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o OVERVIEW OF INTOR NUCLEAR SYSTEMS*

Mohamed A. Abdou

Fuslon Power Program
Argonne National Laboratory

Summary

A serious effort ‘'was devoted 1In the Phase-1 study
for INTOR to identifying critical issues and develop-—
ing credible desipn concepts for the nuclear systems.
Erosion by charge-exchange neutrals and effects of
plasma disruption are key issues for the first wall.

A melt layer 1s predicted to develop in a bare stain-
less steel wall under plasma disruptions. OGraphite
tiles will not melt but they introduce serious uncer—
tainties into the design. A partial tritium-producing
blanket will be installed on INTCR to reduce the cost
of externally supplied tritium. The key 1ssue In the
solid breeder blanket concept relates to the effect of
radiation on tritium inventory in the blanket. The
design strategy for the divertor collector plate
focused on separating the surface and high heat flux
problems and on utilizing a novel mechanical design
concept for attaching tungsten tiles to a stainless
steel (or copper) heat sink.

Introduction

A number of papersl_3 in this conference provide
an overview of the INTOR design and a description of
physics and mechanical englneering features. This
paper 1s devoted to presenting a summary of the work
in selected areas of the nuclear systems. The focus
is on providing an overview of the key issues and the
design for the first wall, breeding blanket, and
divertor. The details of the work are presented in
Refs. 4-8.

First Wall System

A conceptual design of a first-wall system that
will survive the total reactor life has been developed
for INTOR. The first-wall system consists of (1) an
outhoard region that serves as the major fraction of
the plasma chamber surface and receives particle and
radiation heat fluxes from the plasma and radiative
heating from the divertor; (2) an inboard repion that
receives radiative and particle fluxes during the
plasma burn and the major fraction of the plasma
energy during a disruption; (3) a limiter region on
the cutboard wall that serves to form the plasma edge
during the early part of startup; (4) a beam—shine-
through region on the inboard wall that receives
shine-through of the neutral beams at the beginning of
neutral injection; and (4) a reglon on the outboard
wall that receives enhanced particle fluxes caused by
- ripple effects during the late stages of neutral Iin-
jection. Figure 1 is a poloidal view of the reactor
showing the location of the various first-wall
regions. Table 1 summarizes the operating parameters
- for the first~wall system.

The reference concept for all firgt-wall regions
is a water—cooled stainless steel panel (see Fig. 1).
The wall thickness of the special regions, e.g., the
limiter and inboard regions, is increased to allow for
enchanced erosion caused by the preferential heat or
particle fluxes. The 20%Z cold=-worked Type 316 stain~
less steel, which 1s selected as the structural mate—
rial, provides adequate radiation damage resistance

*
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Table I. 1INTOR First—Wall Operating Parameters

First Wall
Total plasma chamber area, m2 380
Average neutron wall loading, MW/mZ 1.3
Radiative power to first wall, MW 40
Charge—exchange
Power, MW : 4
Current (50% D, 50% 1), s~! 1.3 x 1023
Flux, m?s~1 3.3 x 1020
Energy, eV 200
Cycle time (Stage I/Stage II & III), s 145/245
Burn time (Stage I/Stage II & III), s 100/200
Total disruption energy, MJ 220
Disruption time, ms 20
Operating life, 15
Total average neutron flux, n/m? 6.8 x 1026
Integral neutron wall load, MW-y/m? 6.5
Total number shots 7.1 x 109
Total number disruptions 1080
Qutboard Wall
Area, m? 266
Surface heat flux, W/ co?
From plasma 11.6
From divertor 3.4
Total 15
Average nuclear heating, W/cm? 15
Limitex
{Outboard wall at R ~ 6 m ~ Upper and Lower.}
Width, = 1
Area (each), m? kt:;
Total fon flux, s~! 3 x 1023
Total heat flux, MW 10

Total fon heat flux, MW 5

Heat flux density, MW/mZ 0.3

Peaking factor 1.5

Typical particle energy, eV 100

Duration, s 4

Pericd, s £t = 0-4
Ripple Armor

{Outboard wall at R = 6 m — Upper and Lower.)
(Does not coincide with the limiter.)

