

355

450

397

465

535

349

440

387

641

ASSUMES 2.7 m RUN ACROSS FIRST WALL SURFACE



to provide a consistent basis for comparison with other designs. Two

Inconel 625 designs were evaluated, one to provide a direct comparison to

stainless steel, and the other to reflect the conditions of the recommended

design (see Fig. 10-7). For the present study, the objectives were to calcula

tube life as a function of the variables so that Important variables could be

Identified and appropriate values used In future design studies. Tube tempera

tures were provided (see Sec. 10.5.2) as a function of tube diameter, tube thi

ness, helium flow velocity, and neutron wall loading. Relationships were

also provided for helium coolant temperature as a function of the tube length

between inlet and outlet. A constant helium coolant temperature of 300°C

was selected as a typical outlet temperature for a first wall tube. This

provides a basis for comparison of thermal stresses and life for the other

variables. Tube diameters, tube thicknesses, helium flow velocity, and

neutron wall load were varied over the ranges shown in Table 10-3. The base-

line value for each of these variables is denoted in the figure.

Temperature gradients occur through the thickness of the tube on the

side toward the plasma and through the tube from the plasma side to the

backside. These gradients are shown in Fig. 10-14 as AT and ATR, re-

spectively. Temperatures Tj, T2, and T3 are the locations on the tubes as

shown in Fig. 10-14. These temperatures, which occur during the plasma burn,

Table 10-3. Baseline and Parameter Variables Examined
in Present Investigation

Variable

Tube Diameter (d) - cm

Tube Thickness (d) - cm

Helium Flow Rate (v) - m/s

Neutron Wall Load (Pn) -
MW/m2

Values

1.0

0.125

65*

1.0

2.5*

0.20*

85

1.7

4.0

0.25

130

2.4*

Baseline value.
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316 SS

316 SS
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316 SS

316 SS

316 SS

316 SS

316SS

316 SS

INCONEL625

(MW/m2)

2.4

2.4

2.4

2.4

2.4

2.4

2.4

2.4

1.7

1.0

2.4
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VEL
(m/s)

65

65

65

65

65

65

85

130

65

65
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2.5

2.5

2.5

1.0

4.0

2.5

2.5

2.5

2.5

2.0

THELIUM
(°C|

300

300

300

300

300

300

300

300

300

300

300

Ti
(°C)

564

588

602
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548

618

543

496

504

420

475*

T2
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530

530

530

530

490

560

485

438

463

396
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(°C)

318

329

336

345

329
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320
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<1TA

34
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Figure 10-14. Coolant tube temperatures distribution.

are presented for the combinations of variables evaluated. The gradient

through the thickness of the tube wall facing the plasma is:

ATA = - T2 (1)

This linear gradient causes circumferential thermal stresses in the

tube. The temperature gradient through the tube depth was considered to be

the difference between the average front wall temperature (Tj + T2)/2» and

the back wall temperature (T3). This gradient is then defined as:

T\ + T2

AT.B -) - T3 (2)

From the temperature data shown in Fig. 10-14, it can be noted that

the gradients through the tube front wall (AT.) are dependent only on tube

thickness and neutron wall loading. The gradients from the front wall to

the back wall (ATfi) are primarily dependent on helium flow velocity and

neutron wall loading.
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The temperatures shown in Fig. 10-14 occur during the plasma burn.

When the plasma is off, these temperatures become uniform and return to the

helium coolant temperature of 300pC. This cyclic variation in temperatures

is depicted in Figure 10-15. Specific temperatures shown are for the base-

line case of a 0.20 cm tube wall thickness, a 2.5 cm tube diameter, a helium

flow velocity of 65 m/s, a neutron wall loading of 2.4 MW/m2, and without use

of a divertor. These temperatures exceed the radiation damage temperature

limits for stainless steel, however, they were conservatively used to permit

comparison with other concepts and to identify the important parameters.

The temperature gradients cause thermal stresses in both the circum-

ferential and longitudinal tube directions. These stress distributions,

based on elastic analysis, for the baseline condition, are shown in Fig.

10-16.

The temperature gradient through the front tube wall results in the

linear circumferential stress distribution shown in Fig. 10-16. The maximum

stress at the surfaces are based on the following equation:

aEAT

where a = thermal coefficient of expansion, cm/ctn/°C

E = modulus of elasticity, MPA

v = Poisson's ratio (assumed =0.3)

These stresses are compression on the outer surface and tension on the inner

surface.

The temperature gradients from the front to back of the tube are non-

linear and result in longitudinal thermal stresses as shown in Fig. 10-16(b).

These stresses are calculated based on each of two assumptions. The first

assumption is that the tube is free to expand longitudinally but is constrained

against bending. The second assumption is that the tube is completely un-

constrained. Elastic stress distributions are presented in the figure for

each of these cases for the baseline geometry and conditions (Table 10-3).

These distributions were calculated using numerical integration. It can be

noted that relieving constraint against bending significantly reduces the

longitudinal thermal stresses.
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Figure 10-15. Typical temperature history.

Stresses caused by thermal gradients and those caused by the 50 atmosphere

coolant pressure are summarized in Table 10-4 for the combinations of tube

geometry, flow velocity, and neutron wall loadings considered in the study.

Longitudinal thermal stresses given in this table, for the constrained tubes,

are based on the following equation:

a A T B E

(A)

where ATg is given by Equation (2). This equation is based on a linear

temperature distribution through the tube depth which results in lower calcu-

lated stresses than presented in Fig. 10-16. These values, however, are more

realistic since the values in Fig. 10-16 significantly exceed the stainless

steel yield strength. This equation is somewhat conservative since the

term (1-v) could be eliminated for the tube treated as a beam (temperature

a function of depth). However, because of the temperature gradient through

the thickness, the actual stress will be somewhere between these stresses.
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Table 10-4. Coolant Tube Stresses

t

cm

0.12
0.20
0.25
0.25
0.20

0.20

Pn
rn

MW/m2

2.4

2.4

1.7 ,
1.0

MATERIAL

ST. STL
ST. STL
ST. STL
INCONEL
ST. STL
INCONEL

ST. STL

FLOW
VEL.
m/s

65

65
85

130

65
65

TUBE
DIA.
cm

2.5

1
2.5
2.5
1.0
2.0
4.0
2.5

II
2.5

CIRCUMFERENTIAL
STRESS INSIDE WALL
TOWARD PLASMA

PRESSURE
STRESS
MPa

41
26
20

20
10
20

41
26
26

26
26

THERMAL
STRESS
MPa

68
116
144
152
116
117

116
116
116
82
48

LONGITUDINAL
STRESSCONSTRAINED
AGAINST BENDING

PRESSURE
STRESS
MPa

20

13
10
10

5
10
20
13
13

13
13

THERMAL
STRESS
MPa

475

475
475
366
393
185
537
379

282
337

200

LONGITUDINAL
STRESS
UNCONSTRAINED

PRESSURE
STRESS
MPa

20
13
10
10

5
10
20
13

13
13

13

THERMAL
STRESS
MPa

258

258
258
183
213
92

293

206
151
186
110
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Figure 10-16. Elastic stress distributions in helium coolant tubes.

Stresses in the longitudinal direction for the unconstrained tubes are 55%

of those for the constrained tubes based on the ratio of these values for

the baseline case.

(12)
Previous studies into the response of tokamak stainless steel first

wall structures have shown that compressive thermal stresses relax due to

both thermal and irradiation creep. Therefore, as a simplifying assumption

in this study, it is assumed that the compressive thermal stresses completely

relax during the plasma burn. Therefore, during the nonburn portion of the

cycle, the calculated stresses will be reversed. This will result in cyclic

tension stresses in the front surface of the tube in both circumferential and
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longitudinal directions. This assumption results in conservative life pre-

dictions since the compressive stresses do not completely relax, but relax

over a period of time, depending on the neutron wall loading. Because these

stresses can be considered as tension during the nonburn period, they are

added to the primary pressure tension stresses in Table 10-4 to give total

stresses.

The resulting stresses, presented in Table 10-4 indicate that lower

cyclic stresses are achieved as helium flow velocity is increased and as

neutron wall loading is decreased. Structural temperatures at which these

stresses occur can be considered to be the helium coolant temperature since

they occur during the non-burn period (see Fig. 10-15).

10.5.4 Helium Tube Life Predictions

Life of the helium tubes was calculated using fracture mechanics analysis.

The tube life was determined by the time required for growth of existing flaws

to a coolant leakage condition under the influence of cyclic stresses. Leakage

is assumed to occur when a flaw grows through the thickness of the tube.

Fatigue-crack growth rate data for stainless steel are presented in the
(22)

Nuclear Systems Materials Handbook. These data are shown as dotted lines

in Fig. 10-17. These curves represent upper bound curves for tests in an

air environment at a cyclic frequency of 40.0 cpm. The Reference 22 data

provide a single curve representing an upper bound for the 317°C to 538°C

temperature range. Additional data are provided in Volume II of the Nuclear

Systems Materials Handbook which allows for a separate upper bound curve

to be established for the temperature range of 317°C to 428°C. This is the

temperature range of primary interest in this study. This curve is shown in

Fig. 10-17 along with curves for the temperature ranges 428e-538°C and 539°C

to 649°C. Use of the additional curve in the lower temperature range of

317-428°C eliminates a source of conservatism in the subsequent life pre-

dictions .

The slope of the curves ?it low growth rates (below approximately 10~6

(22}
cm/cycle) are based on the slope of the data (dotted lines in Fig. 10-17).

In the life prediction analysis, the lower portion of these curves is most

important since most of the flaw growth occurs in this range of the data.
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Figure 10-17. Fatigue-crack growth behavior.

As indicated previously, the data in Fig. 10-17 are for a cyclic fre-

quency of 40 cptn. Reference 22 also provides data for the effect of cyclic

frequency on these crack growth rates. Cyclic hold times of interest in

this study are 30.0 minutes for stresses occurring during the burn and 1.0

minute for stresses occurring during the nonburn period. These hold times

correspond to cyclic frequencies of 0.0167 cpm and 0.5 cpm, respectively,

if equal periods at load and unloaded are assumed in applying the hold time

data. These two cyclic frequencies correspond to growth rate factors of

6.0 and 2.0, respectively, and are shown in Fig. 10-18. To establish design

values for determining tube lifetimes, these factors were applied to the

crack growth data given in Fig. 10-17.

The Inconel 625 data of Fig. 10-17 represents an upper bound curve for
(24)

the plate data. ' This data was corrected from 40 cpm, to the burn cycle

frequency using data from Reference 25.
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Figure 10-18. Effects of cyclic frequency on flaw growth rates.

Life of the coolant tubes was calculated as a function of tube thick-

ness, tube diameter, neutron wall loading, helium flow velocity and initial

flaw size. Flaw sizes of 0.025 cm (0.01 inch) to 0.075 cm (0.03 inch) should

be detectable using standard NDE techniques. A total scatter factor of 4.0

is applied to all calculated lives to account for material property and

load variations.

In the previous discussion on stress analysis, the effect of tube

bending constraint on cyclic stress levels was shown to be very important.

The lower cyclic stress levels associated with an unconstrained coolant tube

result in considerably longer life than for the case where bending deflections

are constrained. This result is demonstrated in Fig. 10-19 where life of

both constrained and unconstrained tubes is shown for the baseline variables.

These lives are based on cyclic stresses in the longitudinal tube direction.

The cyclic stresses in the longitudinal tube direction are higher than

those in the hoop direction even in the case of the unconstrained tube.

10-32



2.0

• 316 STAINLESS STEEL
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Figure 10-19. Effect of bending constraint on coolant tube life.

Therefore, tube life was critical for stresses in the longitudinal direction.

This effect is demonstrated in Fig. 10-20 where life is compared for the base-

line variables. Because these stresses are assumed to be in tension during

the 1 minute nonburn period, a factor of 2.0 (Fig. 10-18) is applied to the

crack growth data in calculating tube life.

First wall surface heating rate, detectable flaw size and helium flow

velocity (impacts front to back temperature difference) were shown to have

the greatest effect on coolant tube life. As shown in Fig. 10-21, long life

(greater than 15 years) is obtained for an 0.025 cm (0.01 inch) initial flaw,

a helium flow velocity of 65 m/s and a neutron wall loading of 2.4 MW/tn2

without a divertor. For the same conditions, an initial flaw depth of 0.075

cm (0.03 inch) tube life is 0.4 years, which indicates the importance of flaw

detection to life. Fortunately, flaw detection in tubes is highly developed

and flaws of 0.025 cm diameter can be detected using ultrasonic techniques.

As the helium flow velocity is increased from 65 m/s to 130 m/s, cyclic
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Figure 10-20. Comparison of circumferential and longitudinal stress effects
on life of coolant tubes.
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Figure 10-21. Effect of helium flow rate on life of coolant tubes.

10-34



thermal stresses in the tubes decrease and the life significantly increases.

This effect is shown in Fig. 10-22.

Life increases rapidly as the surface heating rate (wall load) is de-

creased. As shown in Fig. 10-22, at wall loadings of 2.4 and 1.7 MW/m2, and

without use of a divertor, lives of 0.4 and 7.0 years, respectively, are attained

for an 0.075 cm initial flaw size. Higher wall loadings can be accommodated

by use of a divertor that effectively reduces the surface heating rate.

Coolant tube life increases with decreasing tube diameter because the

smaller tubes result in an increased heat transfer coefficient per the Dittus-

Boelter equation. This effect is shown in Fig. 10-23 for the wall thick-

ness of 0.20 cm, helium flow velocity of 65 m/s, and neutron wall load of

2.4 MW/m2. The effect of tube wall thickness on life is also shown as dashed

lines in Fig. 10-23. This variation is for the range of thicknesses from

0.125 cm to 0.25 cm for the 2.5 cm diameter tube. Based on these data, the

effect of wall thickness on life is relatively insignificant in comparison to

the other variables.
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Figure 10-22. Effect of neutron wall load on life of coolant tubes.
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Figure 10-23. Effect of tube diameter and thickness on life of coolant tubes.

A comparison of the life attained with stainless steel and Inconel 625

structural material is shown in Fig. 10-24 for a given set of conditions.

Temperatures and resulting stresses were shown previously in Fig. 10-14 and

Table 10-4, respectively. As indicated, Inconel 625 provides a longer life

than does stainless steel. For a 0.025 cm flaw, a life of 54 years was

shown for Inconel 625 as compared to 15 years for 316 stainless steel. The

difference in life is attributable to the lower flaw growth rate of Inconel

625 that was shown in Fig. 10-17.

These results indicate that proper design of the first wall can prevent

fatigue flaw growth from being life limiting. Other failure modes such as

radiation embrittlement must be assessed to determine the design life.

10.6 Evaluation of Canister Design

An evaluation of a helium cooled canister design was conducted to deter-

mine its potential payoff and provide a basis for comparison to the un-

constrained tube design. The primary advantage expected was to decrease
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Figure 10-24. Life of unconstrained 316 stainless steel and Inconel 625
helium coolant tubes.

the maximum structural material temperature that occurred in the tube design

by eliminating the coolant's temperature rise as it moved across the front

face of the module.

10.6.1 Design Approach

The canister design is shown in Fig. 10-25. Coolant flows directly to

the first wall and across it at high velocity. It is further heated in the

blanket breeding/moderating materials prior to exiting. This design is similar

to the Japanese tokamak canister and the Tandem Mirror design, and can be

be configured as either a circular or elongated canister. The canister de-

sign incorporates a concentric manifold for distribution of the inlet and

outlet helium. Inlet helium will enter at 250°C and pass up the sides of

the module through a small gap that incorporates a matrix of chemically etched

metal pads to provide positive gap control for coolant flow and to provide

blockaj'.o apatnat neutron utieuining. AH the coolant near;-, the same area, the
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Figure 10-25. Helium cooled canister concept - spherical dome.



gap narrows and the flow velocity increases to 60 m/s. The flow is then

vented to the inside of the canister at the side of the module to prevent

possible stagnation of coolant in the critical dome area. Orificed holes in

the i.ilet manifold provide the proper flow to each side of the module. Coolant

temperature at the dome is ̂  275*C and the dome maximum metal temperature is

^ 520°C. The coolant is diverted to the canister interior and the flow slowed

to approximately 6 m/s. At this point its temperature is 300°C. Seventy-one

centimeters of Li7Pb2 pebbles are used in the center of the module for breeding

and the helium is heated to ̂  535*C. This layer is followed by 76 centimeters

of stainless steel and boron carbide shielding material that heats the coolant

to 55O°C at the exit. Maximum operating temperature of a one centimeter

diameter Li7Pb2 pellet is ̂  545°C. The boron carbide and stainless steel

pellets will reach ^ 600cC. The inside surface of the canister is covered

with insulation to prevent excessive heating of the inlet coolant and to

minimize thermal gradients across the structure. Total thickness of the

blanket and shield will be 166 cm. This includes 147 cm of LiyPb2 and stainless

steel/boron carbide with a 30 percent void space, 3 cm of structure and 16 cm

for the helium manifolding of Fig. 10-3. This design will provide a breeding

ratio of 1.3. It is desirable to reduce the total thickness of the blanket

for use in the inboard wall area, but systems analyses are required to deter-

mine the exact payoff. A change in the breeder/shield design from spheres

to more compact blocks with coolant passages can provide an 85% packing

density which would reduce the thickness by i» 20 cm. Additionally, the 1.3

breeding ratio for the module allows for no breeding in 17% of the blanket

volume to account for penetrations and no breeding in the inner blanket volume.

Eliminating the breeding at the inboard wall and using a more dense breeder

design could result in a more compact blanket.

10.6.2 Thermal Analysis

Calculated maximum structural temperatures near the canister's first wall

are shown in Fig. 10-26. Temperatures were calculated using methods similar

to those described in Section 10.5.2. Convective heat transfer coefficients,

however, were revised to account for the geometry of the canister's first wall

region. Correlations for flow between parallel plates were used to compute
(28)

the heat transfer between coolant and first hall. Conduction across the
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Figure 10-26. Canister first wall temperature response.

first wall was assessed from the curves in Fig. 10-10. As indicated in Fig.

10-26, wall loadings of 2.0 to 2.5 MW/m2 are attainable without use of a di-

vertor if the temparature limit for stainless steel is assumed to be 450°C.

10.6.3 Life Prediction

Life of the domed canister was predicted using methods consistent with

the tube life prediction of Section 10.5.4. The combined effect of the

thermal gradient and pressure stresses was used in a flaw growth analysis,

assuming an initial flaw of 0.025 cm depth exists in the material surface.

The flaw growth data given in Fig. 10-17 was used. Results indicate that a

life of 4 years was attained when a scatter factor of 4.0 was applied. This

compares to a predicted life of 15 years for the unconstrained tube as shown

in Fig. 10-21. The geometry, stresses and temperatures used in the analysis

are shown in Fig. 10-27.
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Figure 10-27. Life prediction of 316 stainless steel spherical dome.

10.6.A Thermal Evaluation of Li?O and Li?Pb? Pellets as Breeding Materials

Maximum temperatures of Li20 and Li7Pb2 pellets or spheres in a pellet

bed were estimated to determine the feasibility of using these media for

tritium breeding. A steady state energy balance was used to compute the sphere

temperatures that result when nuclear volumetric heating is conducted through,

and convected out of the spheres. Data employed in these calculations appear

in Fig. 10- 28.

