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1., SUMMARY OF MAJOR CONCLUSIONS

Two recommended designs have been developed for the divertor plates
based on the input design conditions given in Table 1. The chief differ-
ence between these designs is the surface exposed to the plasma stream,
In one design a solid armor material is used, while in the other design
a renewable liquid film is used. Since each of these designs has
certain advantages and uncertainties, it was not possible to select one.
It is recommended that both be studied further.

1.1. RECOMMENDED DESIGN ~ COMMON FEATURES

Although the surfaces facing the plasma are quite different in the
two designs, the designs have many features in common. These features
are described in this section.

1.1.1. Contour of Divertor Plates

The poloidal divertor in INTOR would impose very high heat and
particle loads on a target placed normal to the plasma stream. Such
loads would make heat removal difficult and greatly limit the lifetime
of the target due to erosion by charged particles and energetic neutrals.
To reduce the heat and particle load on the divertor plates, they are
inclined at an angle to the plasma stream.

It appears there is sufficient space for inclined divertor plates
in the INTOR machine to allow the peak thermal load to be limited to
5 MW/m2 (500 W/cm?) and to allow the particle load to be limited to
lOlgcm_Zs—l. This peak rate is still some 2} times the average energy
and particle load over the divertor plates for a double null divertor.

2
To limit the heat flux on the outer divertor plate to 5 MW/m

requires that the plate cross the separatrix at an angle less than



TABLE 1, SUMMARY OF INPUT DESIGN CONDITIONS

BASIC INPUT

Energy to Outer Divertor Platea) 75 MW
a
Energy to Inner Divertor Plate ) 25 MW
Total Particle Load 2 x 10238_l
Ion Energy 1.3 keVv
Width of Divertor Ducts 30 em
e-Folding Distanceb) 5 cm
D:T:He 0.475:0,475:0.05
Duty Cycle 0.7
Availability 0.25
DERIVED CONDITIONS
Helium Pressure in Collector Chamber 2,2 x 10—5 torr
Total Pressure in Collector Chamber 5 x 10-4 torr
Peak Fnergy Flux Normal to Separatrix ©) 9
Outer Plate 2.5 kW/cm
Inner Plate 1.1 kW/em
Average Power Density on Inclined¢)
Target 9
Quter Plate 0.2 kW/cm
Inner Plate 0.13 kW/cm2

Peak Power Density on Inclined Targetc) 0.5 kW/cm2

Peak Particle Flux on Inclined Targetc) 1 x lOl8<:mmzs--l

c) 2

Total Active Area of Divertor Plates 57 m

a)

More recent assessments project 6.7 MW to outer divertor plate and
33 to inner divertor plate,

b)
c)

On both sides of both separatrixes.

Single null divertor.



11.5° (0.2 radians) to reduce the heat and particle loads by a factor
of 5 or more compared with those at normal incidence. For the inner
divertor plate, the angle between the plate and the separatrix must be
less than 26° (0.46 radians) at the point where the plate crosses the
separatrix. Since the inner branch of the divertor is blocked, the
recommended arrangement is to build the divertor plate in two lobes
converging on the separatrix at an angle less than 260, as shown in
Figure 1. With this arrangement, the target would have to be fabri-
cated carefully to assure there is a sharp inside corner between the

lobes with no surface area normal to the separatrix,

Figure 1 also shows a continuous divertor plate intercepting both
the inner and outer branch of the poloidal divertor. This configuration
is recommended to simplify the coolant supply to the divertor plates
and to ease removal and replacement of divertor plate assemblies as
described in Section 1.1.4,

1.1.2 Coolant Selection

Basically, only three coolants have been considered in a fusion

reactor, i.e., water, gases, and liquid metals, Gases and liquid metals
can be eliminated due to poor heat transfer characteristics or MHD
problems. Therefore, water is probably the only candidate for the
coolant for the collector plate. Water can be used in the forced con-
vection region, subcooled boiling region, or nucleate boiling region,
A forced convection system is chosen for its good heat transfer charac-
teristics at lower temperatures and to provide a larger safety factor
on burn-out.

Water has been used to remove heat fluxes greater than 100 Mw/m2

(10 kW/cmz) as indicated in Reference 1, Removal of such high heat

fluxes requires high coolant velocity with swirl flow and large pressure
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drops in the flowing liquid., For removal of 5 MW/mz, on the other hand,
relatively modest flow velocities, pressure drops, and coolant pressures
are required as discussed for each design in Sections 1.2. and 1.3.

