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Abstract

The design concept and performance characteristics
of the firstewall design for the phase-1 INTOR
{International Tokamak Reactor} study is described.

The reference design consists of a water-cooled
stainless steel pancl. The major uncertainty regarding
the performance of the bare stainless stecl wall
relates to the response of a thin-melt layer predicted
to form on limited regions during a piasma

disruption. A more-complex backup design, which
incorporates radiatively cooled graphite tiles an the
inboard wall, is briefly described.

Introducticn

A major effort of the INTOR (International Tokawmak
Reactor) study was focused on the design and
performance of the first wall system. Several options
were proposed and the key issues were addressed in
considerahle detail. The analyses performed by the
four "countries" during phase ) are documented in the
reports issued by EC{1., Japan{2], USA{3] and
USSR[4]. Additional information on the materials data
hase assessment was reported in the phase-0 report
[5]. This report describes the design concept and
presents the performance characteristics of the
reference design, which is a bare stainless steel
wall. A backup design, which is similar to the
reference design but has radiatively cooled graphite
tiles on the inboard wall, is briefly described.

The first-wall system as defined in the present
study, which generally consists of the plasma chamber
and serves as the first physical bLarrier for the
plasma, consists of the following components:

- an putboard wall that serves as the major
fraction of the plasma chamber surface and
receives particle and radiation heat loads
from the plasma and radiative heating from the
divertor.

- an inboard wall thal receives radiative and
particle flux during the plasma burn and the
major fraction of the plasma eneryy during a
disruption.

-~ a limiter region on the ouihboard wall that
serves to form the plasma ecdge during the
early part of start-up.

3york supported by the U.S. Depariment of Energy.

-~ a beam shine-through region on the inboard
wall that receives shine-through of the
neutral beams at the beginning of neutral
isjection.

- ripple armor on the outboard wall that
receives enhanced particle fluxes caused by
ripple effects during the late stages of
neutral injection.

Operating parametars

The reference operating schedule for INTOR based
on three stages of operation is given in Table 1. Stage
1A is a one-year hydrogen plasma operation for
engineering checkout. Stage 1B consists of two years
of DT plasma operation. Stage II consists of four
years of engincering testing and Stage 111 consists of
8 years of upgraded engineering testing. The fiuences
ang wall loadings are based on 100-s shots with a 70%
duty cycle in Stage 1 and on 200-s shots with an 80%
duty cycle in Stayes Il and 11I. The plasma burn
produces a 620-Mwt flattop power profile with an
average neutron wali loading of 1.3 MW/m2. The

Tab.e 1. Operating Scenario for INTOR
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fluences listed represent a peaking factor of 1.2 at
the outhoard regions where the test modules are
located. The requirement for Stage III is to
accumulate f5 Mi-y/m? within 8 years after the end of
Stage {l. The annual neutron wall loading for Stage
111 §s 0.62 MW/m2, The parameters specified for the
INTOR first wall-system are summarized in Tabla 2.



Design Description

A polodial view of the reference design
indicating the locatior of the first-wall systom, viz.,
outboard wall, inboard wall, limiter region, beam
shine-through region and ripple armor region, is shown
in Fig. 1. A1 first-wall components are fabricated
from Type 316 stainless steel and utilize Tow-pressure
(< 1 MPa) water coolant. Figure 2 is a schematic
diagram of the panel-type construction showing the
thicker flat pancl that faces the plasma and the
corrugated back panel that forms the coolant

Table 2. INTOR First-Wall Operating Parameters

Tahle &, INMUR First~Hall Operating Parameters

Firag Wall
fotal plassa chamber area, = 330
Average nrutren wall Joadtnn, Me/e? 13
Radiative power to flesg sall, M %0
Charge-cachange

Pover, W 4 R
Cutrent {503 D, 307 Tj, s~} 1.3 = 1043
Flux, o~'s~1 1.3 = 107V
Euergy, oV 200
Cyele tioe (Stage Mstage 11 6 111D, 5 1457245
Burn tice (Stagr 1/Stage 11 & 111}, B 190/200

220

Total disfuption chergy, 47
70

Btsruption tice, ma
Opevating Jife, y

Total average neatron (lucnce, nfa?
Total lecHeV newtron fluence, Hi-y/ut
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I
6.3’- 102¢
6,5
ISR EtY
1080

Qutboard Wad)
Arca, of 266
Sutface heat flux, We?