Figure 10-29 presents results for spheres near the nose of the canister

at a neutron wall load of 2.4 MW/m2. Sphere center to coolant temperature

difference is plotted as a function of sphere diameter. Maximum Li2O and

Li7Pb2 temperatures for a 310 °C coolant (near the nose) are 'v 380*C and <v 330°C,

respectively, for 1.0 cm spheres. Sphere temperatures at a position of 40 cm

into the blanket will be nearly identical to the local coolant temperature

(% 500°C), since the nuclear heating at this position has decreased nearly
(27)

an order of magnitude compared to the value at the canister nose. All

of these maximum temperatures are near the 500°C recommended operating

temperature (see Section 10.4) of LijO and Li7Pb2» Therefore, either ma-

terial appears to be an acceptable breeder media from the viewpoint of operat-

ing temperatures.

10-41



VOLUMETRIC
NUCLEAR HEATING a

(W/cm3)

THERMAL CONDUCTIVITY
(W/m.K)

Li7 Pb2

9.0

35.0 b

Li20

9.0

1.73 c

a VALUES AT 1 MW/m2 NEUTRON WALL LOAD FROM ANL MEMO
20 SEPT. '78, J. JUNG, "NUCLEONIC ANALYSIS FOR TOKAMAK
FUSION REACTOR BLANKET/SHIELD DESIGNS USING WATER
COOLANTS"

b ESTIMATED VALUE FROM VALUE FOR Pb.

c UNIVERSITY OF WISCONSIN FUSION DESIGN MEMO 151.

CONVECTIVE CORRELATION ASSUMED Nu = 0.37 Re 0-6
FOR GAS COOLED SPHERES, KREITH, "PRINCIPLES OF
HEAT TRANSFER," 1958.

Figure 10-28. Li7Pb2 and Li2O properties.
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10.6.5 Pumping Power

An assessment was made of the frictional pressure drop and required

pumping power for helium coolant circulation in the reference design. These

parameters can be particularly important in a gas cooled design where volu-

metric flow rates are necessarily high. Pressure drop from inlet ducts to

outlet ducts for the reference design is approximately 0.24 MPa (35 psi)

with a resulting pumping power of 95 MW. This required pumping power repre-

sents about 4% of the total 2380 MW thermal power from the reactor, and is

an acceptable value. Most of the pressure drop occurs within the canister

so that any design refinement could potentially reduce this figure further.

10.7 Recommended Helium Coolant Design Approach

The essential characteristics of any commercial reactor blanket/shield

design are long life, adequate breeding ratio, coolant outlet temperature

of greater than 500°C, reasonable cost, and adequate reliability and replace-

ment time. Some useful conclusions can be drawn from this study to guide the

selection of a helium design for use in comparison with the other coolant

blanket/shield designs. It should be noted that the choices made for the

design are not thought of as optimum, but rather as a reasonable choice for

comparison purposes.

Two blanket/shield designs are planned; an •/ctboard wall module for

breeding, and an inboard wall module of minimum thickness. Both modules will

be used for power generation, and will differ only with respect to presence

or absence of breeder material and packing density of shielding materials.

The design concept recommended for the outboard wall is shown in Fig.

10-30. It was developed on the assumption that additional blanket/shield

thickness in the outboard wall was not as important as simplicity. The de-

sign incorporates 2 cm diameter free floating tubes on the first wall for long

life, and uses a solid breeder to permit direct contact with the helium

coolant for maximum heat transfer and tritium removal. The individual module

shown in Fig. 10-30 is 30 cm wide and varies in length from 1.0 to 2.7 m

depending on the poloidal location. The total thickness varies with manifold
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Figure 10-30. Reference helium design outboard wall first wall/blanket/shield.
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size from 1.85 m to 1.99 m. This thickness includes 3 cm of first wall and

tubes, 71.3 cm of Li7Pb2 breeder at 70% density, 74.2 cm of B^C/stainless steel

at 702 density, and manifolding that varies from 36 to 50 cm.

The design incorporates the features discussed for the canister design

(a matrix of pads to prevent neutron streaming, etc.). However, it does

use a larger nose radius (15 cm) since the nose wall can be made thicker

because it is protected from the surface heat flux by the tubes. The canister

is elongated in the toroidal direction to reduce the number of manufactured

parts. The helium flows into the blanket/shield at 250"C, up the sides of

the canister to the first wall tubes, and is heated to 300°C in the first

wall tubes before reaching the canister interior. It is further heated to

535°C in the Li7Pb2 solid breeder and to 550°C in the B^C and stainless steel

shield. Heating of the shield provides thermal storage to help smooth the

coolant temperature variations between burn cycles and increases the coolant

temperature. Thermal insulation will be required external of the shield to

reduce heat loss from the blanket/shield and magnet heating. Insulation ex-

posure to radiation damage will be minimal because of its location. Other

coolant design concepts using a separate blanket and shield will require

approximately the same thickness of insulation although it will be exposed

to a higher radiation level. Shielding materials have been chosen as Bi,C

and stainless steel for reference purposes only. The high cost of BijC may

lead to substitution of other materials as the design is developed.

The internal helium pressure is restrained by internal reinforcing ribs

that are oriented parallel to the coolant flow as denoted in the isometric

sketch of Fig. 10-30. The ribs are 0.12 cm thick and spaced on 8 cm canters.

The ribs are fabricated by chemical milling a 0.5 cm plate to leave a rein-

forced edge. This internal skin is then plug welded to the reinforced edge

of the rib as shown in View B-B of Fig. 10-30. Plug welds between the internal

and outer skin, at the pads that were chemically milled to provide helium

passage without neutron streaming, form a riflid sandwich structure. These

ribs add *v 1.5% structural material to the breeder area for a total of *v> 5%.

Several questions must be answered before an inboard wall design is

finalized. These include the relative importance of thickness, breeding,

power generation, initial capital cost, and whether or not to utilize a

unique coolant. The design that was presented for the outboard wall was
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developed assuming little, if any, penalty for thickness. The inboard wall

design emphasizes minimum thickness, use of the same coolant and power genera-

tion at the expense of no breeding, and slightly higher capital cost.

Helium contaminates could tend to oxidize the surface of the Li7Pb2 and

may limit tritium release. This potential problem requires more attention,

however, l^O or other breeder materials can be readily substituted into the

design.

The inboard wall design shown in Fig. 10-31 is essentially the same as

the outboard wall except the solid breeder spheres are replaced with Bî C and

stainless steel blocks that incorporate coolant passages and provide an 85%

packing density. The total inboard blanket shield design is 1.14 m which

includes a 3 cm first wall, 95 cm of B^/SS shielding at 85% density, 16 cm

of manifolding. Helium will exit the first wall tubes at i> 300°C and the

'UNCONSTRAINED" FIRST WALL

INSULATION

250°C EXPLODED VIEW

-550°C

Figure 10-31. Reference helium design inboard first wall/blanket/shield.
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shield at 550°C. However, the B^C and stainless steel will operate at

slightly higher temperatures to transfer neutron heating to flowing helium

coolant. Other shielding materials, such as tungsten, can be utilized if

their higher cost can be offset by the decrease in shield thickness.

The tube first wall is made from 15 tubes that are 2 cm in diameter.

The tubes are routed along the length of the elongated canister to permit

adequate flow velocity to minimize the film temperature difference. The

velocity of the coolant in the tubes is 42 m/s, and the tubes operate at a

466°C maximum metal temperature. A 2.2 times heat transfer enhancement (wall

roughening, etc.) is utilized. Without enhancement the maximum temperature

would be 610°C.

Life prediction of the tubular first wall must include evaluation of

several parameters including creep, flaw growth, and embrittlement. Flaw

growth has been the previous life limiting criteria. However, when this

analysis was performed utilizing the technique described in Section 10.5.4,

the resultant life of the Inconel 625 tubes was greater than the life of the

plant with or without heat transfer enhancement when an 0.025 cm initial flaw

is present. This result indicates that other life limiting considerations,

such as radiation induced helium embrittlement, must be investigated.

A tritium breeding ratio of 1.08 is attained for the overall reactor

by use of a 1.3 breeding ratio in the outboard modules, and no breeding in 17%

of the maximum possible blanket volume. It provides a 12 year doubling time

with a 1% fractional burnup in accordance with the data of Section 6. The

breeding and shielding zone thicknesses were determined utilizing the neu-

tronics data of J. Jung of ANL. Results of the analyses are shown in Table

10-5 where case A represents the reference outboard wall design with 5%

stainless steel structure in the module. As indicated by case A, an increase

to 10% structure has little effect on the breeding zone thickness require-

ments. The breeder zone for the reference design is 71.3 cm of 65% Li7Pb2»

30% helium and 5% stainless steel as shown in Fig. 10-30. The inboard

blanket/shield is not required to breed, and is constructed to give an 85%

packing density. As a result, the shielding thickness is 95 cm as shown in

the reference design of Fig. 10-31.
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Table 10-5. Breeding Zone and Shield Thickness Requirement for a
Breeding Ratio of 1.3 at 10 MW-yr/m2 Integral Neutron

Wall Load

First walla (SS) thickness
(cm)

Blanket thickness (cm)

Shield (50% SS + 50% B4C)
thickness (cm)

Total thickness (cm)

Outboard Section

Case A Case B

1 1

71.3b 75C

74.2e 66.5e

146.5 142.5

Inboard Section

1

30d (SS)

64d

95

Density factor • 1.0.
b65% Li7Pb2 + 30% He + 5% SS
C65X Li7Pb2 + 25% He + 10% SS

Density factor = 0.85.
p
Density factor « 0,70.

Pumping power of the concept was compared to that of the canister de-

sign as discussed in Section 10.6.5. Addition of tubes to the front wall

increases the overall pump power from 95 MW to 102 MW. This amounts to

4.3% of the thermal power output. The 1 cm diameter pellet bed accounts

for 47 MW of the pumping power. Reduction of the pellet diameter to 0.15 cm

diameter, to limit the tritium inventory to <1 kg (see Sec. 10.4), will result

in a 170 MW pumping power which is 7% of the thermal power output. Tritium

release and tritium inventory limitations must be identified to establish the

minimum attainable pumping power.
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Key features of the selected design concept are that it limits the radia-

tion dose in the magnet epoxy insulators to 5 x 10~9 rad, uses a state-of-the-

art coolant, provides long life by utilizing free floating first wall tubes,

minimizes neutron streaming through the helium inlet/outlet ducts, and utilizes

a solid breeder. The solid breeder eliminates the safety issue of spilled

liquid breeder due to module pressurization failure. Tritium is released

directly into the helium coolant preventing the need for a separate pumping

system for tritium extraction. The 1.3 breeding ratio of the outboard wall

modules permits use of a smaller machine radius because the inner wall can

be made thinner without breeding.

The free floating tube wall enhances life of the first wall and the

blanket/shield. It aids flaw detection because tubes are simpler tc inspect

than other geometries. Also, since the first wall tube bank intercepts the

surface heat flux, the elongated canister walls can be made thicker to re-

lieve flaw detection and weld inspection requirements. The thick walls also

permit use of larger and fewer modules which minimizes the number of plugs

required between modules and decreases the likelihood of failure.

Other advantages of the concept include the combination of the blanket

and shield into a common unit to reduce the number of parts, permits use

of the heat generated in shield, and provides a thermal "flywheel" through

heating of the shielding material to smooth the thermal cycle.

Areas requiring particular attention in ensuing development of this de-

sign include fabrication, cost, and reliability because of the number of

parts and amount of welding required. These two concerns may be overcome

through improved design and manufacturing processes. The cost of manufacture

has been shown to have small effect on the cost of electricity in other
(12)

systems studies. The compatibility between helium and LiyPb2 is unproven,

particularly with respect to oxide films forming on the LiyPb2 which may

inhibit tritium release.
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11.0 Water-Cooled Blanket Design for a Tokamak Fusion Power Reactor

11.1 Introduction

The inherent advantages and critical problems associated with the use

of water coolant in a commercial tokamak reactor have been investigated.

Water is a universal coolant and considerable technology for this application

has been developed for a number of energy systems, particularly electrical

generating power plants. Water possesses several attractive heat transfer

characteristics such as high heat capacity, low cost, and availability. For

the purposes of the present report, a broad dafinition, which includes

pressurized water or steam, is used when referring to water coolant. Im-

portant aspects regarding the use of water coolant in a tokamak power reactor

blanket that have been considered include: (a) blanket materials selection,

(b) tritium recovery and processing, (c) neutronlcs and tritium breeding, (d)

mechanical design of blanket, (e) thermal-hydraulic responses, and (f) stress

analyses. The emphasis of the investigation has been on those problems that

are peculiar to the tokamak power reactor application. The constraints oa

blanket design imposed by these considerations have been identified and po-

tential design solutions have been proposed. Preliminary analyses bs re been

conducted in an attempt to quantify the trade-offs of various design problems

to the overall blanket design. Within the scope of the present effort, a

tentative reference design of a water-cooled, tritium-breeding blanket is

proposed for further detailed study. Major uncertainties and concerns re-

garding the water-cooled blanket concept are discussed.

11.2 Blanket Materials Selection

11.2.1 Breeding Materials

Based primarily on the general neutronics analysis conducted as part

of the present blanket design program, liquid lithium, solid "Ll^O, and solid

LiyPb2 are the leading candidates for the tritium-breeding material in all

blanket designs. The major consideration regarding a water-cooled blanket

design relates to the fact that all of the candidate breeding materials are

chemically reactive with the H2O coolant. Since the breeding materials are

not stable when contacted by H2O, a cladding of some sort must be used to
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isolate the breeding material from the coolant. The degree of chemical

reactivity of the breeding materials with water poses both a safety concern

and a maintenance problem in the event a breach of the cladding should occur.

As indicated in more detail in the Materials Properties Section, the follow-

ing hydrolysis reactions will occur on contact of water with the breeding

materials:

Li + H20 -+• LiOH + -| H2

1/7 Li7Pb2 + H20 ->• LiOH + j H2 + 2/7 Pb

1/2 Li2O + -| H20 + LiOH

The enthalpy of hydrolysis AH, , for these three reactions are very exo-

thermic as indicated in Table 11-1. The Li2O reaction is much less exothermic

than the Li and Li7Pb2 reactions, and hence, lithium oxide appears to have a

significant safety advantage. Although the enthalpies of the Li and LiyPb2

do not differ greatly, the kinetics of the solid Li7Pb2 reaction may be sub-

stantially reduced from that of the liquid lithium reaction. Therefore,

LiyPb2 probably has a safety advantage over the lithium. Further studies

are required to quantitatively assess the relative importance of these reac-

tions .

All three breeding materials react to form LiOH which has a melting

temperature of 470°C. Since liquid LiOH is extremely corrosive to nearly

all structural materials, the integrity of the structure would be severely

degraded in the event of a lithium-water reaction to form LiOH. Further

investigation and analysis are required to fully assess the impact on repair

and maintenance procedures.

As discussed in more detail in Section 11.3.1.2, a helium purge stream

may prove to be useful for tritium processing with solid Li20 and LiyPb2

breeding materials. Although helium is compatible with these breeding

materials, impurities such as oxygen, carbon, and water vapor in the gas

can react with the breeding materials under certain conditions. Preliminary

calculations indicate that Li20 is stable when contacted by helium containing

oxygen and hydrogen concentrations typical of commercially pure gas (̂  3 vppm

of oxidant and ̂  2 vppm hydrogen). However, much higher purity is required
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to prevent oxidation of Li7Pb2. Effects of this reaction must be considered

in the particular applications.

Table 11-1. Enthalpy of Hydrolysis of Li and Compounds

Material

Li U )

111 Li7Pb2 (s)

1/2 Li20 (s)

Al^ d (Kcal/mole)

298°K

- 58,7

- 47.9

- 15,4

1000°K

- 55.7

NA*

- 13.2

NA - data not available

11.2.2 Structural Materials

Five classes of structural materials that have been considered for

the water-cooled blanket design include: austenitic stainless steel, high

nickel alloys, and selected titanium, vanadium and niobium alloys. Although

ferritic steels possess many attractive properties and may prove useful if

magnetic effects do not prohibit their use, they have not been considered

in the present analysis.

Table 11-2 summarizes the evaluation of the candidate structural ma-

terials regarding properties particularly pertinent to the water-cooled

blanket concept. Vanadium- and niobium-base alloys are not considered

viable for water-cooled blankets, primarily on the basis of compatibility

with water. Although some of these refractory metal alloys are fairly resis-

tant to corrosion by water at modest temperatures, economic considerations

probably eliminate these materials as candidate structural materials at

temperatures appropriate for water cooling.

The major concerns relating to the use of titanium-base alloys are

compatibility with the hydrogen (DT) environment and radiation damage.
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Table 11-2. Summary of Structural Material Assessment for Water-Cooled
Blanket Concept

Property Requirement

Bulk Radiation Effects

Compatibility with H20

Compatibility with Liquid Li

Compatibility with Solid
Li20 and Li7Pb2

Compatibility with H(DT)
Environment

Fe

2

1

3

3

1

Ni

2

1

5

3

1

Rating*

Ti

?

1

3

3

3

V

1

4

1

3

1

Nb

1

4

1

3

1

Rating numbers defined as follows:

1. Compares favorably with other candidate structural materials.

2. Limits operating life but probably acceptable under certain
conditions.

3. Little data available but may be a limiting factor.

4. Probably not viable for conditions of interest.

Titanium and zirconium alloys are known to be particularly susceptible to

hydrogen embrittlement under certain conditions. The importance of this

problem has not been established, although studies on this subject are

presently in progress at various laboratories. Also, very little information

exists on the behavior of titanium alloys after irradiation to high fluences

of 14 MeV neutrons. Titanium alloys are compatible with water, and titanium

is compatible with high-purity lithium. However, certain alloying elements

in candidate alloys, e.g., Al and Sn, are highly soluble in lithium and may

substantially affect the compatibility. Although no data are available on

the compatibility of titanium alloys with Li7Pb2 and Li20, compatibility with

the stoichiometric compounds is probably satisfactory at relatively low tem-

peratures of interest for water coolants. However, decomposition of the lithium

compounds may lead to compatibility problems. Further studies are required

to assess the importance of these compatibility problems.
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The high nickel alloys are generally considered to be compatible with

water coolants and are acceptable for use with commercially pure helium.

The hydrogen (DT) environment should not affect the properties of these

alloys significantly. Although little data are available, high-nickel alloys

can probably be used with stable Li20 and LiyPb2 at temperatures of interest.

However, the resistance of nickel to corrosion by excess lithium or lead is

quite poor because of the relatively high solubilities of nickel in these

metals. Nickel alloys are not recommended for use with liquid lithium

breeding materials. Although nickel alloys are more resistant to swelling

than the austenitic stainless steel, they are generally more susceptible

to radiation embrittlement. There is little economic incentive to use nickel

alloys since better mechanical properties of these alloys at higher tempera-

ture are not effectively utilized in a water-cooled system.