1.1.3. Coolant Structure Selection

The cooled structure of the divertor plate is subjected to a
high heat flux. Therefore, thermal stress and temperature difference
across the structure are the dominant factors in determining the
structural material. Figure 2 shows the figure of merit for thermal
stress of different materials as a function of temperature., It appears
that copper, TZM and Ta-10 W are the most attractive ones. Copper is
picked as the primary candidate for the structural material for its
high thermal conductivity and fabricability. Ta-10 W is picked as the
second choice for its good high temperature properties, low sputtering
coefficient, and weldability,

1.1.4. Removal and Replacement

It is expected that there will be substantial uncertainties in the
erosion rate of the selected divertor target through the design and
fabrication stage., It is not likely that the lifetime of the divertor
plate can be predicted accurately until actual operating experience is
obtained in INTOR or a test module in TFTR or ETF. It is therefore
important that the divertor plate be designed to allow for relatively
easy replacement without a long delay in the operating schedule of the
machine. The best approach for this appears to be to provide access
for replacement through the divertor vacuum pumping duct while main-—
taining a vacuum in the plasma chamber. To accomplish this it will
be necessary to develop a transfer cask that can be sealed to a vacuum

flange on the divertor duct and evacuated.
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It is also necessary to modularize the divertor plate to provide
for easy removal. This is done by combining the divertor plates for
the inner and outer branches of the divertor into a single assembly.
This combined structure is divided into three modules along radial
planes (see Fig. 1) with the width of each module sized to allow it to
be removed down the divertor vacuum duct., The center module in each
sector is designed to be removed first and replaced last after the two
outer modules have been placed in position. The center module serves
to lock the two outer modules into position.

A track runs glong the floor of the divertor duct and splits at
a three way switch just before the divertor area., Each of the divertor
modules is designed to be a two-wheel, single axle vehicle with a
towing ball, as shown in Figure 3. The towing ball is offset toward
the duct centerline on each of the two side vehicles. A creeper elec-
tric locomotive of about 4.5 tonnes tractive force can be sent via the
three way switch to any of the vehicles. For removal, it proceeds to
the appropriate station, lowers a socket and locks it onto the towing
ball and lifts the ball to release the module, The module is then
towed out to the shielded vacﬁum lock,

The wheel bearings on the divertor module are placed under the
maximum thickness of the module to minimize radiation damage., Unlubri-
cated ceramic-to-metal bearings are used. Should these bearings sieze
or fail after irradiation in vacuum, it would be possible to drag the
vehicle out on siezed wheels. The bearings are needed primarily for

insertion of a new module, which must be driven up an inclined plane.
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The cooling water connections to the module are made directly to
the underside of the divertor with a soft metal seal, as shown in
Figure 4, The coolant pipe stretches downward about 4.5 m to an area
where it is hand accessible, to make this joint,

The vacuum boundary is also carried to the same area by a surround-
ing tube and sealed to the water pipe with a polymer seal, permitting
rotation of the water pipe to make and break the joint with the divertor
module, This polymer seal only holds the vacuum during pipe connecting
operations. When these are complete, a welded joint is made. The pipe
will be loosely guided by the vacuum tube during connecting and discon-
necting and a generous lead will be provided to guide the top of the
pipe into the prepared tapped and faced orifice in the underside of the
divertor. The vacuum extension pipe may be detached from the shield to
allow major sector removal., During sector removal the water pipe must
be dropped completely clear, if necessary, into a well in the floor.

Two pipes, an inlet and an outlet, are connected to each module,
1.2, RECOMMENDED DESIGN - SOLID TARGET

In the solid target design, tungsten tiles 1 cm thick are placed
between the water-cooled copper heat sink and the plasma. These tiles
are bonded to the copper and serve as armor to protect the copper from
erosion by charged particles and energetic neutrals.

1.2.1. Material Selection

The most critical property of the material on which the plasma
stream impinges is the sputtering yield. The sputtering yield deter-
mines the lifetime of a plate of given thickness or determines the

initial thickness required to reach the desired lifetime. The thermal
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conductivity of the material is also an important property which affects
the temperature difference developed across the material during operation,

The properties of several materials are compared in Table 2. As
shown here, tungsten is clearly the best choice because of its low
sputtering yield and high thermal conductivity. The nearest contender
to tungsten is CSCA, which is not currently available in the thickness
required. ATJ-S graphite and silicon carbide are also attractive
materials, but require relatively large thicknesses with large tempera-
ture differentials and high thermal stresses.