Fron plas=a
Froz divertor
Toral
Average tuclear heating, W/ea'

Limiter (Outbaard wall at 3 1 6 © - Upoer and lewer)

Nidth, &
Area (racn),
Total fun flux, 5=} 3 3043
Toral heat flux, W
Total 104 heat flux, M
Heat flux density, Mila’
Peaking factor
Typlcal particle encrgy, oV
Duratjon, 8
rectod, &
Ripple Areor (Dutboard wall at & = 6 p - Voper and Lower)
(Bocs nut coincide uith the liniter.)

2

Area, n? R
Heat fiux (ripple « $0.5%), M&/z
Peaking fsvtor
Particle vnergy (D), keV 120
Perind, s
Inhoard ¥all
Avea, of 16 o
Sucface heat {lux, %/ca?
Average nuclear heating, w/em?
Feak distuption cacrgy denssty, J/ew’
Beam-Shine-Through kepton (Intboard Wall)
Total power (51 of fnjected), ¥ :
Particle ancrgy, keV )
Duration, & s
Period, s t = 4
Arpa, u 4
Heat flux, I/n? 1

channels. The two panels are diffusion bonded together
and welded supports are spaced as required. The
thickness of the plasma side panel is sufficient to
withstand the sputtering and vaporization erosion
predicted far the full life to the reactor. The
present design philosophy was to avoid incorporating
any separate armors for the special high-heat flux
regions, if possible, in order to keep the first-wall
system design as simple as possible. As a result, the
special regions, viz., limiter, beam-shine-through and
ripple-armor regions, are just a part of the first wall
with minor thickness modifications to allow for effects
caused hy the preferentlal heat or particle fluxes.

The reference first-wal) design is a water-cooled
stainless steel panel. The Yow temperature water
coolant maintains the structure at temperatures
commensurate with acceptable structural properties

under irradiation. The low pressure also tends to
minimize primary stress requirements. The 20% cold-
worked stainless steel is selected because of superior
radiation damage resistance and the higher allowable
design stress. The panel-type construction is proposed
because of ease of fabrication, reduced stresses
resulting from the thin corrugated coolfant channels,
and longer predicted lifetime than that for tube-bank
designs. The outboard wall is an integral part of the
blanket and serves as the containment for the neutron
multliplier. This tends to minimize structure and
coolant volumes between the plasma and the breeder
zone, which enhances the breeding performance. The
manifolding and support structure are readily
incorporated with the blanket.

The reference stainless steel first-wall design
meets all design requirements and is predicted to last
the full reactor lifetime under the reference operating
conditions. The design ard lifetime analyses provided
for (1) sputtering, blistering and vaporization erosion
allowances, (2) maximum structural temperature limits,
{3) maximum stress 1imits for the structure, and (4)
fatigue limits of the structure. Table 3 summarizes
the results of the lifetime analysis for the various
regions of the first wall.
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Figure 1. First-wall configuration.