The austenitic stainless steels are probably the most attractive struc-

tural material for the water-coolant blanket concept (unless ferritic steels

prove acceptable from a magnetic consideration). Water coolant and stain-

less steel technology are well developed and present a viable near-term

breeding blanket design option. As in the case of the other structural

materials, little data are available on the compatibility of stainless

steel with solid Li20 and Li7Pb2> If a problem exists, it will probably

be caused by the dissociation of the compounds. The temperatures at which

stainless steel can be used to contain lithium for extended periods are

probably limited to well below 500°C. The major concern involves effects

of stress, particularly cyclic stress, on the corrosion rates. Although

substantial effects of stress on the corrosion mechanisms have been observed

under certain conditions, the magnitude of the problem has not been quantified

and further work is warranted. The effects of radiation on stainless steel

are probably better known than for any other material. The temperature and

neutron fluence limitations of stainless steel can be evaluated in terms of

economic tradeoffs with the total system operation. Although stainless steels

possess some of he poorest physical properties, e.g., high thermal expansion

and low thermal conductivity, and produce high-level activation products,

they remain a leading candidate because of availability and well-developed

technology-base considerations.
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11.3 Tritium Recovery and Processing

The use of water coolant poses unique tritium processing and recovery

problems. In the majority of fusion reactor designs the coolant is directly

processed for tritium recovery. However, it is not economically feasible

to recover tritium from water and it would not be desirable from the stand-

point of safety to have a large volume of highly tritiated water in the plant.

Therefore, other tritium recovery methods must be considered for water-cooled

blanket concepts. As discussed previously, a cladding of some type must be

used to separate the breeding material from the coolant and an effective

tritium barrier is desirable to prevent excessive permeation of tritium into

the water coolant. Tritium recovery from a water-cooled blanket requires

either a separate processing fluid or vacuum pumping for continuous recovery,

or batch-type processing (e.g., the fuel pin approach) where the breeding

mat-svrial is periodically removed from the blanket and processed outside the

reactor. Table 11-3 summarizes the tritium breeding requirements with con-

tinuous and batch-type tritium processing for several blanket design

scenarios. The excess breeding requirements necessary to achieve proposed

doubling times for the fuel and to make up tritium decay losses are given

for various values of assumed fractional burnup in the plasma. The effects

of a non-breeding divertor and inner blanket, as well as blanket changeout

period, are indicated for the batch-type concept. The excess breeding ratio

requirement for the batch-type operation results from the tritium decay

during the extended period in the reactor.

Three important problem areas that have been analyzed for the water-

cooled blanket concept are the proposed methods of tritium recovery, inventory

and safety considerations, and estimated leakage of tritium into the coolant.

11.3.1 Proposed Methods of Tritium Recovery

11.3.1.1 Liquid Lithium Breeding Material

If liquid lithium is used as the tritium-breeding material, it would

be slowly circulated and the standard reprocessing methods proposed for the

lithium-cooled blanket designs could be used. This procedure has also been

proposed for some helium-cooled blanket designs that use liquid lithium for

breeding. The molten-salt extraction process, hot gettering of tritium from
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Table 11-3. Summary of Tritium Breeding Requirements for Various Blanket Design Scenarios

Case
Number

1

2

3

4

5

6

7

8

9

10

11

Doubling
Time
(y)

6

6

6

12

6

6

6

12

6

12

6

Fractional Burnup

(%)a

5

5

5

5

1

1

1

1

2

2

2

Breeding
Ratio

Required

1.05

1.05

1.05

1.03

1.20

1.20

1.20

1.08

1.10

. 1.05

1.10

Nonbreeding

Divertor

0

0

0

0

20

10

20

20

0

0

0

Blanket Volume (%)

Inner
Blanket

12

0

12

12

12

12

0

12

12

12

0

Ports

5

5

5

5

1

1

1

1

5

5

5

Breeding
Blanket
(*)

83

95

83

83

67

77

79

67

83

83

95

Required6

Breeding
Ratio

1.27

1.11

1.26

1.24

1.79

1.56

1.52

1.61

1.32

1.27

1.16

"Fuel-Pin" Operation

Operating
Time (mo)

6

6

3

6

6

6

6

6

6

6

6

Excess
Breeding
Ratio

Required

1.20

1.20

1.10

1.12

1.20

1.20

1.20

1.12

1.20

1.12

1.20

Required
Breeding
Ratio

1.52

1.33

1.39

1.39

2.15

1.87

1.82

1.81

1.59

1.42

1.39

Values representative of: no divertor (5%), divertor (1%) and gas puffing (22).
Results of R. Clemner.
Divertors: double null - 20%, single null => 10%.
Ro vacuum ports for divertor cases.
Assumes continuous tritium processing.



lithium with yttrium or other getter materials, and passing tritium through

a semi-permeable window to a second processing fluid have all been proposed

for removal of tritium from liquid lithium. Each method possesses several

advantages and disadvantages that depend in part on other design aspects

of the blanket. It is generally concluded that tritium concentrations of

the order of 10 wppm (corresponding to tritium pressures of ̂  1CT6 torr) in

lithium can be achieved. Recent results on the molten salt extraction indi-

cate that this method may be capable of achieving tritium concentrations of

less than 1.0 wppm in lithium.

11.3.1.2 Solid Li?0 and Li7Pb? Breeding Materials

Tritium recovery from solid Li20 and Li7Pb2 can be achieved by slowly

circulating low-pressure helium through the breeding material and subsequently

removing the tritium from helium by the processes proposed for helium-coolant

concepts. Important considerations involve the flow rate of helium, helium

pressure, geometry or characteristic dimension of the solid breeding material,

temperature and tnicrostructure of the breeding material, and hydrogen po-

tential in the helium. Probably the most efficient tritium recovery process

involves addition of oxygen to the helium to oxidize the tritium and then

trapping the T20. Tritium partial pressures in the helium can be maintained

at ^ 10""11 atm by this method. A thermodynamic analysis of the Li2O-LiOH

system was conducted to assess the stability of I^O in the helium gas with

oxygen added. Figure 11-1 shows the LiOH-Li2O phase equilibria as a function

of P n and temperature. The shaded area indicates the range of conditionsn2u
anticipated in a fusion reactor environment. These results indicate that

Li20 is stable for expected values of P . = 10-lf atm if the temperature is
n2t*

maintained above 60Q°K. Although solid LiOH appears to be stable below

i> 600°K, the kinetics of this reaction are probably quite sluggish at these

low temperatures. A Pn . above 10~
3 atm is required before the formation of

il2U
liquid LiOH is predicted.

Although quantitative estimates are more difficult for LiyPbj. because

of lack of appropriate thermodynamic data, it appears that oxidation of the

Li7Pb2 will occur if oxygen is added to the helium. The oxidation potential

of Li7Pb2 probably does not differ substantially from that for lithium and,

as such, is extremely high. Therefore, the oxygen concentration of the

helium purge gas must be maintained very low. This is probably much easier
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Figure 11-1. Phase equilibria for the Li-OH system.

for the low pressure, low flow rate conditions proposed for the present

concept than for conditions expected in the helium-cooled designs. In fact,

it is very questionable whether the helium purity required to prevent oxi-

dation of Li7Pb2 could be achieved in a high pressure helium coolant. Three

consequences of this oxidation reaction are (a) removal of oxygen from helium,

which leads to higher tritium pressures, (b) effects resulting from the

phase change of the breeding material (for example excess lead and lowering

of the melting temperature), and (c) possible formation of an oxide film on

the breeding material that acts as a barrier to tritium. Further investi-

gation is required to assess the importance of each of these phenomena.

However, it is probable that either high purity helium or simple vacuum

pumping will be required for recovery of tritium from Li7Pb2. The gettering

method, which will reduce oxygen concentrations as well as serve to remove

tritium from helium is the preferred method of tritium recovery from Li7Pb2-

There are a number of getters, such as zirconium-aluminum alloys, yttrium,

and uranium, capable of maintaining a tritium pressure of less than 10"5

torr. The potential of vacuum pumping for tritium recovery from solid

breeders, has been assessed by Wittenberg' ' and may be a possible option.
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However, total pumping speeds in excess of 100 m3/s appear necessary and it

is questionable whether acceptable tritium pressures can be maintained.

This option requires further study.

11.3.1.3 Batch-Type Processing

An alternative to continuous tritium processing is the breeder-pin or

batch-type processing approach. Standard procedures for tritium processing

should be adequate and tritium getters can be used in each pin to absorb the

tritium. However, as indicated in Table 11-3, this approach places con-

siderable constraints on the ability to produce tritium, primarily because

of the decay while in the reactor. Tritium generation rates corresponding

to approximately 0.1 atom percent per month of the lithium are required. In

addition to the tritium-breeding limitations, the major problems of this con-

cept involve additional blanket design complexity necessary to accommodate

frequent blanket change-out and economic considerations regarding excessive

reactor down time for blanket changeout.

11.3.2 Tritium Inventory and Safety Considerations

As developed in the following sections, the quantity of liquid lithium

required to develop a net tritium breeding ratio of 1.3 is ̂  380 m3 or

1.5 x 105 kg. The predicted tritium inventory would be 1.5 kg at a con-

centration of 10 wppm. As previously discussed, it may be possible to

attain concentrations of less than 1.0 wppm, which would correspond to a

tritium inventory of less than 150 g.

The tritium inventory in liquid lithium is controlled by chemical

equilibria which are rather well understood. However, such is not the

case for the candidate solid breeder materials LiyPb2 and Li2O. The chemis-

try of these materials, in particular their equilibrium hydrogen (tritium)

pressures, is not well known. More importantly, for these solids, the tritium

inventory will depend more upon the diffusive holdup than on thermodynamic
(3)

equilibria. The limited experimental data for tritium holdupv ' were used

to estimate the tritium inventories for Li2O and Li7Pb2. Results given in

Figure 11-2 indicate that for Li20 at 500°C and Li7Pb2 at 400°C, the tritium

holdup is about one kilogram and the inventories tend to decrease at higher

temperatures. However, these data are based on tritium release from small

11-10



3.5

3.0 —

TO
R

z
UJ
z
s
3

(T
R

IT

o
o
o

2.5

2.0

1.5

1.0

0.5
1.0

TEMI? »C

650 600 550 500 450 400

I.I 1.2 1.3

I03 K/T

1.4 1.5

300

1 1

—

— /

— /

1

1 1

/

/

/ °

/
1 1

1

|

/

P b 2

1

/
o

1

' 4

—
—

1.6

Figure 11-2. Estimated tritium inventory in LiaO and Li7Pb2 blankets for
3000 MWt reactor (particle size 'v. 0.2 mm dia.).

particles ("v 0.2-mm-diameter). Since the holdup is proportional to the

square of the diffusion path length, the inventory may be considerably higher

for the monolithic structure proposed in the present blanket design. Sinter-

ing of the breeder material also could potentially increase the diffusion

path length, and therefore, significantly increase the blanket inventory.

Although the preliminary data on tritium release from various solid

lithium compounds are encouraging, several effects could substantially

affect the tritium release rates. These include effects of sintering at

elevated temperatures, effects of various elements or impurities in the gas

stream, cracking of the compounds during irradiation, and decomposition or

phase instabilities at elevated temperatures. The formation of an oxide film

on !A.-jVhi could serve as a tritium barrier and significantly affect the tritium

release rate. Considerable effort is required before these effects can be

quantitatively determined and the viability of solid breeder materials re-

liably assessed.
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For the case of the breeder pin approach, the maximum tritium inventory

is estimated to be 35 kg for a 3-month fuel cycle and 70 kg for a 6-month

fuel cycle. These values are much larger than those anticipated when con-

tinuous tritium processing is used,

11.3.3 Tritium in the Coolant

Since tritium in the cooling water tends to pose a safety risk and re-

covery of this tritium appears to be difficult and expensive, it is desirable

to minimize the ingress of tritium into the coolant. In previous reactor

studies it has been concluded that the major tritium loss is through the steam

generator. From available data an estimate of the tritium permeation through

stainless steel coolant tubes has been calculated for the present design.

The total surface area of the 10-mm-diameter x 1.5-mm-thick wall coolant

tubes is ̂  6,000 m2. Assuming a tritium driving pressure of 10~6 torr on

the breeder side of the tube, the permeation loss through clean stainless steel

to the water coolant is ̂  10 Ci/day. The permeation rate would be ̂  100

Ci/day for a tritium driving pressure of 10"1* torr. However, oxide films are

very effective tritium barriers, and since stainless steel exposed to the

water coolant will certainly form an oxide film, lower permeation rates are

expected. These oxide films are expected to be self-healing since oxide will

again form in the event a crack occurs in the film during thermal cycling.

The estimated benefit of the oxide film is a factor of i> 100. Therefore,

estimated tritium losses to the water are expected to be < 1.0 Ci/d if the

tritium driving pressures, i.e., the tritium pressure in the breeding ma-

terial, is maintained below 10"^ torr. The tritium buildup in an estimated

200 m3 of pressurized water coolant at 1 Ci/d corresponds to ̂  0.04 Ci/'S.

0.76 g T) after a 30-y-life. Since the effective tritium partial pressure

in water is extremely low, tritium permeation from the primary coolant

through the steam generator tubes will not be excessive. Inherent oxide

coatings on both sides of the steam generator tubes would provide an effec-

tive barrier in any case. The major contribution to tritium ingress into the

steam is expected to occur through leakage of the steam generator tubes,

themselves.
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11.4 Neutronics Analysis for Water-Cooled Blanket Designs

11.4.1 General Remarks

In order to innovate viable water-cooled blanket designs, a series of

neutronics assessments on the design impacts pertinent to such systems have

been made. In general, the necessity of avoiding direct contact of breeder

materials with water tends to inherently increase structural material con-

tents in these blanket designs. From the neutronics point of view, such an

increase in the structure contents Implies a performance degradation upon

tritium breeding due to an increased parasitic neutron absorption in struc-

tural materials. However, as analyzed in more detail in Section 6.0, the

strong neutron slowing down power of water serves to improve the breeding

performance through an increased ^Li(n,a)t reaction for low energy neutrons

by making the parasitic absorption in structural materials less probable.

Therefore, the primary object of the present neutronics analysis is to in-

vestigate how these two conflicting momenta for tritium breeding, viz., neu-

tron loss by structure vs increased 6Li(n,a)t reaction due to water, compete

in each water-cooled blanket design.

The blanket designs analyzed in this context include (1) the batch-type

tritium processing scheme by a fuel-pin approach and (2) the continuous

tritium processing scheme by either circulating'liquid lithium or by flowing

helium gas processor. One of the features of the continuous processing

blanket concept is a substantial reduction in the structural material

content relative to blanket designs based on the batch-type concept. The

analyses are made for the three candidate breeding materials of liquid lithium,

solid Li2O and solid LiyPbg, and for the primary structural material of 316

stainless steel.

11.4.2 Tritium Breeding Performance in Water-Cooled Systems

Table 11-4 summarizes the isotoplc and total BR's in the respective

80 cm-thick Li, I^O and LiyPb2 breeder blankets including those using the

liquid lithium and helium gas coolants studied earlier. Also included in

the table are the blanket designs employing a vanadium alloy structure, V-15Cr-

5Ti. Since vanadium-base alloys are not considered viable for water-cooled

blankets due primarily to the compatibility considerations as addressed in
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Table 11-4. Comparison of Tritium Production Performance in Li, Li20, and LiyPb2 Breeders

System8

C01

GC1

GG2

GG3

AA10

A07R

AA5

AA6

AA7

AA3

AA8

AA9

BB1O

B01

BB5

BB6

BB7

BB3

BBS

BB9

First
Wall

(1 cm)

ssb

ss
ss
ss

ss
ssh

ss

ss
vc

ss
ss
ss

ss
ssh

ss
ss'
v c

ss
ss
ss

Breeder
(BO cm)

Li

Li

Li

Li

M 7 P b 2
I.i7Pb2

I-i7Pb2

Li?Pb2

Li ?Ph 2

Li 7 Pb 2

Li,Pb 2

Li ? Pb 2

Li2O

Li2O

L12O

u2o
Li2O'

Li2O

Li2O

Li2O

Breeder

100

flfi

9tl

80

inn
85

75

70

7n
50

75

65

100

85

75

70

70

50

75

65

Vol-%

H,0 Structure
Toolant (SS/V)

0

10

0

0

0

0

m
15

15

24.3

0

n

0

0

10

15

15

24.3

0

n

0

SS-10

SS-10

SS-20

0

0

ss-io
SS-15

Vc-15

SS-25.7

SS-10

SS-20

0

0

SS-10

SS-15

VC-15

SS-25.7

SS-10

SS-20

Helium
Gas

0

0

0

0

0

15

5

0

0

0

15

15

0

15

5

0

0

0

15

15

Tritium Production

T6

0.804

1.005

0.868

0.878

1.338

1.310

1.321

1.299

1.397

1.272

1.177

1.077

0.927

0.907

0.946

0.958

1.030

1.004

0.916

0.902

T7

0.784

0.370

0.461

0.318

0.286

0.317

0.197

0.165

0.173

0.105

0.218

0.167

0.448

0.501

0.329

0.283

0.297

0.189

0.361

0.287

Total
Breeding
Ratio

1.587

1.375

1.330

1.196

1.624

1.627

1.518

1.464

1.570

1.377

1.395

1.264

1.374

1.408

1.275

1.241

1.326

1.193

1.277

1,189

' Blanket - 80 cm, shield - 20 cm - 5OJ! SS + 505! B^C, density factor - 1.0.

First wall thickness «= 0.5 cm.

V-15 Cr-5 Ti a l loy .



Section 11.2, the vanadium alloy structure systems in Table 11-4 are merely

for the sake of comparison from the neutronics standpoint. Systems C01

and GG2 (or GG3) bracket a reasonable scope of liquid lithium blanket de-

signs in which the breeder material is also utilized as coolant. By system

GGl an attempt is made to represent a water-cooled blanket based on the

continuous tritium processing concept where a small volume fraction of lithium

is circulated for tritium recovery while the primary heat removal is performed

by the water coolant. Systems A07R, AA8 and AA7 of LiyPbg and the respective-

ly corresponding systems B01, BB8 and BB7 of Li20 are considered to investigate

the tritium breeding performance in the helium-cooled solid breeder blankets.

To identify the design impact on tritium multiplication in the solid breeder/

water coolant/helium gas processor (for tritium retrieval) blanket designs,

system AA5 for LiyPb2 and system BB5 for LigO are examined. The blanket de-

signs relevant to the batch-type concept in which relatively high structure

contents are expected are represented by systems AA6 and AA3 for Li7Pb2 and

systems BB6 and BB3 for Li2O.

As shown in Table 11-4, the system C01 yields the highest breeding ratio

by lithium-7 (T7). The indication is that a hard neutron spectrum is main-

tained up to a deep blanket region in the pure liquid lithium system. Such

a benefit on fuel multiplication brought about by the hard spectrum is markedly

reduced by the existence of 10-20% stainless steel in the blanket. How-

ever, it is clearly seen that system GGl substantiates the benefit of water-

cooled blanket designs. A comparison of system GGl with system GG3, or

even with system GG2 which contains more breeder than system GGl, indicates

a significant increase in the breeding performance resulting from the neutron

energy moderation by water. This advantage of such water-cooled systems from

the neutronics aspect is attributed to the increases of tritium production

by lithium-6 (Tg) which more than compensate for the slight decreases in T7.