Area, m? 26

Heat flux (ripple = #0.5%), MW/m? 0.4

Peaking factor 2

Particle energy (D), keV 120

Period, s t = 8-10
Inboard Wall

Area, m? 114

Surface heat flux, W/em? 11.6

Average nuclear heating, W/em3 10

Peak disruption energy density, J/em? 289
Beam-Shine=Through Region (Inboard Wall)

Total power (5% of injected), MW 4

Particle energy, keV - 175

Duration, s 2

Period, s t = 4-6

Area, m? 4

Heat flux, MW/m? 1
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Fig. 1.

First—-wall cross gectlon {(top) and
first-wall configuration (bottom).

for full 1life and allowable design stress intensity
sufficient to meet code specifications for the

reference conditions.
channels in the panel-type construction
the first wall tend to minimize bending
provide longer liftime than tubes. The
is integral with the blanket and serves
tainment for the neutron multiplier.

The thin corrugated coolant

selected for
stresses and
outboard wall
as the con—

The eroslon rates and thickness requirements for
the varlous teglons of the first-wall panel have been

evaluated.
based on effective sputtering yields of
per particle at 200 eV and 0.0072 atoms

The physical sputtering erosion rates are

0.020 atoms
per particle

at 100 eV for the particle compositlon given in Table

1. The calculated vaporization erosion

caused by a

plasma disruption is 8 x 107" wm per disruption for
289-J/cm? enecgy density deposited in 20 ms. An
uncertainty factor of two is used to abtain thede:,
erosion allowance. It is assumed that the melt 1a;
formed during a disruption does not erode. :

Table 2 i¢ a summary of the lifetlme analysis
the first-wall system.. For the wall thickness re-
quirements necessary to allow for these predicted
sion rates, all reglons meet the design temperatur
stress and fatfgue eriteria for full-life operatio
ander the reference conditlons. The major uncerta
in this design concept relates to the stability of
melt layer formed during a disruption. A grooved
board wall concept would accommodate erosion of up
102 of the melt layer (~0.14 mm/disruption). Furt
research and development are required to confimm t
stability of the melt region during a disruption.

Tritrium Producing Blanket

A partial tritium breeding blanket will be in-
gtalled on INTOR to reduce the cost of externally
supplied tritium. Liquid {lead-1lithium-bismuth) ar
golid breeders were considered. The technology fo:
tritium extraction from a liquid breeder is relati
well understood, but the blanket design is rather
plicated, relative to a nonbreeding blanket. The
blanket design for a solid breeder 1is much less cor
plicated, but the uncertainty about radiation effe
upon tritium release is a major concernm. Research
programs are currently underway which should resol
this uncertainty within the next year or so. The
solid breeder was selected for INTOR based on the
lower risk of the engineering design and the fact
the present uncertainty about tritium release will
regolved in the near future.

The breeding blanket in INTOR uses the top ar
outboard portion of the 12 removable blanket/shiel
sectors. To permit a blanket desigm which is easli
adapted to the varylag width of the top region and
the changes in neutron wall loading with distance
the midplane, two key features were adopted: (1)
modular approach, by which the blanket is divided
poloidally into a number of discrete segments; (2)
coolant flow through the module across the full se
width, in the toroidal direction

An isometric breakout view of a typical breed
blanket module is shown in Fig. 2. Design and ope
ing parameters for the blanket are given in Table

Table ?. Summary of Lifetime Analysis

Total ‘Maximum Maximum Maximumb Fafigue Life, Cycles

Thickness ‘Erosion Teup . Stress -

Repgion (mm) {mm) (°C) (MPa) No Erosion W/Erosion
Outboard wall 11.7 8.7% 260 360 3 x 106 >107
Ripple region 11.7 8.7 297 400 1 x 106 >107
Limiter reglon 12.8 9.8% 280 410 8 x 105 >107
Inboard wall 13.5 10.5° 275 408 9 x 105 >107
Beam-shine-through region 13.5 10.5% 332 495 2 = 10° >107

aMaximum specified temperature = 350°C.
bMaximuﬁ allowable stress = 650 MPa plasma side, 765 coolant side (cold-worked material).
cAssumes erosion rate one-half of predicted rate for conservative design.

dPhysical sputtering.

e . . .
Physical sputtering plus vaporization,
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Fig. 2. BReference tritiﬁm— producing blanket design.