The major uncertainties in the first-wall concept
relate to the stability of the melt layer predicted to
form during a disruption and the response of the beam
shine-through region. The thin melt layer (~ 100 um)
will exist only for a short time { ~10 ms).
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Fig. 2. First-wall cross section.
Although the calculated pressures induced in the melt
layer are small, additional data are required to
demonstrate that the melt region does not erode. The



11fetime analysis for the reference first-wall design
does not include an allowance for erosion of the meit
layer. If future investigations indicate that
significant portions of the melt layer erode, design
modifications of the inboard wall will be required. A
possible solultion is a thick (30 mm) grooved-wall
concept that would allow for ergsion of f104 of the
melt layer during cach disruption. It should be noted,
however, that the melt layer thickness and the
vaporization thickness are very sensitive to the
disruption conditions. Hence, any significant change
in disruption conditions would most 1ikely lead to a
different design solution. A second area of major
uncertainty is the bean shine-through region. A 2-s
pulse cxceeding 1.5 MW/m2 produces surface temperatures
and fatigue damage in excess of the design limitations.
Design modifications, e.g., a grooved wall, will also
be required if higher heat fluxes are consistently
deposited on this region.

Table 3. Summary of Lifetime Analysis

- Total Fyairum M.uumma Ma;h.-mb
Thickness Erosion Temp.,  Stress Fatigue_Life, cycles

Region - m < LTS Frasion erosmnc
Dortoard ka1l 1.7 p. 7 2¢0 w0 3% 0t 107
Ripple Reglon  11.7 5.7 297 400 1 a6t 107
Linfter Fegron  12.8 9.0° 280 410 6 x 10t 10?
Inboarc Kall 1.5 10.5% 275 a8 9 x 10% 10"
Beam Shine-
Through Region  13.5 10.5° 332 a9 2 x 10° 107

Baximun specified temsorature - 930 L.
Buaximum oflowadble stress - 640 ¥Ma plasra side, 765 MPa coolant side (cold-
worked materiall).

€hosumes €rosion rate one-half of predicted rate for conservative design.”

€pnysical spultering plus veporizatian,

Materials assessment

The materials data base used for the lifetime
analysis of the reference first-wall design is
summarized in this section. Considerable experimental
data on light-ion sputtering have becn generated in
recent years. Variations in sputtering yields have
been attributed to surface roughness effects, impurity
effects such as oxidation of beryllium, compositional
differences in alloys, temperature effects, and
unresolvad differences between Yaboratories. Analytical
expressions, such as those repo-ted by Roth et al. (6)
and Smith {7}, have been developed to predict
sputtering yields for materials and conditions where
experimental data are not available. These analytical
expressions generally agrec with reported experimental
data within a factor of 1.5. A combination of
experimental data and values calculated from these
analyticel expressions has been used as a basis for
evaluation of erosion yields for the INTOR first wall
components. Table 4 summnarizes the physical sputtering
yields for stainless stecl at 200 eV (the average
particle energy on the first wall during a burn) and
100 eV (the particle cncrgy on the limiter region
during startup). The charge exchange flux on the first
wall is essentially all hvdrogen with insignificant
contributions from helium and other impurities.

Table 5 summarizes the physical sputtering erosion
rates for the various reqions of the stainless steel
first-wail panel. The physical sputtering erosion

Table 4. Recommended Sputtering Yield Values for
Stainless Stee]
Fartacle Xn:rm. nt n;-M haumn Unlnw Fraction
Lrnrge Partaicte at/bart T Flur Yigld at/port L Yield
{ev)
200 e 0.0 s 0,005 n
200 1 0.07¢ % 00N 67
200 K1 - . 0.037" 100
100 3 003 %0 0.007 n
100 1 0.00n 0 2.004 %)
Va0 i - - 0.506"
eomrmepnt. 1o 6,03 1 10°¢ rinre. ’

Veoreespans 1o A 3 2 M7 om/u

rates are based on ef{fective sgutterwng yields of 0.017
atoms per particle at 200 ev 6 x 10-6 mm/s) and 0.006
atoms per particle at 100 ev {8.3 x 10~-7mn/s}.