The same trend of breeding enhancement by the water coolant can also be seen

for the case of the LiyPb2 breeding material, but the effect is negligible

for the Li20. The breeding enhancement due to the water coolant is greatest

in the LiyPb2 systems because the parasitic neutron absorption is alleviated

in lead as well as in stainless steel. Water in the solid h±2° breeder sys-

tems does not affect the system performance appreciably because of the in-

trinsic softening of the neutron spectrum due to the presence of oxygen in

the Li20.
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From Table 11-4 the tritium breeding potential at its maximum in the

three breeding materials is graded as follows:

Breeder M a x i m u m BR

M

- . 1

-v- 1

.62

.59

.37

1 Li7Pb2

2 Li

3 Li2O

The results of Table 11-4 are reproduced in Figure 11-3 which shows the

variation of BR as a function of stainless steel content in the blanket.

It is of interest to see that the BR's of each breeder case, which are cal-

culated for a range of blanket compositions, show a quite smooth de-

pendence with respect to the structure content. The implication is that the

structural material volume in each system plays the most influential role

in characterizing the overall system breeding performance or its deleterious

effects.

Figures 11-4 through 11-6 show accumulated tritium BR's in the re-

spective Li, Li20 and Li7Pb2 breeder blanket designs as a function of depth

(d,,) from the first wall. Note that the BR's plotted here are based on the

calculations for a fixed breeding zone thickness (t_) of 80 cm. It should

be pointed out that an accumulated BR up to a given depth d < 80 cm in the

present calculation differs from the BR for a system with a total breeding

zone thickness of t_ = d . Such a difference will be affected by the choices

of breeding zone thickness itself and of materials used in the shield region.

It has turned out that when the shield consists of 50% SS + 50% B^C, the

accumulated BR for d_, < 80 cm is always slightly larger than the BR for t_. =
a a

d . One of the features common to the three breeder systems is that the
B

blankets containing water and stainless steel accumulate tritons much faster

than other systems. Another important conclusion to be drawn from Figs.

11-4 through 11-6 is that the tritium production in the water-cooled system

saturates at a relatively shallow blanket region. In all of the water-cooled

systems examined here, the gain in BR beyond d = 40-50 cm is very small.

The relatively persistent increase in BR in the Li blanket is borne up by

the slow neutron moderation in this system.
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Figure 11-3. Impact of structural material content (316 stainless steel) on
tritium breeding.
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Figure 11-4. Effect of structural material and coolant volumes on tritium
breeding in Li blanket.
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The results presented in the present report afford basic design infor-

mation on the tritium breeding performance for a broad scope of water-cooled

blanket systems. However, an optimum design must evolve from more detailed

trade-off studies involving the whole design concept and design criteria

pertinent to such a concept.

11.5 Mechanical Design of Water-Cooled Blanket

The major considerations in the design of a water-cooled blanket relate

to the facts that (a) water is not compatible with the breeding materials,

(b) water (or steam) coolant must be used at relatively high pressures, and

(c) water coolant cannot be used for tritium recovery. However, use of

water/steam coolant in the power conversion system has many virtues such as

a well developed technology base from pressurized-water and boiling-water

fission reactor applications. The various aspects of a water-cooled blanket

design are discussed in the following sections in terms of the blanket module

concepts, the blanket assembly, and the integrated power cycle.

11.5.1 Blanket Module Concepts

The requirements for isolating the coolant from the breeding material

and the high pressure coolant considerations control the blanket module design.

Use of a standard structural metal for containment of the water coolant is

by far the most practical approach. As discussed in the materials section,

on the basis of compatibility with the water coolant, stainless steel, high

nickel alloys, and titanium alloys are the prime candidates in the order of

preference (assuming ferritic steels cannot be used because of magnetic

effects). The technology base for these alloys in water systems is well

developed, particularly for the stainless steels and nickel alloys. The

primary concerns for these alloys involve limited lifetime resulting from the

severe radiation environment and cyclic thermal stresses, and high residual

radioactivity. As discussed in later sections, the operating temperatures

of critical structural components will likely be lower for the water coolant

concepts than for other coolants, and hence, the radiation damage effects

may be somewhat reduced.
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11.5.1.1 Coolant Channel Geometry

Typical water coolant flowrates for a heat transfer system are 1.0

m/s with a mean coolant temperature rise of 100-150°C. For steam, a coolant

velocity of 10 m/s and a coolant temperature rise of ^ 125°C are typical.

Because water (or steam) must be used at pressures of the order of 100

atmospheres, the containment structure is probably limited to cylindrical

geometry, i.e. tubing. Two blanket module concepts that meet these con-

straints have been considered. They are the. breeder-pin concept, where art

annular coolant channel surrounds a cylindrical pin that contains the breeding

material similar to a fission reactor fuel pin, and the block concept where

coolant tubes are inserted into a block of breeding material.

11.5.1.2 Breeder-Pin Concept

A simplified version of the breeder-pin concept is shown schematically

in Fig. 11-7. Heat transfer and maximum temperature limitations of the

breeding material limit the breeder pin size (see Section 11.6). Fig.

11-8 shows a variation of this concept in which the breeder pin is seg-

mented to permit a larger pressure tube. Although segmenting the breeder

pin tends to reduce the relative amount of structural material, difficult

and expensive fabrication of the multiple complex shapes is probably an

overriding disadvantage. In either case the coolant pressure boundary is

the cylindrical pressure tube. Another major disadvantage of the breeding

pin concept is the low, .packing fraction of a bundle of cylindrical pins,

which tends to reduce the effective volume fraction of breeding material.

The pressure tube can be surrounded by a hexagonal region as shown in Fig.

11-9; however, this again creates fabrication problems because of the

relatively complex geometry. A third problem associated with the breeder

pin concept relates to the fact that the neutron heating rate decreases

substantially with distance from the first wall. As shown quantitatively

in the thermal-hydraulics section, larger coolant channel spacing is accept-

able in regions of lower heating rates. Difficulties encountered in attempt-

ing to take advantage of the increased spacing involve either varying the pin

size with position for poloidal or toroidal coolant flow, or tapering the

coolant tubes for radial coolant flow. Both options are less favorable

from the fabrication viewpoint.
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Figure 11-7. Schematic diagram of breeder-pin blanket concept.
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Figure 11-8. Schematic diagram of alternate breeder-pin blanket concept.
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Figure 11-9. Schematic diagram of hexagonal shaped breeder-pin blanket concept.

The coolant flow direction perpendicular to the radial direction appears

favorable because of the longer flow channels and blanket fabrication con-

siderations. With a total blanket thickness of only 60-70 cm, and a limited

pin size, radial flow would require an excessive number of short pins that

would make the fabrication costs high and manifolding complex. With the

coolant flow direction perpendicular to the radial direction, pin lengths of

1 to 2 m could be easily accommodated.

In this concept the pressure tubes would be welded to a manifold system

on each end and the breeder pins inserted through capped nozzles. Spacers of

some sort would be required to position the pins in the pressure tubes. Two

major problems encountered in this concept are provision for continuous re-

moval of tritium and access/removal of the breeding pins. The first problem

is solved if batch-type tritium recovery is used.

11.5.1.3 Breeder-Block Concept

In the breeder-block module concept shown schematically in Fig. 11-10,

the high pressure coolant flows through small tubes spaced appropriately

throughout the breeding material. The breeding material, i.e., liquid lithium
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Figure 11-10. Schematic diagram of breeder block concept.

11-23



or solid Li£O or Li7Pb2, is contained in a relatively large, low pressure

vessel. This concept requires a minimum of structure and coolant, and pro-

vides for a relatively high volume fraction of breeding material. The small

coolant tubes of optimum size, of the order of 10-mm in diameter, are rela-

tively simple to fabricate and inspect for good quality assurance. If the

coolant flow is in the toroidal or poloidal direction relative to the plasma,

the tube spacing can be easily varied to accommodate the different heating

rates throughout the blanket. The maximum tube spacing for conditions of

interest are evaluated in the Thermal-Hydraulics Section. Each blanket block

consists of a rectangular solid approximately 0.42 m thick x 0,3 m wide x 2.0 m

long as shown in Fig. 11-11. Slight distortions from a true rectangular

solid can easily be accommodated to form the toroidal blanket. The number of

tubes in each module or block will depend on the breeding material but will

be of the order of 100, which corresponds to <\» 100,000 tubes in the reactor

blanket.

The manifolding for the tubes in the block concept can be contained

within the block and can be fabricated prior to assembly. The blanket vessel

FRONT FACE
(PLASMA)

FLOW

0.42 m

BASE

INLET NOZZLES

Figure 11-11. Diagram of breeder-block module.
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(block) can be filled with lithium after assembly. The solid Li7Pb2 breeder

material can be cast in the block or can be formed by sintering fine powder

packed in the block. Powdered Li20 would also be sintered in the block.

The sintered product would contain »v» 15% porosity which should enhance gas

release. As discussed in more detail in Section 11-3, small cylindrical

voids formed in the solid breeder materials during fabrication serve as

passages for tritium recovery. The liquid lithium breeding material would

be slowly circulated through a small piping system for tritium recovery.

11.5.2 First-Wall System

The design of a first-wall system that can withstand the high cyclic

surface heat loads is a major problem in tokamak reactor blanket design. In

the water-cooled blanket designs it is proposed that the surface heat flux,

i.e., radiation and transport losses equivalent to 'v 25% of the neutron wall

loading, be deposited on water-cooled panels of the type proposed for the ANL
(4)

Experimental Power Reactor. Previous studies have indicated that much

longer first-wall lifetimes are predicted if bending and expansion con-

straints on the first wall can be minimized. Separating the component that

receives the surface heat flux from the thick blanket is the favored way of

relieving these constraints. Even if the first-wall system were integrated

into the blanket, close spacing of the coolant channels would be required to

accommodate the high surface heat fluxes. Since the first-wall region is

also more susceptible to damage during off-normal plasma conditions, repair

and replacement of a relatively thin panel should be much simpler than re-*

pair and replacement of a large blanket block. The operating temperatures

of the first wall system can be varied to maximize lifetime rather than op-

timize power as would be preferred in the blanket region. If advantageous,

the coolant pressure in the first-wall panel could also be reduced. The added

flexibility of a separate first-wall has a number of advantages and should

improve the overall reactor performance at relatively little penalty in cost

and complexity.
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11.6 Thermal-Hydraulic Analysis

A major function of the fusion reactor blanket is the conversion of neu-

tron energy into sensible thermal energy and the transport of this thermal

energy out of the blanket region. To accomplish this function efficiently

under the neutronic, material, geometric, and temperature constraints of an

operating fusion reactor poses a number of difficult design problems. Three

important problem areas that have been investigated for the water-coolant

blanket design are blanket temperature limitations, coolant and structural

volume requirements, and cyclic thermal variations. Preliminary analyses

have been conducted to determine the trade-offs and advantages of the proposed

blanket designs and the constraints imposed by the various blanket materials.

Calculations have been made for both the breeding-pin concept, where the

coolant flows in an annular region that surrounds the breeding material, and

the breeding-block concept, where the coolant flows through tubes located

within a block of breeding material.

11.6.1 Blanket Temperature Limitations

An important constraint in the design and operation of a fusion reactor

blanket is the maximum temperature at which the tritium-breeding material can

be used for extended periods. For a tritium-breeding blanket the majority of

the neutron energy is deposited in the breeding material . Depending on the

specific design concept and materials used', the maximum blanket temperature

may be limited by materials compatibility considerations, phase changes and

sintering of the breeding material, or mechanical properties limitations of

the structure. Preliminary calculations have been made to assess the geo-

metric limitations imposed on the two blanket module concepts by thermal con-

siderations. The maximum temperature in the breeding material was calculated

for the three breeding materials as a function of diameter for the cylindrical

pin design. Figure 11-12 shows the centerline temperature in a cylindrical

breeder pin near the first wall of a reactor for reference conditions of 2.4

MW/m2 neutron wall loading and a coolant-water temperature of 315°C. A list

of parameters used for these calculations is given in Table 11-5 . The

results in Fig. 11-12 indicate that pin diameters of < 2.5 cm are required

to maintain Li20 below 1000°C, while lithium temperatures below 500°C are

predicted for pin diameters up to 8.0 cm. The relatively large differences
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Figure 11-12. Variation of maximum breeding material tempera-
ture with pin size.

between breeding materials are due to a combination of the differences in

the neutron heating and the thermal conductivities. Lithium has a low heating

rate and high thermal conductivity while Li2O has a much higher heating rate

and lower thermal conductivity. Since the neutron heating rate decreases

with distance from the first wall, larger pin sizes are permissible at

positions further from the first wall.

The preceding results assumed an intimate contact between the wall and

liquid lithium and a gap conductance of 2800 W/m2<oK between the stainless

steel wall and the solid breeding materials. This value is typical of gap
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Table 11-5, List of Parameters for Thermal-Hydraulic Calculations

Nominal Neutron Wall Loading, MW/m2 2.4

Bulk Neutron Heating Rate, MW/m3

(normalized to 1 MW/m2 wall load)

Lithium 3.4

Li2O 10.8

Li7Pb2 11.0

Stainless Steel 10.0

Thermal Conductivity, W/m'°K

Lithium 50

Li2O 1.7
Li7Pb2 17

Stainless Steel 20

Cladding/Water Heat Transfer

Coefficient, W/m2-°K 7860

Breeder/Cladding Gap Conductance,

W/m2«°K (for solid breeding

materials) 2800

Water Temperature, °C 315

conductances predicted for helium-bonded oxide fuel rods in fission reactors.

Because of the uncertainty in this parameter, the sensitivity of the allow-

able pin size to the gap conductance was determined. For Li7Pb2, a gap

conductance of 2800 W/m2>8K reduced the maximum pin size near the first

wall by about 25% of the size calculated for intimate contact, i.e., infinite

gap conductance. Since the thermal conductivity of the LiyPbg compound has

not been well established, there is a relatively high degree of uncertainty

in these results. Also, the thermal conductivity is expected to vary con-

siderably with the type of material, e.g., sintered product, cast, or highly

irradiated.
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The coolant tube spacing In the breeder block concept has also been de-

termined as a function of the maximum breeding-material temperature.

Parameters used in the present calculation are summarized in Table 11-5.

Results shown In Fig. 11-13 indicate the maximum temperatures of the three

breeding materials as a function of the number of 1-cm-diameter tubes per

100 cm2 of breeding material. These curves are representative of the blanket

region near the first wall for a neutron wall loading of 2.4 MW/m2. A gap

conductance of 2800 W/m2*°K was assumed for the two solid breeding materials.

Stainless steel was used for the structural material and a temperature of

315°C was assumed for the pressurized-water coolant. For assumed maximum

operating temperatures of 550°C for lithium, 600"C for Li7Pb2 and 1000°C for

Li20, the number of tubes is much lower for lithium than for the two solid

breeding materials. The number of tubes do not differ substantially for

the two solid breeding materials with the assumed temperature limitations.

Table 11-6 summarizes some of the thermal-hydraulic design constraints for

the three breeding materials. Results include the heat flux through the

tube wall and the estimated number of 2-m-long tubes in the reactor blanket.

The values in Table 11-6 generally lie within the original design criteria

of 35-75°C/m temperature rise in the coolant tube for a 1.0 m/s coolant

velocity.

The maximum temperatures of stainless steel coolant tubes have also

been determined for the three breeding materials operated at specified maxi-

mum temperatures. The results given in Table 11-6 indicate that the coolant

tube temperatures are significantly lower for the solid breeding materials

than for lithium under the assumed design conditions.

11.6.2 Coolant and Structural Volume Requirements

On the basis of the above thermal-hydraulic calculations,' the coolant

and structural volume requirements have been determined for the breeder-pin

and block design concepts. Results for the three candidate breeding materials

with a stainless steel structural material are summarized in Table 11-7. The

breeder-pin design from Fig. 11-7 is used as the reference with a cladding

wall thickness of 0.125 cm (50 mil) and a pressure-tube wall thickness of

0.25 cm (100 mil). The packing efficiency of cylindrical pins is assumed

to be 0.90 and the annular water channel is 0.15-cm wide. The major feature
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Figure 11-13. Calculated dependence of coolant tube distribution near the
first wall on the maximum breeding material temperature in
the breeder-block blanket concept.

Table 11-6. Summary of Thermal-Hydraulic Calculations for Breeder-
Block Design

Breeding Material Li Li7Pb2 Li20

T Breeding Material, °C 550
max & '

No. Tubes/100 cm2 Breeding
Material 5

Heat Flux through Tube,
Wall MW/mz 0.53

No. Tubes in Reactor (x 105)
(2 m long) 0.73

Mean Coolant Temperature Rise
per Meter for 1.0 m/s Coolant
Velocity, °C/m 71

Stainless Steel Coolant Tube
Temperature, °C < 470

600

33

1000

43

0.26

1.5

35

< 410

0.19

2 .0

25

< 390
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Table 11-7. Calculated Coolant and Structure Volume Fractions for Two Blanket
Concepts (Reference breeding ratio of 1.3)

Breeding Material

Breeder-Pin Concept

Pin Diameter, cm
Coolant Fraction, %
Structure Fraction, %
Breeder Material, %
Void Fraction, %b

Breeder-Block Concept

Coolant Fraction, %
Structure Fraction, %c

Breeder Material, %
Void Fraction, %d

Li

7.5
5
18
65
12

3
7

.88
2

Li7Pb2

4.0
7
33
45
15

8
13
67
12

Li2O
a

2.5
9
42
34
15

8
9
66
17

Reference breeding ratio of 1.3 not attainable with Li2O.

Void fraction consists of space between pressure tubes (10%), assembly
tolerance (2%), and void fraction in solid breeder (90% theoretical
density). Space between pressure tubes could be filled with either
water or breeding material.

Structure includes tube wall, breeder containment vessel (0.5 cm wall),
and blanket support structure (equal to containment vessel allowance for
Li and Li20 and twice vessel allowance for Li7Pb2).

Void fraction includes 2% for assembly tolerance, 5% helium volume for
tritium processing, and 92 and 85% theoretical density Li7Pb2 and Li20,
respectively.

of these results is the relatively large volume fraction of structure that

is required, particularly for the Li7Pb2 and the Li20. As indicated in

Table 11-4 and discussed in Section 11.4.2, without a neutron multiplier, the

desired breeding ratio of 1.3 does not appear attainable with Li20 and the

breeder-pin concept.

The coolant and structure volume fractions for the breeder-block concept

are also summarized in Table 11-7. The solid breeding materials require

slightly larger coolant fractions and structure fractions than the liquid
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lithium. The structure requirements for this concept are much lower than

for the breeder-pin concept. The volume fractions of coolant and structure

for the breeder-block concept are based on uniform heat flux through all

coolant tubes in the blanket (see Table 11-6).

11.6.3 Cyclic Thermal Variations in the Blanket

The cyclic plasma burn will cause rather large cyclic thermal variations

in the blanket that may affect the mechanical integrity of the blanket compo-

nents. An estimate of the extent of these thermal variations has been ob-

tained from simplified heat transfer calculations for an assumed off-cycle

of 30 s. Results from these preliminary calculations are given in Table 11-8

for the three breeding materials in the breeder-block blanket configuration.