Two drawbacks that have been noted for tungsten are that it is a
high Z material and that it is brittle and relatively difficult to
fabricate. It appears that the fabrication difficulties can be over-
come by several means. Tungsten tiles or large tungsten plates formed
by powder metallurgy techniques can be brazed to copper by several
techniques that are within the state—of—thé—art. Tungsten may also be
formed in the required shapes by chemical vapor deposition by hydrogen
reduction of WF6. This may be the cheapest method of fabricating tungsten
for this application., Although tungsten is brittle at room temperature,
thermal stresses in the tungsten should be generally low due to the high
thermal conductivity and low thermal expansivity of this material.
Furthermore, local cracks which may form in the tungsten armor should
not propagate into the ductile copper substrate that provides the contain-
ment for the water coolant. Should it prove desirable to seek a ductile
metal for the armor, tantalum is a viable candidate as may be seen in
Table 2.

Although plasma contamination due to sputtered impurities is likely

to disqualify a high Z material like tungsten as a first wall material,

11



-JTWO3y [RI2U9H (DI %9 TruTWOU

"x10310B4 A3InQg 70/ Pue AITTTYERITRAY %67 IV

‘wie T =

3

*L0ZS—IN¥O ‘U21edS9Y UOTSNg PSTTOAIUO) 10J BIBRQ DTWOIY

‘julwsa e 03 UoTIEsodwoda]

P

2anssalg uomm>o

*3ur3ieod B se porrdde

‘uoqieY Y%g) AOTTEB 9PTQIBD UODTTIS-UOQIBD ¥

q

*S-rIv °pein 9arydeis ,,y¥von,, S5-Iy,

08¢t % I L9T1 qtoa X [°8 M

8991 098Y L°6 0T NlOH X T L

966¢ 8%7T 9°1 G %S mIOH X 9°T Bl

00%¢ 00001 SR A (AR NIOH X [°¢ 8T/-DNI

019¢ L8T G*q 77971 mlOH X £°9 Ol

066¢ 0TLSG 9°81 €91 Nloa X 6°C SS

£80T1 [4%] °S9 T6¢ 0T X1 nj

wooom 0€6t 8°9T1 1 NIOH X ¢ 218

ﬁ 80¢ <9 0t mloa n<owu

| ,00S¢€ 556 ¢*0T 56 L OT X £°T £S-I1Y

~

| (0,) X sSaWOTYL —X- (L u/m) (+a ‘A1 T ) TeTi21el
m Jjurodg SS0I0Y (24 /umr) A3 TAT3IONpPUOYH (uot/#)
| BuTITON (0,) 1V Pk TewIayy, _PToTX

udisoiy 8uTta933ndg
loway 2384 I01I9AT(Q YOINI I0J STBRTIILIRK 23IBPIpPUBR) JO UOTIENTERAY °7 3TqEBL

12



this may not be a serious problem for a divertor plate., Pumping by the
plasma stream may return almost all of the sputtered tungsten to the
divertor plate or the divertor vacuum duct and limit plasma contamination
to acceptable levels (Ref. 2). In any event, our present knowledge of
plasma interaction with divertor plates provides no basis to disqualify
tungsten as a divertor armor plate material., Should plasma contamination
by tungsten prove to be unacceptable, graphite and silicon carbide are
potential alternate materials. Should either be used, it would probably
be necessary to accept a shorter lifetime for the divertor plate in
order to limit thermal stresses in these materials to acceptable levels,
Recent preliminary calculations of divertor channel modelling have
indicated the potential for sputtering by charge exchange neutrals from
the section of the collector between the separatrixes, A significant
fraction of the atoms sputtered from this region might enter the plasma,
since there are no channel walls facing the plate at this point (See
Fig. 1). Should the resulting plasma contamination with tungsten be
excessive, it should be possible to reduce contamination by reconfigur-
ing the channel. 1In addition, a low-Z material like graphite or SiC
might be used in the region of the plate from which sputtered atoms are
more accessible to the plasma. Since particle fluxes are low in this
region, a relatively thin armor layer could be used without shortening the
sputtering erosion life below 2 years.