Table 5. Wall Thickness Requirements for the
First-all System

Outboard Wall Inboard Wall
ani and
Ripple Armor Beam Shine-
Region Through Regfon Limiter P=afon

PhysiLa) Sputicring )
trosion (Burr) 8.7 m® 8.7 m 8.7 em
Pnysical Sputtering
Frosicn (Startup) .- - 11 m®
Yaporization During
Disruption - 1.8 m -
Pewaining Katl ’
Thickness 3.0 om 3.0 rm 3.0 om
®all Thickness
Requires 1.7 o 13.5 mm 2.8 m

rosian rate + 6.6 2 10-% mys (2.% 1 10-F ms during Stage IA).
b[rasvon rate = 3.3 x 10°% rin/shot: assumes each limiter used 0 of tre time.
Cassumes melt layer forved during disruption does ¢ erode.

d‘\llnuanco twice caleulated value of 2 x 107 em/disruption.

Chemical sputtering is not predicted to cause
significant erosion of the stainless steel first wall
under projected operating conditiuns. An assessment of
the blistering characteristics of stainless steel under
conditions in INTOR indicated that hydrogen blistering
is not significant. However, a more detailed analysis
is required to assess the importance of potential
blistering caused by 3.5 MeV alpha particles.

Some uncertainity exists regarding the permeation
of tritium through the first wall into the coolant.
Compared to results from gaseous permeation studies,
enhanced permeation rates may occur when energetic
tritium is injected into the first wall surface.

Type 316 stainless steel in the culd-worked
condition in propcsed for the first wall structure.
Loss of ductility caused by displacement damage and
helium generation is considared to be the most
important effect of irradiation on the lifetime of
stainless staeel. Although annealed material meets the
calculated stress requirement, the higher allowable
design stress for cold-worked materials provides a
significently larger margin of safety. Cold-worked
plate can readily be fabricated in the thickness
required.

Under certain conditions austenitic stainless
steels arc susceptible to intergranular cracking when
expused to pressurized water or steam at elevated
temperatures. These effects are not predicted to be
excessive for the relatively low temperature ( <100°C)
water if the water chemistry is carefully controlled.
Impurities such as dissolved oxygen, chlorides and
hydroxides can lead to enhanced intergranular cracking
or stress corrosion cracking. Also, sensitization of
the stainless steel must be avoided. The available
data base indicates that the cold-worked material is
more resistant to radiation damage than the annealed
material. For the predicted operating conditions,
swelling, embrittlement and radiation creep are not
expected to be excessive.

Disruption effects

Three effects of plasma disruptions on the first
wall were analyzed in the present study, viz.,
vaporization of the wall, formation of a melt layer,
and electromagnetic loading. A comprechensive modeling
effort was undertaken and analyses performed to
evaluate the c¢xtent of vaporization and melt layer
formed during a plasma disruption. Figure 3 summarizes



the: calculated thickness of the vaporized reaion and
melted region of stainless steel for various cagrgy
densities. The reference condition is 289 J/cmé during
a 20-ms disruption. The vaporized thicknesses are
considered acceptable. However, if the melted layer is
evoded during the disruption, the erosion rates of
stainless steel would be excessive. The surface region
is molten less than 30 ms and the regions 50 um into
the wall are moiten for only a few milliseconds.

Preliminary analyses of the eiectromagnetic forces
induced in the first walls and in the melted regions
were conducted. - Calculated pressures_in the stainless
steel melt zane are less than 775 N/m& (0.04 psi). The
maximum force on an 18-mm-00 X 10-mm-ID stainless steel
tube is 2.35 kN/im.  The magnitude of the force reaches
a maximum before melting occurs. Also, the force
reverses direction and becomes compressive at
~12 ms for the reference disruption scenerio.
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Fig. 3.
function of energy for a 20 ms disruption.