The initial cooling rates at the beginning of the off-cycle are based on

the steady state heat removal rates during the burn. The maximum breeding

material temperatures as a function of off-time are determined from relative

heat capacities and thermal conductivities of the breeding materials. Be-

cause of the importance of this thermal effect to the design and lifetime

analysis of the blanket, a more sophisticated generalized model is being

developed to obtain a more accurate assessment of the blanket thermal re-

sponse. The stress analysis discussed in Section 11.7 can then be used for

lifetime analysis and limitations of the coolant tubes.

11.7 Stress Analysis

Two regions of a water-cooled blanket where applied stresses may sub-

stantially affect the operating lifetime of the reactor are the first wall

and the blanket coolant tubes. The major problem is caused by the cyclic

nature of the plasma burn, which leads to severe cyclic thermal stresses

that can significantly affect the mechanical integrity of certain components.

A generalized stress analysis of structural components exposed to both cyclic

thermal stresses and pressure stresses is described in Section 7.0. The

aspects of this analysis relevant to the water-cooled blanket concepts are

discussed below.

11.7.1 First Wall

The system pressure in a water-cooled first wall is about 10 MPa (100

atmospheres), which is about ten times the pressure required for a lithium-
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550

508

476

448

600

505

437

406

1000

951

905

862

Table 11-8. Thermal Responses of Blanket During Off-Cycle

Breeding Material Li Li7Pb2

Initial Cooling Rate
Near First Wall, "C/s 4.6 12 5.1

Initial Cooling Rate
Average Throughout blanket,
°C/s 3.6 3.4 ' 1.1

Maximum Breeding Material
Temperature at time, t, °C

t = 0

10-s

20-s

30-s

cooled system. Consequently, either heavier-walled channels or higher stress

levels must be used in the water-cooled design. Figure 11-14 shows allowable

surface heat flux for a lifetime of 105 hr as a function of the product of

pressure and channel radius. Results are shown for a vanadium alloy and Type

316 stainless steel; other candidate structural materials would be expected

to fall between these two as indicated in Section 7.0. The design point for

the lithium-cooled system corresponded' to p'- 1 MPa and R = 0.25 m, which

is indicated by the dashed line on the figure. To achieve the same per-

formance, the channels in the water-cooled system would thus have to be

about 0.025 m In radius. If the same first-wall design were employed for

both systems, then either the allowable heat flux for the water-cooled sys-

tem would have to be one-tenth that for the lithium-cooled system or some

combination of reduced heat load, lower temperature, and lower lifetime

would have to be accepted.

The performance penalty to be paid for large channel sizes essentially

precludes using the large module designs considered for the lithium-cooled

design if the front face of the module constitutes the first wall. However,
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Figure 11-14. Allowable surface heat flux for a lifetime of 105 hr as a func-
tion of the product of coolant pressure and channel radius for
stainless steel and vanadium-alloy first walls.

a large blanket module might still be feasible if it were protected by a

separate first wall. A first wall composed of small diameter tubing or panel

coils thus would, be appropriate for a water-cooled design. There are two

basic disadvantages to a first wall made up of small diameter channels that

must be considered in a detailed design:

1. In the comparison of structural materials performed in Section 7.0,

it was assumed that overall thermal expansion of the first wall is

completely unconstrained. This implies that a first wall made up

of tube banks or coolant panels must be allowed to expand and dis-

tort, or large thermal stresses caused by support constraints will

be added to those caused by the temperature gradient through the

first-wall thickness. Consequently, the design of first-wall

supporting structure to carry the weight loads and hydraulic forces

without constraining overall thermal deformation will be critical.

Since some constraint will probably be unavoidable, the resultant

decrease in performance must then be considered in predicting

lifetime or setting operating conditions.
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2. A tube bank or panel coil design requires extensive manifolding

and welding as compared to the large module concepts appropriate

to a lithium-cooled system. Consequently, design, construction,

and maintenance considerations are more complex for a separated

first wall.

Figure 11-15 shows surface heat flux as a function of wall thickness

for 50 mm diameter coolant tubes made of Type 316 stainless steel. The design

temperature and pressure are 900°F (482°C) and 10 MPa, and the desired life-

time is 10s hrs. The regions on the figure are labeled as on the standard

Bree diagram; i.e., E denotes the elastic region, design points in region

S correspond to stress states that shakedown to elastic behavior after a

few cycles, P corresponds to stress states where bounded cyclic behavior

occurs, and R is the ratcheting region where failure occurs after a few

cycles. Design points below the long-holdtime fatigue curve have lifetimes

of more than 105 hrs. Points to the right,of the S ,_ limit line have life-
mt

times of more than 10° hrs from failure caused by primary membrane stress.

Point B gives the maximum surface heat flux that can be obtained for the

failure criteria considered here. It corresponds to a surface heat flux

of 0.47 MW/m2 and a wall thickness of 3,3 mm. Tubes that are half this size,

i.e., 25 nun diameter, can be designed for surface heat fluxes of 0.94 MW/m2

with a wall thickness of 1.65 mm (see Fig. 11-16).

The Bree diagram regions are computed elastically here. A more de-

tailed inelastic analysis would move point B toward point A, allowing a higher

heat flux. However, bending stresses resulting from tube-support interaction

would necessitate larger wall thickness and move the design point in the

opposite direction.

11.7.2 Blanket Module

Consider a blanket module composed of solid breeder material, probably

in sintered form, through which are passed coolant tubes containing water

at high pressure. A question that needs to be considered is whether unequal

thermal expansion of the breeding material and the tubing creates signifi-

cant stresses in the tubing to be added to those produced by the pressure

and temperature gradient across the tube wall.
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Figure 11-15. Allowable surface heat flux as a function of wall thickness for
50-tnro-diameter Type 316 stainless steel coolant tubes.
Pressure - 10 MPa, temperature - 482°C, and lifetime - 10s h.

Figure 11-16. Allowable surface heat flux as a function of wall thickness
for 25-ram-diameter Type 316 stainless steel coolant tubes.
Pressure » 10 MPa, temperature • 482°C, and lifetime • 10s h.
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Based on some simplifying assumptions, the average circumferential

stress a in the tube wall is given by

In the above equations 6 and R are the tube thickness and radius, T and p are

temperature and coolant pressure, and a, E, and v are coefficient of thermal

expansion, elastic modulus, and Poisson's ratio. Subscripts 1 and 2 refer

to the tube and breeder materials, respectively. The interface pressure be-

tween the tube and breeding material is p..

The three terms in the numerator of Eq. 2 are all about the same magni-

tude and p is about the same magnitude as p. If p. is positive, the tube

and breeder are pressing against each other and the average stress in the

tube is reduced (see Eq. 1). If p. is negative, which can occur only if the

temperature of the breeding material is much higher than that of the tubing

or if its coefficient of thermal expansion is much larger, then the stress

in the tube wall will be increased. However, this requires that the joint

between the tubing and breeding material be in tension. It is unlikely that

a sintered material would have much tensile strength, so that cracking at

the joint is likely to occur before any large stresses are produced in the

tube wall. Therefore, it seems unlikely that differential thermal expansion

would cause significant stress problems in the tubing.

On the other hand, differential thermal expansion between the breeder

and tubing which causes separation at the joint can interfere with the heat

transfer between the two materials. This in turn could produce hot spots in

the breeder and melting or vaporization. The situation is the opposite of

that in a fission reactor fuel rod where the hotter fuel expands more than

the cooler cladding and closes the gap between them.
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11.8 Reference Design for Water-Cooled Blanket

Based on results of the analyses presented In the previous sections,

a reference design for a water-cooled breeding blanket has been developed.

This reference design will be subjected to more detailed analysis and used

as the reference point for comparison with the other blanket designs de-

veloped as part of the overall investigation. The proposed reference design

utilizes pressurized water coolant, stainless steel as the structural ma-

terial, solid Li7Pb2 for tritium breeding, and a low pressure helium pro-

cessing fluid for tritium recovery. The breeder-block concept, which con-

sists of ij 1000 modules with appropriately spaced coolant tubes, is selected

for the reference design. A separated first wall in the form of a coolant

panel will accept the transport and radiation heat losses ('v 25% of the

neutron wall loading) from the plasma. Radiatively-cooled multiple limiters

will be incorporated into the first-wall design to partially shield the first-

wall coolant panels from concentrated plasma energy deposition. Important

aspects of the first-wall/blanket/shield design, the maintenance approach,

and the power cycle are discussed.

11.8.1 Reference Blanket Design

11.8.1.1 Materials Selection

Pressurized water at 12-15 MPa (1800-2200 psi) pressure and a maximum

outlet temperature of 320°C is proposed as the coolant for the reference

design. The coolant containment and structural material is Type 316 stain-

less steel. The radiation damage and mechanical properties limitations of

stainless steel are fairly well defined and pose one of the important life-

limiting criteria for the blanket. Several aspects of the blanket design

have been aimed at maximizing the allowable criteria, such as swelling and

loss of ductility. Of particular significance is the fact that water

coolant is an effective heat-transfer fluid at relatively low temperatures,

e.g., 5 320°C. Therefore, the stainless steel structure can be maintained

at temperatures of ^ 300-400°C where swelling and embrittlement are much less

pronounced than at 500-600°C.
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Although there is a rather high degree of uncertainty regarding the

properties of the solid LiyPbg, this compound is selected as the breeding

material for the reference design. The two major factors in the selection

of Li7Pb2 are the high tritium breeding capability and the assumption that

this solid compound is probably less reactive with water than lithium, at

least from a kinetic viewpoint. However, major uncertainties exist relative

to the reactivity of this compound with water, and hence the safety considera-

tion, and with effects of the radiation and elevated temperature environments

on the mechanical integrity of the material. Another disadvantage of ;his

breeding material is its high mass or weight. The weight of a Li7Pb2 blanket

is approximately an order of magnitude higher than that required for a liquid

lithium blanket. Since the expected lithium burnup is ̂  1% per year, the

breeding material should last several years before changeout is required.

However, blanket changeout will probably be required during the lifetime

of the reactor. Since the stainless steel structural material must also

be replaced every few years, changeout of the breeder material does not pose

a major constraint.

Low-pressure low velocity helium circulated through the breeding material

is proposed for the tritium processing fluid. Adequate purity should be

attainable under the proposed conditions, such that compatibility problems

are not expected. Methods of purification and tritium recovery are fairly

well established for helium. The presence of helium in the blanket region

should also enhance heat transfer from the breeding material to the coolant

tube, and therefore, be an asset.

11.8.1.2 Blanket Module Geometry

The proposed reference design is composed of ̂  1200 rectangularly shaped

modules that make up the breeding blanket. The nominal dimensions of a

breeder module are 0.25 m wide by 0.42-m thick with the length varying from

1.2 to 2.7-m, depending on the position in the reactor. A basic module is

depicted in Fig. 11-17 and the general blanket configuration is shown in

Fig. 11-18. The blanket module basically consists of a rectangular stainless

steel container filled with breeder material interspersed with a network of

coolant channels and tritium collection ducts. Maximum weight of a module

is approximately 800 kg. Two coolant supply lines, two coolant return lines,
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Figure 11-18. Diagram of general blanket
configurat ion.

and singular small inlet and outlet tritium nozzle connections are made from

each module to a slab manifold system. A structural slab (slab section)

positions and supports up to twelve modules and provides the carrier compo-

nent for removal and replacement of the blanket modules.

11.8.1.3 Module Heat Transfer/Transport Arrangement

Figure 11-19 depicts the approximate cross sectional array of the basic

1-cm diameter coolant tubes used to extract heat from the blanket. The

0.125-cm (0.050-in.) wall tubes are made of stainless steel and run single

pass the length of the module. A system of headers and manifolds, which

collect the coolant at each end of the module, terminate into a single

2.5-cm pipesize (or dual 1.8 cm pipesize) inlet and outlet nozzle (see Fig.

11-19). These nozzles are joined to a 7.5-cm pipe size manifold which

collects/distributes coolant from up to a 12-module slab assembly. Coolant

flow rates can be adjusted from 0.5 to 1.0 m/s to obtain AT's of ̂  110eC

with pressurized water. The heat transfer/transport system can accommodate

steam as well as pressurized water with minor modification of the size,

placement, and manifolding.
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11.8.1.4 Tritium Retrieval System

A grid system of 0.32-cm (1/8-in.) channels formed in the breeding ma-

terial parallel to the coolant tubes is used for tritium extraction (see

Fig. 11-11). This network of channels is manifolded at the ends of each

module culminating into a single inlet and outlet nozzle of small diameter;

1.27 cm OD (1/2 in.). The system operates at near-atmospheric pressure using

a helium gas carrier that circulates through the module where it picks up

tritium, which it carries to a retrieval system. The helium also serves as

a conductor within the module aiding the heat transfer in any gaps or cracks

between the container, lithium-lead, and the coolant tubes. The flow of

helium is very low and does not serve to remove heat. The tritium piping

system is manifolded into the multimodule slab just as is the coolant system,

thereby reducing the number of connections required for removal/replacement

operations. External piping is maintained at low (ambient) temperatures to

minimize tritium permeation. Estimated tritium inventory is ̂  1 kg.

11.8.1.5 Module Structure/Fabrication

Basic structures of the module consist of containers with a base plate

and an internal, spine and rib reinforcement. The coolant tube network also

serves as reinforcement within the cast lithium-lead breeder compound. The

reinforcement system is designed to support the lithium-lead from the base

plate and not from the container, as the breeder material will probably crack.

All metal structural members will be graded from the inner (plasma region)

to the outer base plate to minimize the dilution of breeder material in the

high neutron flux region.

The module is fabricated from Type 316 stainless steel formed by butt welds

such that all joints are outside the highest radiation zones and can be readily

radiograph inspected. The front (plasma-side) section of the module is a

formed pan-shaped unit which will be joined to a U-shaped section forming the

tapered side walls and base plate (see Fig. 11-20). Two formed end caps com-

plete the container envelope. The fabrication process consists of assembling

the container base with the tubular coolant assembly located within the re-

enforcement network. Next the cap is added, followed by the welding of the

end caps. All systems and welds are inspected and tested as they are completed

to minimize rework. Lithium-lead material is then inserted through fill ports

in the base plate and sintered or vacuum cast in place.
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Figure 11-20. Schematic diagram showing fabrication of blanket
modules.

11.8.2 First-Wall System

The reference first-wall system consists of water-cooled stainless steel

panels for the first wall with multiple radiatively-cooled limiters. As

discussed in Section 11.7, bending and expansion constraints imposed on the

first wall by the structural design can substantially affect the allowable

surface heat-fluxes that can be accepted by the first wall. In order to

minimize these mechanical constraints, it is proposed that a thin (< 2 cm)

stainless steel panel coil configuration be used for the first wall. Figure

11-21 is a diagram of the panel coil first-wall design similar to that first
(A)

proposed in the Argonne EPR study. Although the separated first-wall

concept is slightly more complex from the fabrication viewpoint, the enhanced

lifetime attainable makes this concept superior for the water-cooled design.

If the first wall were part of the blanket, the coolant channel spacing would

be so small that very little breeding could be achieved in this region. The

first-wall panels, which can be attached to the blanket modules in a relatively

unconstrained manner, will correspond in size to the slab module support (see

Section 11.8.1.2). The small manifolding can also be integrated into the

slab support sections. If necessary the temperature and pressure of the first
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Figure 11-21. Diagram of panel coil first-wall design.

wall coolant can be varied from that of the blanket in order to optimize

the first-wall life.

The multiple radiatively-cooled-limiter first-wall concept developed for

the Argonne EPR is proposed for the present design. These limiters, which

effectively cover 10-20% of the first-wall surface, will receive most of the

transport losses from the plasma. An important feature of the multiple

limiter concept relates to the fact that the toroidal plasma chamber (or

first-wall) is, in reality, an irregular torus. The limiters tend to pro-

tect the first-wall regions of closest approach to the plasma from un-

acceptably high transport heat loads. The limiters will also tend to pro-

tect the metal first-wall from certain off-normal high-density heat loads

such as those caused by runaway electrons. The limiters are easier to re-

place than the water-cooled wall in the event of damage, and continued

operation with damaged limiters is considered feasible. The thermal inertia

provided by the limiters may also be beneficial in reducing the cyclic thermal

variation in the first-wall, and thus improve the lifetime or wall load capa-

bility.
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Although materials selection for the first-wall components has not been

a major focus of the present investigation, this is an extremely important

aspect of tokamak reactor design. If the low-Z benefit proposed in the

Argonne EPR study proves to be accurate, the materials selection for the

first-wall system will be very limited. In particular, the interaction be-

tween the first-wall and limiter materials will be critical. If low-Z
(4 7)materials are required, the coating concept proposed at Argonne ' is

recommended for the stainless steel panels. Beryllium possesses several

attractive properties for the low-Z coating, however a high temperature

refractory is required for the limiter material. If beryllium is used as

the wall coating, beryllium oxide or beryll um-oxide-coated graphite limiters

are proposed as prime candidates. Graphite limiters are probably unacceptable

because of chemical interaction with the hydrogenous plasma. Because of the

complexity of the impurity control problem, further information is necessary

before final selection of the first-wall coating (if needed) and limiter

materials ,can be made.

11.8.3 Shield

The proposed shield material is 50% B4C - 50% stainless steel. This

is a high efficiency shield material and tends to give minimum shield thick-

ness; however, it is not considered the least expensive shield material. An

economic tradeoff with other shield materials has not been performed for the

present reference reactor design. A low temperature water coolant is pro-

posed for the shield. Since the total heat load in the shield is only a

few percent (< 5%) of the total heat generated in the reactor, it is assumed

that this will be waste heat.

11.8.4 Maintenance Approach

All maintenance or repair work on the module will be done external to the

reactor in a hot cell. Since stainless steel is the proposed structural

material in the reference design; all maintenance procedures will require

handling of highly activated components. Using the slab maintenance approach,

any module requiring service will be removed from the reactor using the tech-
(8")

nique developed for the ANL-EPIT ' (see Fig. 11-22). This system has the

following advantages:

1, Small number of coolant and accessory connections to be made.
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Figure 11-22. Diagram illustrating blanket maintenance procedures,

2. Large access aperture available to reactor cavity.

3. Relatively short interval required for replacement.

4. Minimum disassembly or disturbance of reactor ancillary equipment

during maintenance.

5. Relatively simple in-reactor removal equipment.

11.8.5 Power Cycle

The pressurized-water coolant lends itself to the use of the large

energy-conversion technology base developed for the light water fission

reactor (LWR). The reference system utilizes conventionally developed steam

generators and turbines from the LWR industry with an estimated thermal con-

version efficiency of 35%. No intermediate heat transport systems are re-

quired with pressurized water coolant. Preliminary results indicate that

the system can function satisfactorily with reactor dwell periods up to 40 s

without a special thermal storage system. Although it appears that the system

can be safely operated at tritium levels expected in the coolant, coolant

leakage problems are of concern.
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An advanced pressurized-water/steam dual-cycle energy conversion system

appears attractive for attaining higher plant efficiencies. Figure 11-23

is a schematic diagram of a dual-cycle energy conversion system capable of

plant efficiencies approaching 40%. Further work is required to optimize

the overall power cycle with different performance characteristics of various

regions of the reactor, viz., inner blanket, first-wall panel, and possibly

divertor region as well as the outer blanket.

11.9 Summary of Water-Cooled Blanket Design Features

The important characteristics of the water-cooled blanket design are

summarized in Table 11-9 in terms of favorable and unfavorable features.