Table 3. Summary of Rfereunce Design Parameters

for Tritium-Producing Blanket

Neutron multiplier
Material Pb

Maximum temperature, °C 290
Melting point, °C 327
Thickness, m 0.05
Theoretical density, gfcm’ 11.34
Effective density, % 100

Second wall

Form Corrugated panel
Structural materials 316 88 -
Max. structural temperature, °C <150
Total structual thickness, mm 2.5
Coolant H20
Coolant outlet temperature, °C 100
Coolant inlet temperature, °C 50
Coolant nominal pressure, MPa a.7
Reglon thickness, @m 6.0
Breeding regien
Structural material 316 58
Max. structural temperature, °C <150
Breeder material 11,5104
Theoretical density, g/cm? 2.53
Effective density, 7 70
Grain size, 107% m <1
Breeder max./min. temperature, °C 600/400
Neutron moderator material Graphite
Effective density, g/fcm® 1.9
Moderator zone gas fle (0.10 MPa)
Region thickness, m 0.43
Coolant H,0
Coolant outlet temperature, °C 100
Coolant inlet temperature, °C 50
Coolant nominal pressure, MPa 0.7

Tritium processing fluid Re (0.10 MPa)

The blanket design features a solid lithium com—
pound breeder, Li, 5105, with lithium enriched to 307
of 6Li. The solid breeder is fabricated at 70% of
theoretical density. Adequate tritium breeding 1is
achleved by using lead as a neutron multiplier. Grap-—
hite neutron moderator is used in the breeding zone to
minimize solid breeder inventory. Tritium is removed
from the breeder by a gaseous helium purge stream.
Breeder minimum and maximum temperatures during opera~
tion are 400°C and 600°C. This temperature range and
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the 70% density facilitate rritium diffusion from the
breeder. _The low lithium inventory helps reduce the
part of tritium inventory related-to“sqlub;lity.:i;
Pressurized light water  (H,0) is used £6 cool all
parts of the blanket module.” Type 316 stainless steel
is used for all structural and presgure—-carrying
components. ) -

The first-wall panel serves as the plasma-side

“contaipment for the neutron multiplier, and its cool~-

ing system removes part of the lead neutron multi-
plier's volumetric heat. The containment at the back
face of the multiplier is also an actively coeled cor-
rugated panel (second wall), which removes the remaln—
der of the multiplier's volumetric heat. The first
wall and second wall are joined by intercostals which
extend through the 5-cm thick multiplier, thus combin-
ing the two panels gtructurally into a relatively deep
two—cap beam. The panels, the module side walls, and
end walls form a pressure boundary around the multi-
plier. Low—pressure helium in this zone provides good
thermal conductance et the multiplier/coolant panel
{nterfaceas. Maximum mltiplier temperature is pre-
dicted to be 290°C, well below the 327°C melting point
of lead.

The 1ithium silicate behind the neutron multi—
plier 1g formed in cylinders around single~-wall stain—
less steel coolant tubes. There are three separate
rows, or banks, of breeder eylinder/coolant tube
agsemblies, which are separated radially within the
breeding zone. The graphite neutron moderator is
located between banks and between the third bank and
the back wall of the module. Separate, small-diameter
coolant tubes cool the moderator.

A thin metal jacket surrounds each breeder cylin-
der. This jacket provides a pressure boundary between
the helium purge gas which flows through the breeder
cylinder, and the “elean” helium which fills the
remainder of the breeding zome and the multiplier
zone. The clean helium provides good thermal con—
ductance between the moderator and the jacketsa.

Jacket temperature during reactor operation is
relatively low to maintain a low permeabllity barrler
against tritium migration from the purge gas into the
graphite.

Coolant inlet and outlet temperatures are 50°C
and 100°C. The coolant is pressurized to 0.7 MPa (100
psi). The moderator coolant tubes and breeder coolant
tubes all connect to coolant inlet and outlet plenums
jocated at the module sides (in the poloidal plane)-.
These plenums also connect to the first wall and
gecond wall. At the rear of the blanket the plenums
are widened, to Berve as a manifold reglon. These
manlfolds are connected to large-diameter coolant
lines which extend through the bulk shield behind the
module.