Thermal hydraulics

The thermal responses of the various regions of
the first wall are summarized in Fig. 4 through 6 for
the specified wall thicknesses and heating rates.
Figure 4 shows the thermal response of the 11.7-mm
outhoard wall and the ripple armor region for Stage 1B
operation {100-s burn). The wall temperatures remain
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Fig. 4. Thermal Responses of Outboard Wall and Ripple
Armor Region.
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Fig. 5. Thermal Response of Limiter Region,

approximately the same for the extended burn during

Stage 11 and 111 operation., Té maximum temperature of
~ 260°C near the end of the burn is within the 350°C
maximun temperature limit specified. This temperature
would be slightly less for the case of the actively
cooled limiter. The 297°C thermal spike on the surface
of the ripple armor region is also within the allowable
temperature 1imits. Figure 5 shows the thermal
response for the 12.8-mn thick limiter region. The
temperature ncar the end of the burn {280°C) is
slightly higher than that of the outbcard wall because
of the increased wall thickness; however, the 250°C
thermal spike associated with startup is considerably
less than the steady state temperature. The thermal
response of the inboard wall is shown in Fig. 6. The
higher steady-state temperature of the inboard wall
(275°C) compared to the outboard wall is due primarily
to the higher a bulk heating in the thicker inboard
wall. The neutral beam shine-through produces a 332°C
thermal spike during startup if the heat flux is 1
mi/me for 2 s. A 3 Mi/mé heat flux for the same period
produces a thermal spike of ~ 700°C on the surface.
Calculations indicate no thermal spike occurs at mid-
thickness of the panel.
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Stress/1ifetime analysis

Stress and lifetime analyses have been performed
to gquide the design of the INTOR first wall. Pressure
loading, thermal loading and wmagnetic loading resulting
from plasma disruption have been considered in the
stress analysis. The analyses have taken into account
the thinning of the first wall due to sputtering and
vaporization. Stresses due to differential swelling
have been assumed to be small in thc present
analysis. Lifetime analyses under the reference
operating paramaters have been performed for a bare
stainless steel wall as well as for stainless steel
coated with beryllium. 1In addition to a solid first
wall, the performance of a grooved first wall has also
bean evaluated.

For_the reference operating scenario, viz.,
7.1 % 105 cycles and 1083 disruptions over a 15-year
life, a solid outhoard wall constructed of an 11.7-mm-
thick, 20% cold-worked stainless steel panel can meet
the 15-year design 1ifc requirement for strezs and
fatigue 1ife (see Table 3). The waximum allowable
surface heat flux corresponding to a fatigue life of
7.1 x 10° cycles is shown in Fig. 7 as a function of
wall thickness and the nuclear heating rate. The
allowable heat Flux (dotted lines) is greater than the
expected heat flux in all cases. The cold-worked
stainless steel provides a significantly larger design
margin than cnpealed material for the maximum stress
Timit. Also, the design margin for fatigue life is
substantially increased if advantage is taken of the
reduced stresses that result from wall erosion. A
conservative value of one-half of the prsdicted erosion
rate gives a design life in excess of 10/ cycies.
Similar vesults are derived for the 12.8-mm-thick
Timiter region,
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If the melt layer formed during a disruption does
not erode, a solid inboard wall {13.5 mm) constructed
of cold-worked stainless steel will meet the full 15-
year design life. In order to meet the full reguirement
for the beam shine-through region,
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Fig. 7. Allowable maximun surfzce heat flux in a
type 316 stainless steei wall for a fatigue
life of 7.1 x 10%cycles, as a function of
wall thickness and nuclear heating rate.

one must take advantace of the decreasing thermal
stresses that result from thinning caused by erosion.
1f at most 10-12% of the melt layer erodes during the
disruptions, a grooved stainless steel inboard wall

30 mm thick will survive the full 15-year design life.

Coolant channels can be constructed out of thin-
welled (3-4 mm) corrugated panels that are welded to
the back of the first wall. These panels should have
sufficient fatigue 1ife provided the water chemistry is
adequately controlled to prevent early failure due to
stress corrosion or corrosion fatigue.