Prominent in this summary is the relative high uncertainties in the known

properties of the breeding material. Based on available information, it is

concluded that the water coolant provides a viable blanket design option

that could be developed with a modest amount of research and development

effort. The major concern probably involves the safety aspects related to

chemical reactions between the water and the L±7?bz breeding material.

410 °C • • • M P D

FEEOWATE*

HEATERS FEEDWATEK
PUMPS

•EJECT HEAT

SYSTEM

Figure 11-23. Schematic diagram of advanced pressurized-water power
cycle.
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Table 11-9. Summary of Favorable and Unfavorable Features of the Water-
Cooled Blanket Concept

Favorable Features Unfavorable Features

Water Coolant

1. Excellent heat-transfer fluid

2. Well-developed technology base

3. Low cost and readily available

4. Relatively low temperature
(< 320 C) operation

5. Compatible with conventional
structural materials

6. Low pumping power requirement

7. Enhances tritium production

8. Liquid at room temperature

1. Highly reactive with candidate
breeding materials (requires
high-integrity cladding)

2. Reaction product (LiOH) is very
corrosive

3. Requires high-pressure contain-
ment

4. Cannot be used for tritium re-
covery

5. Expensive to remove tritium from
H20 (safety)

6. H2O tends to be a sink for
tritium

Breeding Material - Li?Pb2

1. High breeding ratio attainable

2. Solid phase probably less
reactive kinetically with
H20 than is liquid lithium

3. Tritium recovery appears feasi-
ble with low-pressure helium

Poor technology base: proper-
ties generally not well char-
acterized; high degree of un-
certainty

Highly reactive with coolant

Possible phase instabilities
during operation, e.g., sinter-
ing or melting caused by compo-
sitional variations from burnup
or impurity reactions (oxidation)

Oxidizes in helium that contains
small amounts of oxygen (affects
tritium recovery)

High blanket weight: ^ 10 times
that of Li

Uncertain radiation damage
effects

Uncertain tritium (and helium)
release mechanism

Requires blanket changeout
during reactor life
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Table 11-9 (cont'd)

Favorable Features Unfavorable Features

Structural Material - Stainless Steel

1. Conventional structural material
with extensive base technology

2. Relatively low cost and readily
available

3. Compatible with coolant and
probably compatible with solid
Li7Pb2 under conditions of
interest

4. Low temperature operation with
water coolant enhances lifetime
expectancy because of better
radiation damage resistance

5. Compatible with tritium
environment

1. Poor physical properties for
cyclic thermal loading: low
thermal conductivity and high
thermal expansion

2. Relatively poor radiation
damage resistance

3. High residual radioactivity

Major problems associated with the more compatible solid breeding materials,

e.g., L1A102, Li2SiO3, and M2O, are power breeding capability, lower thermal

conductivity, and poor tritium-release properties at the relatively low

temperatures characteristic of a water-cooled system. It should also be

recognized that the benefits of the extensive technology base associated

with the stainless steel-water system must be balanced against the rather

modest wall loading and lifetime limitations inherent with a stainless steel

structure. Although the water-cooled blanket concept could be developed

in the fairly near tenn, it may fall short of an optimum design in the long

term.
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12.0 Molten-Salt-Cooled Blanket Design for a Tokamak
Fusion Power Reactor

12.1 Introduction

Molten salts in general have several advantages compared to other candi-

date coolants for fusion reactor blankets. The salts have relatively high

boiling points, and thus can be contained (for typical fusion reactor tempera-

tures) at a much lower static pressure than water or helium. Furthermore,

their heat transfer and heat capacity characteristics are much superior to

those of gaseous helium. Most salts containing lithium are inherently more

resistant to oxidation than is liquid lithium, and thus are less hazardous

in the event of a leak or spill. The electrical resistivities of salts are

higher than those of liquid-metal coolants, so they can be moved across strong

magnetic fields without incurring the strong resisting forces induced in liquid

metals. However, those molten salts known to provide acceptable radiation and

chemical stability have relatively high melting points (>300°C). In addition,

the effect of the electrical potential (emf) induced by the movement of molten

salts through magnetic fields is an unknown in determining their chemical

stability.

Selection of the optimum molten salt to be used as the coolant for a

commercial power fusion reactor blanket involves not only consideration of

the physical and thermal characteristics of the candidate salts but requires

also that tritium breeding and compatibility with probable first wall/blanket/

shield materials be considered. A coolant salt that can also serve as a

breeder will simplify the resulting design, whereas a non-breeding salt will

require separate provisions for containing the coolant and breeder.

The classes of salts given primary consideration in this study (Section

12.2) were lithium-beryllium fluoride (LiF-BeF2) and a sodium-potassium

nitrate-nitrite (NaN02-NaN03-KNO3). Chlorides, carbonates and hydroxides

were also considered but to a lesser extent.

The very limited number of molten salt cooled blanket design concepts

available in the literature were reviewed (Section 12.3) to determine their

relative advantages and disadvantages. None of these represented optimized

blanket designs and very little associated quantitative data were available;

thus the concepts were evaluated on a qualitative and judgmental basis.
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The most promising molten salts and blanket design concepts were evalu-

ated further in Section 12.4, and the best combination of molten salt coolant

and blanket design was selected, assuming the use of current and near-term

technologies. This coolant/design combination was analyzed in Section 12.5

to determine probable performance in terms of life and neutron wall load

capability. The final reference wall/blanket/shield design is illustrated

and discussed further in Section 12.6.

12.2 Review of Candidate Molten Salts

The salts given primary consideration in the present study were the

LiF-BeF2 system (sometimes referred to as "flibe") and the nitrate-nitrite

KNO3-NaNO3-NaNO2 (sometimes referred to as HTS or heat transfer salt; the

53-7-40 weight percentage composition is trademarked "HITEC" by DuPont Corpor-

ation) . These two salts have previously been studied more than any others as

potential first wall/blanket coolants. The study also exmained chlorides,

carbonates and hydroxides, but to a lesser extent since they do not appear

to be attractive candidates.

Table 12-1 lists the various types of salts considered in this study with

a brief summary of their relative advantages and disadvantages. Physical

properties of some specific salt compounds are presented in Table 12-2. In

Sections 12.2.1 through 12.2.4 the salt groups are individually discussed from

the standpoints of materials compatibility and corrosion, breeding potential,

stability (thermal and radiation), magnetohydrodynamic (MHD) effects, and

thermal characteristics. Section 12.2.5 discusses the results and compares

the salts to each other.

12.2.. 1 Lithium-Beryllium Fluoride Salts

Molten lithium-beryllium fluoride salts (LiF-BeF2) have considerable

promise as potential blanket coolants, for several reasons:

1. Being a fluoride, the system has a high chemical-binding energy

and thus is stable under fusion reactor radiation levels.

2. It can be used with many candidate blanket structure and moderator

materials because of its chemical stability.
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Table 12-1. Candidate Molten Salt Coolants

Type of S a l t

LiF-BeF2

KNO3-NaNO3-NaNO2

Chlorides

NaOH-KQH-LiOH

Carbonates

Melting
Temperature (°C)

460 (34 Mole % BeF2)

363 (53 Mole % BeF2)

142

100-450

160

-v 400

Advantages

o Compatible with SS

o Radiation Stability

o Limited Reaction
with Li

o Low Melting Point

o Inexpensive

o Compatible with SS

o Low Melting Point

o Radiation Stability

o Limited Reaction
with Li

o Low Melting Point

o Inexpensive

o Radiation Stability

o Inexpensive

o Compatibile with SS

Disadvantage*.

o High Melting Point

o Limited Beryllium
Availability

o Radiolytic Decomposition

o Reaction with Li and
Li7Pb2

o Corrosive, Particularly
if Contaminants are
Present

o Corrosive

o Reaction with Li

o Radiolytic Decomposition

o Reaction with Li

o High Melting Point

Notes:

1. SS = Stainless Steal



Salt System

Composition (Mole %)

Melting Point

Density, p
(g/cm3)

Viscosity, n
(cp)

Specific
Conductance,
K (Sf^cm*1)

Temp. (CC)

400
500
600
700

Temp. (°C)

400
500
600
700

Temp. (°C)

400
500
600
700

Heat Capacity, Cp
(W-sec/g°C)

Thermal Conductivity, X
(W/cm°C)

Table 12-2. Physical

LiF-BeF2

47-53<3)

363(4>

2.05(4)

2.01
1.97
1.93

505.8(4)

119.5
39.3
16.2

0.27(3)

0.61
1.02
1.49

2.35(3)

.0080<4>

66-34(14)

460(14)

2.05
2.00
1.96
1.92

(14)

14.9
8.6
5.5

(14)

1.55
2.14
2.73

2.38(14)

W 1 4 )

Properties of Candidate

NaNO2-NaNO3-KNO3

49-7-44

142

1.79
1.72
1.64

1.7
1.1

(0.59)

1.55

.0057

L1C1-KC3

58.5-41

361

1.68
1.63
1.57
1.52

4.7
2.4
1.4
1.0

1.25
1.87
2.39
2.81

1.30

.0069

Salts

(3)

5

LxCl-PbCl2

45-55

410

3.98
3.86
3.75

4.0
2.4
1.5

3.02
3.56
4.04

0.48

.0046

LiCl-SnCl2

40-60

.380

2.81
2.71
2.60
2.50

7.8
4.0
2.4
1.5

2.52
3.03
3.47
3.82

0.65

.0049

Note:
Superscripts are Section 12 references.



3. Tritium recovery is simplified due to the limited solubility of

tritium in the salt.

The main disadvantage of this salt is its relatively high melting point

(363°C minimum) which restricts its use with stainless steel or nickel alloy

blanket materials to a relatively narrow range of inlet to outlet coolant

temperatures since these structural alloys may be limited by radiation damage

effects to a maximum temperature of from 450 to 500°C.

Physical Properties - The LiF-BeF2 system phase diagram (Fig. 12-1) shows

a large variation in melting temperatures with mole % of BeFg. At 0% BeF2

the compound is simply LiF; although this would have the best breeding char-

acteristics, its 848°C melting point eliminates it as a potential blanket

coolant for nickel or iron based alloys. At approximately 33 mole % BeF2

the compound is Li2BeF4 with a melting point of 460°C. The lowest melting

point in the system, 363°C, occurs at 53 mole % BeF2. Although the breeding

1000
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o 700
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300
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0.30 0.35 0.40 0.45 0.50 0.55
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*BeF2 - MOLE FRACTION

P.8 0.9

Figure 12-1. Phase diagram of the LiF-BeF2 system (from Ref. 1),
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characteristics and viscosity (Table 12-2) of the 53% composition are inferior

to those of the 33% composition, the latter's 460°C melting point would make

it not feasible for use as a coolant in a blanket using stainless steel or

nickel alloy structure, the maximum useful temperature of which is limited by

radiation damage (loss of ductility) to the 450-500°C range.

Compatibility and Corrosion - The LiF and BeF2 constituents in the salt

are chemically very stable materials. LiF-BeF2 is compatible and essentially

nonreactive with nickel, molybdenum, and iron based alloys. However, alloying

elements such as chromium, aluminum, titanium, niobium and vanadium are

more reactive and would be oxidized by the molten salt; chemical control to

limit such reactions is probably impractical. Solid beryllium would not

react directly with the salt but would react with the TF generated within the

salt during the fusion process. Thus solid beryllium, if added to the blanket

as a neutron multiplier, would have to be clad with an inert metal.

Intermixing liquid lithium with LiF-BeF2 results in the reaction

LiaBeFij + 2 Li + 4 LiF + Be (AH700K = ~39'7 k c a l )

which precipitates beryllium metal and increases the salt's melting tempera-
(2)

ture. Mixing with metallic sodium or potassium would result in the same

type of reaction. The reaction is not highly exothermic and would not result

in a safety problem.

LiF-BeF2 melts are chemically inert toward graphite and will not wet it.

However, the salt would probably transfer graphite and carburize such metals

as molybdenum, niobium or vanadium. Reactions of the melts with steam or

air would accelerate corrosion of structural materials.

Tritium Breeding and Recovery - Studies of LiF-BeF2 tritium breeding have
(3 4)

previously been conducted for several blanket concepts ' (see discussion

in Section 12.3); these studies assumed the composition with 53 mole % BeF2.

Losses in breeding due to the presence of ports, etc., were not accounted for.

Thus the LiF-BeF2 would probably require augmentation by a neutron multiplier

in order to yield acceptable (̂  > 1.30) net breeding ratios (see discussion

in Section 12.4). The tritium will exist in the LiF-BeF2 as either molecular

tritium (T2) or TF. Gas sparging could be used to remove either fern;

permeation through a metal membrane could also be used to T2 removal.
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Magnetic Field Effects - Molten LiF-BeF2 salts must develop turbulent

flow in order to cool efficiently, because of their relatively low thermal

conductivity. Laminar-turbulent transition normally occurs for the molten

salt at a Reynolds number Re = 2200. Calculations have shown that even

in the presence of a magnetic field of 8 webers/m2 this number will not in-

crease beyond the range normally specified for molten salt heat transfer

systems. This means that LiF-BeF2 c a n be made to flow turbulently within

the blanket, assuming current technology for flow circuitry and pump designs.

The flow of the LiF-BeF2 melt across a strong magnetic field will induce

an emf in the system, the magnitude of which will depend on the salt's ionic

character, piping diameter, electrical coupling with piping and flow velocity.

Although this induced emf is expected to have an important effect on the

compatibility and corrosivity of LiF-BeF2 salts, as with all the candidate

salts the effects cannot be quantitatively assessed until more definitive

blanket and reactor designs and electrochemical data on salt-metal systems

are available.

Other Considerations - Mixtures of LiF-BeF2 have excellent thermal and

radiation stability in the liquid state, although in the solid state they

are subject to radiolytic decomposition.

12.2.2 Sodium-Potassium Nitrate-Nitrite

Nitrate-based fused salt mixtures have been widely used as heat transport

fluids in the oil and chemical industries and for metallurgical heat treating.

The best known mixture is probably HTS (heat transfer salt), which is composed

of 40NaNO2-7NaNO3-53KNO3 (weight % ) . Its primary advantage relative to the

other salts examined is its melting point of 142°C, which is ̂  200°C lower

than for most other salt examined. This potentially permits a much largei:

available temperature difference between blanket coolant inlet and outlet

temperatures, and/or lower blanket structure temperatures. The oc .c dis-

advantages of HTS are possible instability at fusion reactor radiation levels,

and incompatibility with liquid lithium and Li7?b2«

Physical Properties - The melting point of HTS is 142°C for the 49NaNO2-

7NaNO344KNC>3 mole fraction composition assumed for this study. Small varia-

tions in the composition do not appreciably affect this value. The same
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reference also indicates that thermal decomposition probably would limit the

useful maximum temperature of HTS to <\» 540°C. The density and viscosity of

HTS are quite low compared to the other salts examined, which leads to lower

pumping power requirements, and its thermal conductivity and heat capacity

values give it acceptable thermal characteristics as a blanket coolant.

Compatibility and Corrosion - Although HTS has been used in industry as

a heat transfer medium for over thirty years, detailed corrosion data are

quite limited. The salt has been suitably contained in several iron and

nickel base alloys with resulting nominal corrosion rates of less than

4.8 x 10~8 mm/s (̂  1 mil/yr). Recent studies^ ' at ORNL showed that acceptable

corrosion rates were obtained for Type 316 stainless steel (̂  0.013 mil/yr)

and for Hastelloy-N (y 0.012 mil/yr) exposed to circulating HTS at a tempera-

ture of 431°C. Data from Reference 8 indicates corrosion rates for Inconel

should be comparable. Since HTS is oxidizing, it is unlikely that it will

be compatible with reactive metals such as niobium or titanium.

HTS is incompatible with graphite and lithium. The NaNO3 in HTS is very

reactive toward carbon, and intermixing of the salt and graphite would present
(9)

a safety problem. Recent ORNL experiments to show the effects of mixing

HTS with lithium (as might occur in a leak situation) demonstrated that HTS

would not be compatible with liquid lithium since it undergoes a vigorous,

exothermic reaction. A similar reaction is expected between HTS and solid

Li7Pb2» However, no reaction was observed between molten HTS and solid lithium.

Other Considerations - Available data on the thermal stability of HTS is

sparse. Reference 6 presents data regarding the thermal decomposition of HTS.

Although the data are questionable, they point to a tentative conclusion that

even in a sealed system the useful maximum temperature of HTS may be on the

order of 540°C. Thermal decomposition of HTS becomes significant above ̂  500cC;

Reference 5 states that it is likely that radiation would promote decomposition

at still lower temperatures, although no experimental data exist to verify

this.

Results of the only knawn irradiation tests of HTS were reported in

Reference 10. Examination of the samples indicated the salt was made more

hygroscopic and that it underwent some breakdown, yielding (in part) gaseous

decomposition products.
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The effect of flow across strong magnetic fields is likely to be increased

corrosivity, although the extent has not been experimentally determined. HTS

is a relatively inexpensive salt, costing on the order of 73c/kg.

12.2.3 Chlorides

Two general groups of chlorides are of interest as potential coolants:

1. chloride compounds containing lithium, which could potentially

provide acceptable tritium breeding ratios in single-fluid

blankets;

2. chloride compounds without lithium, which would act only as a

coolant in a blanket .having a separate tritium breeding system.

Those lithium-containing chlorides which are of interest as breeders

have relatively high melting points, ̂  360°C or higher. Lower melting

chlorides (̂  150-200°C) can be found, but they have relatively low binding

energies and are expected to be relatively corrosive. Both chloride

groups are examined in this section.

Physical Properties - Table 12-2 contains properties for three lithium-

containing chlorides. Each has a melting point ^ 36O°C, approximately that

of the LiF-BeF2 compound examined in Section 12.2.1. Their heat capacities

and thermal conductivities are not as good as those of the LiF-BeF2 compound,

but their viscosities are very much lower.

Compatibility and Corrosion - Available corrosion data on chlorides with

melting points in the range of interest are very limited. Reference 2 states

that limited testing has demonstrated nickel based alloys to have corrosion

resistance superior to that of iron based alloys, and that corrosion rates

were comparable to those for fluorides; but it further states that other

testing has shown the corrosivity of chlorides to vary greatly depending on

the extent to which impurities such as water are removed from the salt.

Reference 5 also states that molten chlorides are generally similar to fluorides

in their corrosive attack on metals. It further states that the lower-melting-

point chloride systems (."^ 150-200°C) , having lower binding energies, would

be expected to be relatively corrosive and thus would probably not be compati~

ble with nickel or iron based alloys.
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Tritium Breeding and Recovery - The breeding capabilities of three

lithium-chloride/metal-chloride compounds were studied in Reference 3. None

of the three yielded breeding ratios greater than 1.00 withou': the use of

liquid lithium as an additional breeding material. LiCl-KCl and LiCl-SnCl2

required the use of U-238 rods as neutron multipliers as well. The table

below summarizes the Reference 3 results for the chlorides.

Blanket Coolant

Required Breeding Material

Required Neutron
Multiplier

Total Breading Ratio

LiCl-KCl

Li Metal

U-238 Rods

1.017

LiCl-PbCl2

Li Metal

— —

1.093

LiCl-SnCl2

Li Metal

U-238 Rods

1.016

These ratios were obtained for a 140-cm thick blanket having the approxi-

mate (volume %) composition of 10% 316 stainless steel, 44% salt, 46% Li.