1.2.2, System Description and Configuration

The reference design for the divertor plate consists of tungsten
tiles 2 x 2 cm square and 1 cm thick that are brazed to a 1l.2-cm thick
copper plate that has internal cooling passages (see Fig. 5). The major

parameters of the reference design are summarized in Table 3.

13
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Table 3. Design Parameters of Solid Divertor Plate

Armor Material W
Thickness of Armor 10 mm
Heat Sink Material Cu
Thickness of Heat Sink 10-12 mm
Width of Coolant Channels 5-7 mm
Depth of Coolant Channels 5-7 mm
Flow Velocity in Coolant Channels 7.5 m/s
Heat Transfer Coefficient 4 W/cm2 K
Coolant Inlet Temperature 40°¢
Coolant Outlet Temperature 65°C
Coolant Volume Flow Rate 1 m3/s
Coolant Inlet Pressure 0.79 MPa
Coolant Pressure Drop 130 kPa
Coolant Pumping Power 130 kW
Peak Film Temperature Drop 127°%
Peak Wall Temperature 190°C
Peak Braze Temperature 240°C
Peak Tungsten Temperature 370%C

15



Coolant flow enters the outer divertor plate at its outer edge and
is distributed through a manifold into many small parallel passages.
The coolant flows through these passages towards the centerpost of the
machine removing heat first from the outer and then from the inner
branch of the divertor and returns through a section of shielding below
the divertor plate. The shielding through which the water returns is
an integral part of the divertor plate module. The section of shielding
is incorporated in the module in order to allow sufficient clearance
for removal of the divertor plate modules through the vacuum duct as
described in Section 1.1. This removable shield is made of brass,
which can be easily joined to copper to make a reliable leak-tight
coolant circuit. The removable water cooled shielding is expected to
attenuate neutrons and gamma radiation about as well as the stainless

steel below it.

The radial flow direction was selected to make the heat removed by
the water in each parallel channel as nearly equal as poséible regard-
less of the exact location of the separatrixes., This flow arrangement,
however, requires the channels to have a variable width, since the
width of the divertor plate is reduced by nearly a third between the
outside of the outer plate and the innermost point of the inner plate.
The width of the coolant channels is reduced from about 7 mm at the outer
radius to about 5 mm at the inner radius, while the depth of the channels
is increased from about 5 mm at the outer radius to 7 mm at the inner
radius to maintain the flow in the channels at about the same 7.5 m/s

velocity. This arrangement is shown in Figure 6. The tungsten tiles

16



are joined to the copper heat sink by means of a copper~silver braze
alloy, AWS BAg-8. The braze is applied by first plating a thin layer
of nickel (22 im) on both the tungsten and copper. The nickel is used
to serve as a diffusion barrier. The braze is then made at 780°C in a
vacuum or hydrogen atmosphere,

The BAg-8 braze alloy is expected to have an extremely high thermal
conductivity, which is important for this high heat flux application.
Its electrical conductivity is reported to be 89% of that of the Inter-
national Annealed Copper Standard. This is a well established braze
system with which there is considérable industrial experience in joining

copper to tungsten heater wire.

1.2.3. Estimated Lifetime

The erosion rate of tungsten was calculated from revised sputtering
yields (Ref. 3) for a mixture of deuterium, tritium and helium with a
Maxwellian energy distribution about 1.35 keV., The erosion rate
calculated was found to be substantially higher than that shown in
Table 2, which was based on an older data source. The calculated
erosion rate of 4,9 mm/yr indicates that the tungsten armor would have
a lifetime of 2 years in the INTOR machine operating at its specified
availability.

Erosion is the major mechanism for failure of the divertor
collector plates., There is also the possibility, however, that thermal
fatigue due to the bimetallic joint between copper and tungsten could
lead to premature failure of the copper heat sink or the bond between the
two metals. It was concluded that this question can only be resolved

definitively by an experimental program,

17
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1.2.4 Estimated Cost

In order to evalute the economic impact of the divertor plates, a
cost estimate of the reference design was made, based on unit costs of
fabricated materials given in Reference 4, The divertor collector is
divided into 36 modules. The materials are tungsten, copper and brass
for the armor, heat sink and shielding regions, respectively, of the
divertor plate modules as shown in Figure 5., Table 4 summarizes the
input data and results of this cost estimate. The unit cost data of
copper was used instead of brass for the shielding region because of the
limited available cost data. It is expected that the unit cost for
brass would be slightly less than that for copper.