Rackup and Alternate Designs

The backup first wall concept consists of_a
radiatively cuorled graphite liner on the 145-m2
inboard wail with a watar-cooled stainless sfeel panel
for the outhnard wall. A total of 1600 graphite tiles,
each 5 cm thick by 30 am square, are required for this
design. These tiles are installed on rails and require
rewmoval of the blanket shield seoctor for replacemant.
The tiles produce 50 MW af additional nuclear hcating
load that must be radiated Yo the outboard wall and the
wall behind the (iles. Tile terneratures vary from
1235°C at the start of an equilibrium burn cycle to
1320°C at the end of the cycie. The temperature of any
given tile is dependent on its Tocation and view of the
cool surfaces to which it radiates.

The graphite tiles are eroded by vaporization when
subjected to plasmu disruptions, by chemical sputtering
due to interaction with the hydrogen of the plasma, and
by physical sputtering caused by high-energy plaswa
particle impingoment. Total predicted crosion of the
tites over the 1ife of the reactor is 30 mm.
Additionally, 20 mm of graphite is required at end of
life to provide adequate structure to prevent cracking
due Lo electromagnetic loads that occur during a plasma
disruption. This results in a total, thickness of
50 mm, The outhoard wall is made of a water-cooled
Type 316 stainless steel panel that is an integral part
of the blanket assembly. It is su'-jected to a surface
heat fiux of 30 W/cme, of which f1{ W/cw? comes from
the radiation heat load from the graphite tiles.

The major concerns regarding the graphite 1iner
concept relate to: (1) a substantial increase in the
heat flux to the outboard wall caused primarily by the

-5 .

nuclear heating in the graphite liner, (2) design heat
flux to the outboard wa?l caused primarily by the
complexity and difficulty asscciated with the
mechanical support of the tiles and reliability of the
tiles and supports under thermal stress and shock
loading conditions; (3} stored thermai energy in the
graphite liner at the high operating temperatures
{1300 C); (4} chemical sputtering and redepositien of
larvge amaunts of graphite and (5) radiation damage
resistance of graphite. Considerable development work
is required to demonstrate the viability of the
graphite liner concept.

Alternate first wall concepts considered included
the use of an aluminum rirst-wall structure and a
Tow-Z coating on the stainless steel first wall. A
summary of the analysis for the aluminum first-wall
design concept is included in the design reports
[1-4]. It was concluded that, although the thermal
stresses in the aluminum wall were lower than those for
a stainless steel wall, stainless steel is preferable
primarily because of the substantlally larger melt
layers formed and the much larger electromagnetic
forces induced in the aluminum wall during a
disruption. It is alsa concluded that the coated {or
clad)-first-wall design concept provides flexibility in
materials selection that could potentially eliminate
the melt layer problem associated with the stainless
steel wall and the design complexity associated with
the graphite liner. Uncertainties regarding the
reliability of the coating bond were identified as a
major concern. If low Z coatings or claddings prove to
be desirable, further research and development will be

required.

References

1. "European Community Contribution to the Inter-
national Tokamak Reactor Workshop,” Vienna (1981).

2. "Japan Contribution to the International
Tokamak Reactor Workshop," Vienna {1981).

3.  "U. S. Contribution to the International
Tokamak Reactor Workshop," Vienna (19381).

4.  "U.S.S.R. Contribution to the International
Tokamak Reactor Workshop," Vienna (1981).

INTOR Group, “International Tokamak Reactor -
Zero Phase,” International Atomic Energy Report,
STI/PUB/556, Vienna (1980).

[57]

6. Roth, J., et al., "Data on Low Energy Light
Ion Sputtering,” Max-Planck Institut fur
Plasmaphysik, IPP 9/26 {1979).

7. Smith, D. L., J. Nucl. Mater., 75, 20 (1978);
also, Proc. Workshop on Sputtering Caused by
Plasma Surface Interaction, Argonne Mational
Laboratory, p. 15-1, CONF-790775 {1979).