Other Consideration? - Chloride salts would have to be chemically pro-

cessed (using method presently available) prior to their use as a coolant

to remove impurities which strongly affect their corroslvity.

Chloride salts having relatively high binding energies (i.e., relatively

high melting points) should have good resistance to thermal decomposition in

the temperature ranges of interest, and should have good stability under

irradiation. As with the other salts, the effect on chemical stability of

chlorides from induced emf due to traveling across magnetic fields is not

known.

12.2.4 Other Salts

Previous studies of molten salts as potential blanket coolants have

briefly considered hydroxides and carbonates. Both have significant dis-

advantages which make them less desirable than either HTS or LiF-BeF2>

Reference 2 states that, of carbonates in the literature having reason-

able elemental combinations, the one with the lowest melting point (397CC)

is Li2CC"3-31.5Na2CO3-25K2CO3 (mole % ) . This temperature is probably too high

for the carbonate to be feasible for use as a blanket coolant with nickel

12-10



or iron based alloys having maximum useful temperatures in the 450-500°C

rang3. Since the carbonates are strong oxidizers, they would probably not

be compatible at higher temperatures with reactive metals such as niobium

or vanadium. Therefore, further consideration was not given to carbonates.

Pure hydroxides of lithium, potassium, and sodium have relatively high

melting points (> 320°C), but there are eutectic hydroxide mixtures with lower

melting points, such as (mole %) 56NaOH-44KOH (187°C) and 73NaOH-27LiOH (219°C).

However, the relatively high degree of corrosivity of the hydroxides essentially

eliminates them from serious consideration as blanket coolants. Reference 11

states that the conclusion of research conducted to date to find suitable con-

tainer materials is that all metals and alloys tested are attacked to some

degree, with generally objectionable rates of attack occurring at temperatures

above ^ 550°C. The most resistant materials are nickel, silver, gold and

chromium. These materials, however, exhibit "mass transfer" effects (as do

nickel and iron based alloys) in hydroxide systems which have a temperature

gradient. In this phenomenon, metal is removed at hotter sections and de-

posited in a crystalline or oxide form at cooler sections. The mass-transfer

effect would probably cause relatively rapid clogging of flow systems, and

togecher with the problem of corrosivity is sufficient to eliminate the hy-

droxides from further consideration.

12.2.5 Comparison of Candidate Salts

The candidate molten salts divide roughly into two groups:

1. salts which might potentially be adequate tritium breeders, but

which have relatively high melting points;

2. salts which have no potential as breeders, but which have relatively

low melting points.

The best candidate salt, from the standpoints of tritium breeding and

melting point, would be one which would yield an adequate breeding ratio,

augmented possibly by neutron multipliers, coupled with a low melting point.

The coolant's breeding capability would permit blanket design simplification

through use of only a single fluid system, without requiring a second system

or fluid (such as liquid lithium) for tritium breeding. A low melting point

would permit higher inlet/outlet temperature differences in the coolant, or
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lower blanket structure temperatures, while still permitting the use of nickel

and iron based alloys such as Type 316 stainless in the first wall/blanket

structure.

Of the tritium-breeding salts, only the LiF-BeF2 compounds seem po-

tentially capable of achieving a breeding ratio greater than 1.3 with or

without an additional breeding medium. Lithium-chloride/metal-chloride

(potassium, lead and tin) compounds do not yield adequate breeding ratios

even when liquid lithium and neutron multipliers are added, and would require

excessively thick blanket designs. In addition, those chlorides offer no

melting point advantage over 47LiF-53BeF2 (mole % ) . Therefore, of the breeding

salts, the compound 47LiF-53BeF2 was selected for further evaluation in

Section 12.A.

Low melting point compositions exist among the non-lithium-containing

hydroxides and chlorides, but those compositions cannot be considered as

blanket coolants because of their high degree of corrosivity. Thus the

most viable candidate of the non-breeding salts is heat transfer (HTS),

49NaNO2-7NaNO3-44KNO3 (mole % ) , and therefore it was selected for further

evaluation in Section 12.4. HTS has the lowest melting point (142°C) of any

candidate salt, has good thermal and heat transfer qualitites, and has been

demonstrated in recent tests to have acceptable corrosion rates for Type 316

stainless steel. Corrosion rates should be acceptable for most nickel and

iron base alloys. The main disadvantages of HTS are its incompatibility with

graphite and liquid lithium and its possible instability under fusion reactor

radiation levels.

12.3 Review of Design Approaches

Very few first wall/blanket designs and concepts using molten salts as

coolants have been previously discussed in the literature. In general, only

generic problems have been discussed rather than hardware problems, thus

there is little design information to draw upon. This section will present

several of these designs/concepts and discuss the two basic design types,

the single and double fluid blankets.
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12.3.1 ORNL Li/HTS DesiRn

The preliminary blanket design established by Oak Ridge in their Fusion
(2)

Power Demonstration Study Interim Report used molten HTS to cool the

liquid lithium breeder material contained in the blanket. Two different

blanket concepts evolved (1) a contoured modular blanket (Figures 12-2 and

12-3), and (2) a cassette modular blanket (Figure 12-4). The modular concept

resulted from an emphasis on remote maintenance which led to the development

of small, easily replaced blanket modules. Design parameters guiding the

selection of materials and structural sizing were (1) first wall loadings

of 2-5 MW/m2 and integral loadings of 10-20 MW-Yr/m2, (2) first wall maximum

temperature of 400°C with temperatures up to 500°C permitted elsewhere in

blanket, and (3) design life of 3 x 105 pulses. Figure 12-5 summarizes the

blanket design parameters.

ASSEMBLED
bLANKET

SUPPORT STRUCTURE
AND MANIFOLDS —

-IN THIS CONCEPT
THIS ENTIRE

I SURFACE WOULD BE
I COVERED WITH A
\SEPARATE FIRST WALL

-SUPPORT BEARING

(SEE FIGURE 12-3
FOR SECT. A-A)

BLANKET
SEGMENT BLANKET

MODULE

Figure 12-2. Blanket module assembly contour concept.
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COOLANT INLETS

COOLANT
SUPPORT FLANGE
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SHIELD

•GRAPHITE REFLECTOR

COOLANT TUBES

COOLANT PASSAGE

SEPARATE TUBULAR FIRST
WALL

85 cm

SECTION B-B

Figure 12-3. Blanket module sections (contour concept),
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Figure 12-4. Cassette blanket cross section.

PARAMETER
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BREEDING RATIO
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OTHER

VALUE
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> 1
450-500OC

~ 400OC
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Figure 12-5. ORNL blanket design parameters.
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The contour blanket concept consists of a roughly circular array of small

blanket modules which form segments of the reactor torus. There are twelve

modules per segment; the number of segments is three times the number of

toroidal field coils. The segment framework provides support to the modules

and first wall and also provides the coolant inlet manifolds for the blanket.

The first wall is thin-wall tubular construction ("slightly leaky" but not a

vacuum wall). The module itself is double-walled, with coolant flowing be-

tween the walls. Inside the blanket module is liquid lithium, a graphite

reflector, gamma shields, and coolant tubes containing HTS (Fig. 12-3).

Around the module top on all four sides is a plenum which collects the coolant;

pipes run down from the plenum at three points to deliver coolant to the first

wall. The module walls, first wall, and bulk blanket are cooled in series.

Coolant enters in a center pipe, is discharged between the walls at the

center bottom, flows between all walls, is collected in the top plenum, flows

down through three feed pipes to the first wall, up through one outlet pipe,

and down the annular center pipe to the bulk blanket coolant tubes.

The cassette blanket concept takes advantage of the fact that the walls

surrounding the plasma need not conform to the plasma cross section shape,

but can instead be dictated by engineering requirements such as maintain-

ability and fabricability. The cassette modules which comprise the blanket

are long, relatively thin box-like volumes (Fig. 12-4). The walls of each

module are constructed by joining a series of contiguous U-shaped tubes. These

tubes contain the HTS coolant and envelop the liquid lithium. Tritium is

recovered from the lithium through niobium capillaries at the center(s) of

the single or double cassette module.

12.3.2 Li/Fllbe Concept

A concept for the blanket and shield of a high-field compact tokamak

reactor is described in Reference 12. In this concept, liquid lithium is used

as the breeding material and the first wall and! breeding zone are cooled with

LiF-BeF2- The reference dealt basically with the neutronics aspects of the

concept and no design problems are discussed.
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The blanket consists of a tabular molybdenum alloy (TZM) first wall

filled with coolant, a series of breeding regions (95% Li, 5% TZM) cooled

by tubing containing coolant, a graphite moderator/reflector and a stainless

steel reflector. The lithium is essentially stagnant and flows only enough

to maintain a low tritium inventory (approximately one cycle per day).

Figure 12-6 schematically illustrates the blanket and shield cross section.

The lithium regions were sized to keep the peak temperature of the lithium

below 1000°C; the coolant/wall interface temperature was set at 650°C. Net

tritium breeding ratio was calculated to be 1.05.

12.3.3 Other Blanket Concepts

12.3.3.1 ORNL Li/Salt Concept

Reference 13 briefly addressed a conceptual molten salt ccoled version

of the helium cooled blanket from the Princeton Reference Design of Reference

4. The original Princeton design used LiF-BeF2 as a breeding material cooled

by helium; in Reference 13 liquid lithium was substitued for the LiF-BeF2

breeding medium and a molten salt (composition not specified) was substituted

for the helium coolant. Other design parameters and geometry were unchanged.

FIRST WALL-TZM
FLIBE

PLASMA

Li + 5 V/O Mo

GRAPHITE
STAINLESS STEEL

SHIELD

OUTSIDE BLANKET
AND SHIELD SECTION

1 m

7 ^^TZMFLIBE-TZM

Figure 12-6. Schematic of Li/Flibe blanket concept.
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Figure 12-7 shows sketches of the blanket cross section, and a tabulation of

heat transfer and stress parameters obtained for Incoloy and for Nb-l%Zr

tubing assuming a molten salt coolant.

12.3.3.2 Imamura LiF-BeF? and Li/Li-Chloride Concepts

Imamura performed studies (basically neutronics) of the feasibility

of blanket concepts using 47LiF-53BeF2 (mole %) and several lithium-chloride/

metal-chloride compounds as coolants (see Table 12-2). The Princeton

Reference Design of Reference 4 was asuumed as a basis for the study. Blanket

coolant inlet and outlet temperatures were assumed to be 460°C and 630°C

respectively. One concept was examined in which LiF-BeF2 was the breeding

material and coolant, with the blanket coolant tubes of the Princeton design

replaced (for the neutronics study) by a fractional percent of Type 316

stainless to account for assumed circumferential and radial baffles within

the blanket. The concepts using the chlorides as coolants assumed that an

additional breeding medium, liquid lithium, was contained in tubes within

the blanket, cooled by flowing the chloride over the tubes. Neutron multipliers

(such as U-238 in sealed tubes) were also added in an attempt to achieve

breeding ratios greater than unity.

12.3.4 Comparison of Blanket Concepts

None of the first wall/blanket/shield concepts examined in this section

represent optimized blanket designs; each was to some extent incidental to

the study in which it was used. There are two basic concept types of interest,

which parallel the two coolant categories discussed in Section 12.2.5: (1)

single fluid blankets, which use only one type of molten salt functioning as

both breeder and coolant; (2) double fluid blankets, in which a molten salt

acts as the coolant and some other material (a lithium compound) acts as the

breeder.

For a single fluid blanket, the simplest and most logical blanket con-

cept seems to be the type suggested in Reference 3. In this concept, struc-

tural plates act as circumferential and radial baffles within the blanket,

resulting in a cellular structure with coolant flowing through the channels

of rectangular cross-section formed by the intersecting baffles. Flow

direction through the blanket is established by leaving out a part of the
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Figure 12-7. Design and principal parameters for ORNL Li/molten salt concept.



circumferential baffle at the top or bottom end of each channel, so that be-

tween any two radial baffles the coolant flows alternately up through one

channel and down through the next successive (radially outward) channel.

The coolant is directed into the first wall from the blanket inlet, then flows

from the inside of the blanket to the outside through the channels in any

givan radial "bay", then leaves the blanket through the outlet tube. The

first wall would be formed by a set of contiguous coolant tubes standing off

from the blanket. Figure 12-8 illustrates the concept.

All the double fluid blanket concepts proposed in the reference reviewed

are basically the same as that of Reference 2 (Fig. 12-3), in which liquid

lithium is contained (static or semistatic) inside the blanket which is

cooled by molten salt flowing through a tubing network. First wall cooling

is as described above for the single-fluid blanket., This type of layout seems

CIRCUMFERENTIAL
BAFFLE-

BLANKET
SECTION

FLOW OUT FROM
BLANKET TO
MANIFOLD

PERSPECTIVE VIEW OF MODULE
SHOWING FLOW PATTERN - TOP
AND NEAR SIDE WALLS REMOVED

Figure 12-8. Single-fluid blanket concept.
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preferable to the cassette-type designs of Reference 2, where the bulk of

the liquid lithium breeder may not be adequately cooled by the cooling tubes

surrounding it.

The designs examined in this section are mechanically not unlike those

for other liquid coolants. Their relative merits for molten salt cooled

blankets are discussed in conjunction with the candidate molten salts in the

following section.

12.4 Selected Approach

Selection of the best first wall/blanket design approach must begin with

an examination of the candidate molten salts, to determine which if any of

the salts offer sufficient potential as both tritium breeder and coolant to

make a single-fluid blanket feasible. A single-fluid blanket design, with or

without additional material acting as a neutron multiplier, would seem logically

to offer significant advantages over a multiple-fluid design, i.e. separate

breeder and coolant, because of the (probable) relative design simplicity of

the single-fluid concept. The viability of such a design, based on the

discussion of Section 12.2, rests primarily on whether an adequate breeding

ratio can be obtained from a reasonable single-fluid blanket design.

From the discussion in Section 12.2, it is obvious that among the candi-

date breeder/coolant molten salts only 47LiF-53BeF2 (mole %) has any real

possibility of attaining a breeding ratio >v. 2 1.30, which this study con-

sidered to be a minimum value required to provide an adequate margin to

accommodate all blanket volume losses due to ports, a non-breeding inboard

wall, etc. To determine what breeding ratio might be expected from a logical

blanket design using 47LiF-53BeF2 as a breeder/coolant, two "typical" single-

fluid blanket designs, with and without solid lead added as a neutron multi-

plier, were examined using the results of previous neutronics studies

(Section 6) of blankets with liquid lithium and with lithium compounds.

The sketch below illustrates those designs.

2 cm 316 SS
j .

•«- 40 cm LiF-BeF2

, * 2 0 cm Pb

• • 4 0 cm LiF-BeF-

0.5 cm 316 SS
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The results indicated that 47LiF-53BeF2» even with neutron multipliers

added, would not provide adequate breeding ratios. For a 60-70 cm thick

blanket (similar to sketch (a) above) at 100% volumetric efficiency, the

maximum breeding ratio was only 1.07, which is much less than the specified

1.30 level; thicker blankets will not increase the ratio. The addition of

20 cm of lead as a neutron multiplier (sketch (b)) was not expected to in-

crease the 1.07 breeding ratio, and might in fact reduce it. Adding solid

beryllium to the blanket might provide better neutron multiplication than

adding solid lead. However, it is apparent from these results that an

acceptable breeding ratio cannot be achieved using LiF-BeF2 even with addi-

tional neutron moderators in a reasonable single-fluid blanket design. Since

no other lithium-containing salt had any chance of reaching the 1.30 breeding

ratio, the single-fluid blanket concept was therefore not pursued further.

For the double-fluid blanket concept, it seems most logical to use HTS

as the coolant, to take advantage of its relatively low melting point to

either maximize the inlet-to-outlet coolant temperature range, or to lower

the blanket structure temperatures. Assuming an iron or nickel based alloy

as the first wall/blanket structural material, the use of HTS will permit

more than twice the coolant temperature difference (inletr-to-outlet) as

compared to 47LiF-53BeF2, which is the next best candidate.

Since HTS is incompatible with liquid lithium and graphite, the blanket

design must either avoid using those materials or prevent their contact with

HTS. Selection of a solid breeding medium containing lithium would help to

reduce the safety concerns associated with accidental contact between HTS

and the breeder, and would also eliminate the separate pumping system needed

for a liquid breeder.

Based on evaluation of candidate molten salt coolants and of blanket

concepts using those salts, the best overall concept for detailed examination

appears to be that shown in Fig. 12-9. This concept uses HTS as the coolant,

solid lithium-lead (LiyPbj) as the breeding medium, and stainless steel and

boron carbide (B^C) as neutron moderators and shielding. The lithium-lead

and B^C bars are each encapsulated in stainless steel and extend radially

through the blanket between the inside and outside walls. HTS enters the

blanket at the outside, flows through the double-walled sides to the first
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Figure 12-9. Molten salt cooled first wall/blanket concept.
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wall tubes, through the first wall, back into the blanket and then along

and through the banks of bars to the outside of the blanket. A tubular first

wall configuration was selected based on'the studies of first wall life reported

in Section 7. The relatively unconstrained tubes are expected to have longer

life than other first wall concepts. The tubes adequately protect the blanket

and are relatively easy to fabricate.

12.5 Analyses of Selected Design

12.5.1 Neutronics Studies

The breeding zone of the baseline blanket design was configured to

achieve an adequate breeding ratio (>1.30) based on results presented in

Section 6 . Those studies indicated that a total lithium-lead zone length

of approximately 75 cm, at a calculated volumetric efficiency of ̂  70%, would

be sufficient. As a result the design breeding zone length was set to this

value. The overall volumetric efficiency (volume of Li7Pb2 * total breeding

zone volume) of the design is T, 70%. These values can be obtained in a balanced

design because of the good thermal characteristics of the HTS coolant, i.e.

the volume of HTS coolant required to carry away the heat is relatively small.

A low-pressure, low velocity, gaseous helium extraction system was se-

lected for removing the tritium from the lithium lead. The Li7Pb2 bars were

enclosed by stainless steel walls to prevent contact with and oxidation by

the HTS. The HTS forms a stable oxide film on the outside of the stainless

steel walls which reduces the tritium permeation into the HTS by a factor

of 100 or more. The stainless steel plate walls holding the LiyPb2 bar arrays

were further assumed to have a thin ceramic coating on the inside surfaces,

to provide an additional barrier to tritium permeation into the HTS. Analysis

indicated that the tritium generated within the lithium-lead at an average

350°C would be i> 3.5 x 10^ curies per day (total for reactor), and that

a portion of this amount would enter the HTS if no heliuta extraction system

and no permeation barriers were present. However, the oxide film on the

stainless steel outer surfaces and the thin ceramic coating on the inner

surfaces together should reduce the permeability of the stainless steel walls

by a factor ̂  > 1000. This is sufficient to reduce the tritium level in the

HTS to less than 4 curies/day, which is less than the 10 curies/day level
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considered acceptable. Thus no separate tritium extraction procedure should

be necessary for the HTS coolant, which reduces the .nplexity of the overall

blanket system.

The results of studies on trititim inventory buildup (Section 5) indi-

cated that the 4 cm x 4 cm cross section initially selected for the Li7Pb2

bars might result in an excessive buildup of tritium in the breeding material.