The material volumes were estimated by using a total plate area of
74 m2 and thicknesses for the tungsten, copper and brass regions of

1 cm, 1.2 cm and 20 cm, respectively.

Table 4. Cost Estimate of Divertor Plates

Unit Cost Volume Mass 6

Material (8/kg) (m3) (kg) Cost_din S 10
Tungsten 80® 74 14282 1.14
Copper 20P .485 4365 0.09
Brass 15¢ 14.05 126450 1.90

Total 1.45 x 10° 3.13
Number of Modules 36
Mass per Module 4030 kg
Cost per Module $86,860

dPlates sintered from powder
bCompleX machinery

CCopper stamped for cooling

19



As can be noted from Table 4, the dominant mass is that of the
brass shield because of its large volume. Even though the tungsten
plates have a relatively small total volume, their cost is quite high
because of the high unit cost of tungsten. The total cost of the
divertor plate modules, however, appears to be no more than twice the
cost of an equivalent volume of stainless steel shielding.

1.3. RECOMMENDED DESIGN - LIQUID TARGET

1.3.1. Material Selection

There are two critical problemskassociated with the thermal-
mechanical design of the divertor plate, i.e., sputtering and heat
transfer. The liquid target concept is desirable on sputtéring
considerations, since the liquid film can easily be reestablished.
However, there are difficult heat transfer and vaporization problems.
The concept developed here is to use a liquid film for sputtering
protection, while a forced convection loop is used for heat removal,

The ideal liquid target material would have the following
properties:

1. Low Z

2. Low vapor pressure

3. Low sputtering coefficient

4, High stability

5. Low melting temperature

6. High thermal conductivity.

Natural lithium appears to satisfy most of the requirements and is,

therefore, picked as the target material.

20



1.3.2. System Description and Configuration

A schematic view of the proposed system is shown on Figure 7. The
particles from the plasma impinge on a layer of lithium 0.5 mm thick.
The lithium film is formed by either a flow of falling film, or by
spraying during the plasma down time., The lithium film covers a copper
plate 3 mm thick. The thermal energy is transferred by conduction
through the lithium film and the copper plate and is carried away by a
stream of high velocity water. Such a design decouples the solution to
the sputtering and heat transfer problems,

To simplify the coolant supply systems and céllector removal scheme,
a single structural configuration for both inside and outside collector
plates, as suggested previously and shown on Figure 1, is highly desir-
able. The coolant supply system is schematically shown on Figure 8.
Each coolant tube will be subjected to a different thermal load, and a
flow resistance will be built into the coolant tubes with a low thermal
load.

The thermal hydraulics parameters of the collector plate are
listed on Table 5,

1.3.3., Estimated Lifetime

The lifetime of the divertor collector plate can be limited by
either sputtering, fatigue or radiation damage., The fatigue and
radiation damage problems have not been considered in this study.
However, they are not expected to be the life limiting factor due to
the low stress (60 MPa) and the low structure temperature (<.4 x melting
temperature).

If the design of the wetted wall is ideal, sputtering will cause no

erosion on the structure, However, dry spots may occur on the plate,

21
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Table 5., Thermal hydraulic parameters of a
wetted wall divertor plate.

Wall protection Li
Liquid film thickness 0.5 mm
Percent area of divertor plate covered 90%

Plate structure

Copper (Ta-10 W)

Plate thickness 3 mm
Coolant tube ID 1 cm
Coolant Water
Coolant velocity 15 m/sec
Coolant heat transfer coefficient 5 W/cmz-OC
Maximum thermal load 500 W/cm2
Coolant inlet temperature 100°¢C
Coolant outlet temperature 110°¢
Coolant flow rate 2400 kg/sec
Maximum structure temperature 250°C
Maximum lithium temperature 310°%
Lithium vapor pressure 10—'6 torr
s . 21 -1
Lithium sputtering rate 4.5 x 10" "sec
s ; 20 -1
Lithium evaporation rate 2 x 10" "sec
s 21 -1
Lithium flow rate to plasma chamber 2.1 x 107 "sec

24



either due to a non-ideal liquid film or the non-wetting of the solid
surface by the liquidfa)If 95% coverage can be assumed and a sputtering
coefficient of ,1 is used, a wall life of six months will be expected.