Helium purge pas inlet and outlet plenums are
located between the coolaat plenums and the breeding
zone. The purge gas flows inside the jackets through
geveral narrow gaps which axtend radially through the
breeder cylinder. A low partial pressure of oxygen in

_the 1 atm pressure purge helium reacts with the free

tritium at the surface of the breeder particles to
form T,0 and. HTO, which enter the purge gas stream.
The purge gas plemums are connected to small diameter
lines which pass through the bulk shield.

fhe tritium inventory in the blanket should be
about 1 kg, based upon present knowledge of tritium
releagse data. Radiation effects upon tritium release

could possibly result in a significantly larger inven-—
tory, but these effects are uncertain at present.




Divertor Collector Plate

e The impurity comtrol systém in INTOR is a single—
nill poleoidal divertor located at the bottom of Fig.
1. The purpose of the divertor is to colleéct the
lonized particles that have escaped from the plasma
along with the sputtered particles from the first
wall. The divertor effort for INTOR considered the
important aspects of physics, magnetics, engineering,
and malntenance. - A summary of the operating condi-
tions is shown in Table 4. The total power to_the
divertor 1s 80 MW, which is equally divided between
the inner and outer channels. A total of 70 MW of
that power 1lmpinges directly on the divertor collector
-plates resulting in high surface heat and particle
fluxes, in addition to the usual neutron flux. The
inner plate 1s placed at an angle of 30 deg and the
outer plate is placed at an angle of 14.5 deg with
respect to the separatrix. The angular placement
reduces the peak surface heat flux to 2 MW/m® and the
peak particle flux to 1.5 x 1022 fm2-g,

disrupticns; (f) tritium permeation into the colt
plate coolant; and (g) malntainability of the col
plate which requires-periodic replacement.

During Phase—I, several potential design com
for a divertor collector plate were analyzed, and
designs were then selected and analyzed in furthe
detail. TIn both designs, the problems of sputte)
separated from the problems of cooling and struet
support. The designs eémploy a low sputtering prc
plate that is attached to a heat sink composed of
standard structural alloy. The main difference t
the designs 1s in the wethod of attachment of the
tection plate to the heat sink. One design emplc

braze to produce a high thermal conductance path
strong bond to the heat sink (high conductance de
The other designs employs mechanical attachments
produce a low thermal conductance path and a weak
The 1

to the heat sink (low conductance design).
deslgns are compared in Fig. 3.

FROTECTION
Table 4. Divertor Operating Conditions  PLATE
Total power to divertor, MW 80
Ion power to divertor plates, MW 35
Electron power to divertor plates, MW 35
Ion flux to divertor plates, & ! 5.5 x 1023
Average energy of ions, eV 400 gﬁ?l
Composition of ioms, %
T 47
D 47
He 5
€ 0.5 REINFORCEMENT
0 0.5 PLATE (a)
Neutral gas density at fromt of 1019 ~ P
divertor plates, m 3
Peak power flux to divertor plates
normal to separatrix, MW/m? Protect ion
Outboard 8 Piate
Inboard 4
Peak ion flux te divertor plates
perpendicular to separatrix, mZ-g~1 .
OQutboard 6 x 1022
Inboard 3 x 1022
Inclination of divertor plate to
gseparatrix, deg
Qutboard 14.5
Inhoard 30 e
Sin
Total power to throat and channel, MW 10
Charge-exchange neutrals, MW 5 =
Radiation, MW 5 v
Total neutral flux, s~ ! 1.6 x 1023 (b)
Average energy of neutrals, eV 200 Fig. 3. Divertor collector plate designs: (a) &
Peaking factor of flux 9 conductance; and (b) low conductance.
a
Area on which the neutrals impinge,® o’ 33 The two designs result In considerably diff:

8Five strips of length 0.2 m each, four of them being
adjacent to the ends of the divertor plates and the
fifth on the wall facing the outside divertor plate.