Consequently the bar cross section dimensions of the 'Lly'Pb^ were reduced to

^ 1.5 cm, which should result in acceptable tritium inventory levels (assuming

adequate extraction rates for the tritium).

12.5.2 Thermal Analyses

Thermal analyses of the baseline design first wall and blanket were

conducted based on the following assumptions:

• Neutron wall loading = 2.4 MW/m2

• Surface flux = 25% of neutron wall loading value

• Coolant inlet temperature = 200°C

• Coolant properties from Table 12-2

• No divertor

• Desired inlet-to-outlet temperature rise ̂  200cC

Figures 12-10 and 12-11 show, respectively, the coolant temperature rise per

unit length of front wall tube and the temperature drop across the film be-

tween the tube wall inside surface and the bulk coolant. Both parameters

decrease rapidly as the coolant velocity is increased, for a given tube

diameter. The temperature drop between the front wall outside and inside

surfaces is relatively small for the tube thickness (y 0.05 to 0.25 cm) needed

for molten salt designs (Fig. 12-12), and is not a primary factor in defining

and sizing the front wall system^ Likewise, the temperature increase of the

tube back wall above the bulk coolant temperature is not significant (Fig.

12-13) .

The layout of the first wall tubing was dictated primarily by considera-

tion of the film temperature drop, which is inversely related to coolant flow

velocity. For the typical blanket module of Fig. 12-9, a mass flowrate of

only 4.04 kg/s per module is required to give the desired 200°C inlet-to-

outlet coolant temperature rise. The resulting product of cross section area
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COOLANT TEMPERATURE RISE - FRONT WALL

SURFACE HEATING
LOMW/m*

SURFACE FLUX - 25% PN
HTS COOLANT
0.05 cm TUBE WALL THICKNESS
V •= COOLANT VELOCITY

TUBE OUTSIDE DIAMETER - cm

Figure 12-10. Coolant temperature rise - front wall.

SURFACE HEATING
P[vj 1.0MW/m2
SURFACE FLUX = 25% PN
HTSCOOLANT
0.05 cm TUBE WALL

COOLANT VELOCITY

1.0 2.0 3.0
TUBE OUTSIDE DIAMETER - cm

4.0

Figure 12-11. Tube wall to coolant temperature difference.
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Figure 12-13. Tube backside temperature - first wall.
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and velocity (ie., the volume flowrate) for that mass flowrate is 2130 cm3/s.

When considering a first wall design consisting of side-by-side tubes running

parallel to the <v 0.5 meter (shorter) dimension of the module face, it becomes

apparent that to achieve turbulent flow (Fig. 12-11) requires designs that

are impractical from a fabricability standpoint. (Film temperature drops in

the laminar region indicated in Fig. 12-11 would be approximately an order of

magnitude higher than the turbulent flow values shown.) For example, to

achieve a 2.0 m/s flow velocity requires 112 parallel tubes each 0.446 cm

(0.176 in.) in diameter (assuming an 0.05 cm wall thickness). A better design

is achieved if the coolant can remain at the first wall for a longer period

of time, provided reasonable flow velocities are maintained. One method for

achieving this is to pass one single coolant tube, or several such tubes, back

and forth across the first wall a number of times. The schematic below illus-

trates such a scheme for a three-tube (three-loop) system, where each tube

carries one-third of the total mass flow.

OUTLET
t t *

FIRST WALL PERIMETER INLET

THREE-LOOP
FIRST WALL
SYSTEM

LOOP 1
LOOP 2
LOOP 3

(LOOKING OUTWARD FROM PLASMA AT FIRST WALL)

Table 12-3 shows the results of calculations for the baseline module's

first wall for 2-, 3- and 4-loop systems based on Figs. 12-10 through 12-13.

Maximum metal temperature for the first wall is very dependent on flow

velocity and is net strongly dependent on the number of coolant tubing loops.

(A single-loop system, although feasible from a thermal standpoint, was not

considered because use of any practical tube-bend shapes, required to reverse

the flow direction at the end of each pass across the first wall, will result

in gaps between adjacent tubes in the region of the bends through which signifi-

cant amounts of gamma radiation will penetrate the blanket itself.)

Estimates were made of the maximum lithium-lead breeder plate tempera-

tures, based on the results from the studies discussed in Section 6. Figure

12-14 shows how maximum breeder plate temperature increases with the plate
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Tab?1; 12-3. Temperatures for Multiple-Loop Tubular F i r s t Wall Systems

• Neutron wall loading (P..) = 2.4 MW/m2

• Surface flux = 25% PN (no divertor)

• Coolant i n l e t temperature = 200°C

• Tube wall thickness = 0.05 cm

• 316 s ta in less s teel tubing

• HTS coolant

No. of Coolant Tube I.D. Total Length (AT)Film (AT)Hall (AT)Coolant Maximum Tube
Velocity (M/S) Req'd (cm) Per Loop (m) (°C) (°C) (*C) Temp. (°C)Loops

1

3

5

•-I

3

5

1

3

5

1

3

5

5.20

3.00

2.33

3.68

2.12

1.65

3.00

1.73

1.34

2.60

1.50

1.16

9.43

16.13

20.58

6.61

11.26

14.29

5.38

9.11

11.57

4.63

7.81

9.92

(Laminar)

70

44

176

66

41

167

63

40

162

61

38

—

14

14

14

14

14

14

14

14

14

14

14

—

48

48

48

48

48

48

48

48

48

48

48

——

332

306

438

328

303

429

325

302

424

323

300
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Figure 12-14. Breeder plate maximum temperature.

width, assuming laminar flow of coolant on either side of the plate through

gaps between adjacent plates. For the 1.5 cm breeder plate thickness assumed

(see Section 12.5.1), at the plate center the peak temperature will be ̂  240°C

higher than the adjacent coolant temperature. This peak value occurs at the

end of the breeding zone radially nearer the plasma. The temperature differ-

ence between breeder and coolant decreases with increasing radial distance.

12.5.3 Structural Analyses

Analyses of the first wall tubing were performed to determine fatigue

life, using the data generated in the thermal analyses of the previous section.

Because of its geometry, the tubing was assumed to be unconstrained with
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Figure 12-15. Comparison of temperature gradients fcr helium and molten salt
cooled tubes.
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— — MOLTEN SALT COOLANT (0.05 cm WALL, 316 ST. STL)
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Figure 12-16. Comparison of longitudinal and circumferential stresses for
molten salt and helium coolant.
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regard to bending and axial deflections; analyses in Section 10 of the helium

cooled first wall showed the fatigue life of unconstrained tubing to be much

better than for constrained tubing.

Fatigue life for the molten salt design was determined qualitatively by

comparison to the results for the helium cooled design. For both the helium

and molten salt designs, crack growth rates in air were assumed since crack

growth data in the actual environments were unavailable, and therefore

differences in life between the designs reflect only the differences in

longitudinal and circumferential stresses. Design parameters assumed were

those given in the previous section except as noted.

Analysis results indicate that for the HTS design, 0.05 cm thick tubing

(2.12 cm I.D.) is adequate thermally and structurally. Fabrication considera-

tions, however, may force a larger wall thickness. Therefore, for purposes

of comparison to the helium cooled design, thermal and structural analysis

was also performed on an 0.20 cm thick tubing for both 316 stainless steel

and Inconel, assuming the molten salt design baseline values of 3 m/s flow

velocity and 2.12 cm I.D.

(In the following discussion, except where noted, the results for the

helium designs do not reflect the 2.2 enhancement factor on connective heat

transfer assumed for the helium/Inconel baseline design in Section 10.)

Thermal gradients in the first wall tubing are compared in Fig. 12-15

for the molten salt and helium designs. The gradient AT_ between the centers
a

of the front and back faces of the tubing are seen to be lower by a factor

of ̂  3 for the molten salt design (0.05 cm wall tubing) than for the baseline

helium design (30 m/s flow velocity). Even for the 0.20 cm thickness, the

gradients for the molten salt design are still well below those of the helium

design. The through-thickness gradient AT. for the 0.05 cm molten salt

design is also much lower than for the 0.20 cm baseline helium design.
The low thermal gradients for the 0.05 cm molten salt stainless steel

design result in longitudinal stresses (̂  ATn) and circumferential stress
a

(y AT.) which are much lower than for an 0.20 cm helium stainless steel de-

sign or for the 0.20 cm helium cooled Inconel baseline design. These low

stresses (Fig. 12-16) in turn would result in considerably longer fatigue

life for the 0.05 cm stainless steel molten salt design.
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Since tube wall thicknesses greater than 0.05 cm may be required be-

cause of manufacturing considerations, analyses were performed for 0.20 cm wall

molten salt cooled tubing assuming both Inconel 625 and 316 stainless steel.

The results were compared to those for the helium cooled baseline design

which uses 0.20 cm Inconel tubing and assumes a 2.2 enhancement factor on

convective heat transfer. Table 12-4 summarizes the results of the comparison.

The longitudinal and circumferential stresses for the 0.20 cm molten salt

design for both Inconel and 316 stainless steel are on the order of stresses

calculated for the 0.20 cm helium cooled Inconel tubing, for which the calcu-

lated life (on the basis of crack growth only) is > 30 years.

Assuming that the crack growth rates of Inconel 625 and 316 stainless

steel in molten salt are (eventually shown to be) approximately equal to the

rates determined in air, then, fatigue lives for the 0.20 cm molten salt cooled

tubing would also be > 30 years. In such a case, useful life of the first

wall would actually be limited not by growth of an existing flaw to failure

(simple fatigue) but by some irradiation-damage-related mechanism not examined

in this study.

To summarize the preceding discussion, the fatigue life obtaining from an

optimized molten salt cooled design should be > 30 years, easily adequate for

the useful life of the plant, assuming that flaw growth rates for Inconel or

316 stainless in molten HTS are roughly equivalent to the rates in air.

12.6 Recommended Molten Salt Cooled Design Approach

The recommended design approach for the molten salt cooled first wall/

blanket/shield is presented in Figs. 12-17 and 12-18. A typical blanket module

is shown; the overall module dimensions can be easily adjusted to form any

required module in the segment which surrounds the plasma region (Fig. 12-9).

The design features a tubular first wall, separate breeding zone of sealed

LiyPb2 plate assemblies having a helium purge for tritium removal, and separate

stainless steel/boron carbide shield zones, contained in a stainless steel

blanket structure and cooled by flowing HTS coolant. The design inherently

provides a thermal flywheel for the power generating system by using the heat

stored in the shielding material to smooth out the thermal cycle by decreasing

the temperature drop between burns.
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Table 12-4. Fatigue Life and Stresses for Thicker First
Wall Tubing

Design Parameters for Molten Salt Cooled Tubing:

• Wall Thickness - 0.20 cm

• Coolant velocity =3.0 m/s

• Tube I.D. = 2.12 cm

• V T c = 5° c

• Coolant Inlet Temperature =
200°C

Coolant

Tube thickness (cm)

Tube material

ATB <°C)

ATA (°C)

First wall maximum tempera-
ture (°C)

Internal pressure (mPa)

Longitudinal stress (mPa)

- Thermal (mPa)

- Pressure (mPa)

Circumferential stress (mPa)

- Thermal (mPa)

- Pressure (mPa)

Life (yrs)
(0.03 in. initial flaw) i

Molten

0.20

316 SS

137

56

370

1.38

140.0

135.8

4.1

120.6

112.4

8.3

> 30 yrs(1)

Salt

0.20

Inconel 625

147

77

391

1.38

117.9

113.7

4.1

128.9

120.6

8.3

^ 10 times
longer than,,*
with 316 SSk ;

Helium^3*

0.20

Inconel 625

118

70

470

5.07

102.7

92.4

10.3

137.9

117.9

20.0

> 30 yrs

(1)

(2)

(3)

Assumes crack growth rate roughly equivalent to that of 316 stainless
steel in air.

Assumes ratio of Inconel to 316 crack growth rates in molten salt is same
as ratio in helium.

Assumes 2.2 enhancement factor on convective heat transfer within tube by
surface roughening, etc.
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• COOLANT: HTS (NaNO2 - NaNO3 - KNO3)
• STRUCTURE, TUBING: 316 STAINLESS STEEL
• BREEDER: LITHIUM-LEAD (Li7Pb2)
• MODERATOR, SHIELD: 316 ST STL, BORON CARBIDE
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PLATES)

4 cm
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75 cm

45 cm
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BLANKET/SHIELD MODULE

COOLANT FLOW

A - A

6 cm
STRUCTURE J

PLATES

ST STL/B4C
PLATES

"55

B-B

Figure 12-17. Molten salt cooled blanket shield - recommended approach.
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Figure 12-18. Details of first wall and breeding zone.



The separation of the breeding and shielding zone permits a shorter,

nonbreeding variation of the basic blanket design to be used for the modules

on the reactor inboard well. Both inboard and outboard module designs will

be used for power generation. They will differ only in that the inboard

module design will have no breeding zone and will have a slightly different

packing density for the shielding materials.

Design details for the outboard (breeding) module shown in Figs. 12-17

and 12-18 were selected based on evaluation of the neutronics, thermal and

structural analyses results in Section 12.5. They represent reasonable choices

for purposes of comparison with other such blanket designs using different

coolants, rather than the results of design optimization. In the selected

approach, HTS enters the blanket structure and is channeled to the first

wall through the chambers formed by the double walls on the narrower (50 cm)

side of the blanket (the 100 cm sides are single walled). The coolant flows

through the two separate tubing loops which nest together to form the first

wall. After reentering the blanket structure, the coolant flows radially

outward through the 0.3 cm gaps between adjacent plate assemblies in the

breeding zone, then between the stainless steel/boron carbide (SS/B^C) plates

in the shield zone, and then exits the blanket through outlet pipes in the

back wall. Pumping power required for the HTS coolant is very low, on the

order of 0.1% of total reactor thermal output.

The breeding zone is 75 cm in length and covers the full cross section

of the blanket. The plate assemblies in the zone each consist of ̂  1.5 cm x

1.5 cm (cross section) bars of solid lithium-lead CLljVbz), arranged side by

side with 0.1 cm gaps between adjacent bars. The bar array is enclosed by

0.05 cm tube stainless steel sheet on all sides, with a small helium mani-

fold region at the top and bottom of each array. All plate assemblies in

turn are connected to inlet and outlet manifolds spanning the assemblies at

top and bottom. The low-velocity, low-density gaseous helium enters each

plate assembly from the inlet manifold, then flows through each plate assembly

along the gaps between lithium-lead bars to remove the tritium generated

within the bars, and exits the plate assemblies via the outlet manifold. The

manifolds are connected to the inlet and outlet tubes at the blanket back

wall by narrow enclosed channels within the double-walled blanket sides.

Tritium penetration through the plate assembly walls into the HTS coolant
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is kept at acceptable levels by low-permeability barriers formad by the

oxide on each stainless steel wall's outer surface (which results from reaction

with the HTS) and a thin ceramic coating on the inside of the wall between

each bar and the wall. The 75 cm breeding zone length is based on the ̂  70%

volumetric efficiency calculated for lithium-lead (including 10% SS structure

and 20% HTS). Shielding zone length is 45 cm, based on a calculated 85% volu-

metric efficiency for the SS/B^C plates and an integrated wall loading of 10

MW-yr/m2 (to limit neutron leakage to the superconducting magnets). Neutron

streaming can be prevented by canting the plate assemblies at a slight angle,

and by canting and/or "stepping" the bars within the plate assemblies.

A tritium breeding ratio of 1,08 is obtained for the reactor by designing

for a 1.3 breeding ratio in the outboard modules and no breeding in the in-

board modules, which comprise 17% of the maximum possible blanket volume. A

12-year doubling time is provided with a 1% fractional burnup, in accordance

with the neutronics data of Section 6.

A tubular design for the first wall was selected because it appears to

have the potential for the longest life of any candidate designs for actively

cooled first walls. Structural analyses discussed in Section 10 indicated

that acceptable lifetimes could be obtained for tubular first walls, and that

life increased as the degree of mechanical constraint on the tubes was reduced.

This consideration, together with the results of thermal analyses discussed in

Section 12.5.1, led to the selection of the two-loop first wall shown in

Figs. 12-17 and 12-18. (A three- or four-loop system could be selected based

on fabrication considerations without significantly affecting performance.)

For the recommended design approach, inlet-to-outlet temperature differ-

ence is "V" 200-250'C. Higher differences are obtainable, since the highest

coolant temperatures and highest structural temperatures occur at the radially

outward end of the shielding zone where structural temperatures would not be

limited by irradiation embrlttlement. Inlet temperature was set at 200°C,

giving almost 60°C margin above the salt's melting point. Maximum temperature

within the Li7Pb2 breeder bars is * 492°C, well below the 762°C melting

point of the compound. First wall maximum temperature for the two-loop design

shown is 328°C, assuming an 0.20 cm Inconel tube wall. This relatively low

temperature value results in a predicted first wall lifetime > 30 years for
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the baseline 2380 MW(t) fusion reactor. The higher structural temperatures

(% 450°C) within the blanket do not represent a problem for stainless steel

or Inconel because radiation damage levels within the blanket are reduced at

this temperature location.

Fabrication of the first wall and blanket is simplified through the use

of regular geometric shapes and a minimum of double-walled construction, and

through the use of easily-welded Inconel for the first wall and 316 stainless

steel throughout the blanket. The molten HTS and solid lithium-lead in the

breeding zone are expected to be incompatible, and therefore the lithium-lead

bars must be isolated from the HTS. Proper selection of blanket design details

(e.g., redundant encapsulation of the lithium-lead) should minimize the

probability and consequences of inadvertent contact of HTS and Li7Pb2» thereby

reducing safety concerns. Experimental studies should be conducted to

determine the degree of compatibility of molten HTS and solid lithium-lead.

The major unknown for the proposed approach is the degree of stability

of the HTS coolant under fusion reactor radiation levels. A review of avail-

able data and literature indicates that HTS may be stable enough to use as a

coolant, although periodic replacement or reprocessing may be necessary, but

this information is far from being conclusive. Tests of HTS under significant

radiation levels are now underway, and should help to conclusively answer

this question.

The reference design has incorporated a unitized blanket and shield.

This design feature requires further investigation to determine if this is

more desirable than separate blanket and shield systems. Some advantages

and disadvantages t-hat must be evaluated are listed below.

• Thermal Storage - The shield will add thermal capacity to the

system, however, since neutron heating of the shield is low (< 5%

of total heating), the shield will be heated primarily by the coolant

leaving the blanket. For the unitized design, the shield will

smooth the coolant thermal cycle, which is advantageous from the

point of view of fatigue life.

• Increased Volume of High Temperature Structure - A larger amount of

structure will be required to operate at high temperatures which

may result in a less reliable and shorter-lived structure.
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• Increased Replacement Volume - Radiation damage near the first wall

will result in the need for periodic replacement of the first wall

and blanket. Combining the shield and blanket requires reprocessing

of a larger volume of waste material and will result in higher re-

placement costs.

Further analysis and development of the recommended design should also

address these areas in particular: (1) simplification of design through

reduction in the number of parts (subassemblies); (2) reduction of blanket

thickness (front to rear walls) by increasing volumetric efficiency of breeder

and shield plates within blanket; (3) incorporation of equipment and features

needed for handling the salt during reactor startup and shutdown.
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