The severe operating conditions make the divertor-
collector plate the most heavily damaged torus
component. The key design issuea for the collector
plate are: {a) sputtering loss of material; (b) thermal
stress and fatigue; radiation damage, e.g. swelling and
embrittlement; (d) redeposition of eroded material from
the first wall and collector plate; (e) electromagnetic
forces induced in the collector plate during plasma
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operating conditions, as shown in Table 5. The @
conductance concept has plate operating temperatu
500-500°C compared with 2000-2300°C for the low c
tance concept. At the high operating temperature:
the low conductance design, 40-30% of the inciden!
is radfated back to the divertor chamber and the

chamber. The thermal radiation loss reduced the

gradient in the protection plate and the heat flu
the heat sink compared to the high conductance de
The high strength of the braze joint In the high

tance design results in high stresses at the bond
face due to the different rates of thermal expan:
the protection plate and heat sink. The high str
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Table 3. Comparison of High Cunductan.e and Luw Conductance Design Concepts

. High Conductance

Low Conductance

Protection plate materials W, IM-6

Heat sink materials Cu, Zircaloy

Protection plate attachment Braze
Typical plate temperatures 500°6
Heat flux to heat sink 2,4 MW/m2

Mode of cooling

Primary conceras
Braze iantegrity
Thermal fatigue

Radiation embrittlement

Thermal conduction

Physical sputtering

W

Austenitic stainless steel
Mechanical

2200°¢

1.1 MW/m?

Radiation-thermal conduction

Physical sputtering

Chemlcal sputtering

Emissivity of sputtered W
Embrittlement of recrystallized W

may produce fatigue erack growth -and failure. The
attachments in the low conductance design allow the pro-
tection plate to freely expand and rotate during the
burn cycle, inducing very low stresses through the
plate. . - o

. The primary materials issue for both deslgns is the
high sputtering rate that will result in large material
losses. Based upon available physical sputtering data
and models, the high-7 elements are predicted to have
the lowest sputtering rates for an incoming particle
energy of ~400 eV. The gputtering analysis for INTOR
has focused on the high-Z refractory metals such as
molybdenum, tungsten, and thelr alloys. The physical
sputtering rates of two materials, tungsten and ZM-6 (a
molybdenum alloy), were analyzed duriag Phase-I. The
self-gputteting has been taken Into account. The effec-
tive sputtering coefficients are estimated to be 2.2 x
1073 and 2.4 x 1073 for tungsten and ZM-6, respec-
tively, The resulting masterial loss rates are 5.22 x
10710 nfs and 5.62 x 10710 u/s, respectively. The
estimated sputtering lifetime is 1.5-2 ¥ at a 507 duty
factor. There are uncertainties in the estimated sput-
tering coefficients.

The other materials 1ssues for the high conductance
design are shown in Table 5. Radiation embrittlement is
expected to occur in the protection plate and heat sink
materials. The ductile~brittle transition temperature
of both molybdenum and tungsten have been observed to
increase to 200-300°C after low temperature irradia-
tion. Therefore the protection plate material must be
treated as a brittle material for this design. Limited
data indicate that radiation embrittlement could be
severe In cold-worked copper. However, since irradia-
tion data does not exlat for copper or copper alloys at
high neutron fluence, there is a considerable uncer-
tainty in the expected embrittlement for the operating
conditions in INTOR. There is also a large uncertainty
in the expected behavior of the braze bond. It is
therefore not possible to evaluate the thermal fatigue
Iifetime, and additional experimental data are required
for a complete evaluation.

The additional materials issues for the low con-
ductance design are related to the high operating tem—
peratutes.7 Chemical gputtering of tungsten, due to the
presence of 0.5% oxygen in the plasma particle flux, may
be significant. Chemical sputtering of tungsten is not
well understood, however, and additional work 1s
required. The surface temperature of tungsten depends
uponn the value of the emissivity. In order to achieve
reasonable operating temperatures, the emissivity value
should be greater than ~0.4, which requlres a roughened
surface. Sputtering is expected to influence the
surface roughness, but the effect of sputtering on
emissivity is not well characterized. 1If the emissivity
values of a sputtered surface are low, then the
pperating temperatures will be excessaive.
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