The trajectory of the particle incident on the collector plate will
be of major importance to the sputtering. If the incident angle 0, as
shown on Figure 9, is small, there will be excellent protection of the
plate if a small dry spot occurs. The six month wall lifetime did not
take this effect into consideration and is, therefore, conservative,
l.4. ALTERNATIVE DESIGNS

A few alternative designs have been studied briefly. The first
three described below are variations on the reference solid target

divertor plate design. The last one is a completely different concept.

l.4.1. Use of a Tantalum Heat Sink With Tungsten Armor

The possibility of using tantalum instead of copper for the heat
sink was investigated as a means to reduce stresses due to the mismatch
in thermal expansion between copper and tungsten. Although the tempera-
ture at the joint between tungsten and tantalum would be much higher
(75000 vs. 250°C for the copper—tungsten joint), the stress was found
to be less because of the good match in thermal expansion between
tungsten and tantalum., More important, the yield strength of tantalum
is substantially greater than that of copper and is nearly equal to the
thermal stress indicating that there will be no yielding beyond the
first thermal cycle. Tantalum appears to be an acceptable alternative
to copper if the tungsten-copper system proves to be unable to endure
thermal cycling. The difficulties of fabricating complex structures

of tantalum, however, would have to be overcome.

(a)

D. Kummer of McDonnell-Douglas has suggested the use of a fine wire net

to cover the surface, by capillary action, would insure uniform distri-

bution of the liquid Li. This may mitigate the concern over '"dry spots'.
25
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1.4.2. Use of Tantalum as Armor

The possibility of using tantalum as the armor was investigated,
because tantalum is a ductile metal that has superior thermal stress
resistance and is easier to fabricate than tungsten., Table 6 compares
the pertinent parameters for material selection between tungsten and
tantalum,

Table 6. Comparison of Tungsten and Tantalum as Armor

Tungsten Tantalum
Density (kg/m>) 19300 16600
Melting Point (°C) 3410 2996
Thermal Conductivity 167 54.5
(W/m K) :
Sputtering Yield 3.9 x 107> 8.5 x 107>
E = 1.34 keV, D+ (Ref. 3) (Ref. 5)
(atoms/ion)
Erosion Rate, x 4.9 12.2
(mm/yr)
AT Acrgss x, (@ 147 1119
5 Mi/m° (°C)
Relative Armor Cost 1 9

From Table 6, one can see that the erosion rate of tantalum is
higher, the temperature difference across the armor is greater, and a
plate that can last for the same lifetime is thicker and is much more
expensive than tungsten., Tantalum would only be used for divertor
plate armor if thermal stress failure,fabrication difficulties or
other problems make it impossible to use tungsten.

1.4.3. Low Z Armor Materials

Low Z materials were considered as alternate armor materials

for the divertor plates to reduce the effects of plasma contamination.

27



From Table 2 it may be seen that ATJ-S graphite and SiC are possible
candidates because of their high temperature capabilities, relatively
high thermal conductivities and acceptable erosion rates.

ATJ-S graphite can possibly be attached to the copper plate by
graphite cement. A more reliable method is by mechanical attachment,
using graphite screws to hold the graphite plates onto the copper
plate. With this form of attachment, graphite cement would still be
needed to enhance heat transfer between the graphite and copper plates.
More details of this attachment method will need to be investigated
if this approach is chosen for further study.,

5iC can be attached to copper by first depositing a thin (V25 um)
layer of tungsteﬁ onto SiC by chemical vapor deposition or ion
plating and then brazing the tungsten coated surface to copper by the
same method as specified for joining tungsten to copper for the refer-
ence design (Section 1.2.2.).

Graphite is easier to machine and less expensive than SiC, but
SiC would be less susceptible to neutron irradiation damage.

The sputtering yield of these materials is sensitive to tempera-
ture, energy of the charged particles, and also the method of manufac-—
turing. The thermal conductivities of these materials also vary
greatly with temperature (e.g., from V70 W/mOK at 500°C to 40 W/mOK at
lZOOOC, for ATJ-S). Since both of these properties are crucial to
armor plate performance, the effects of the operating environment and
manufacturing technique will have to be considered carefully should
low Z armor material be selected for further study or development,

Table 7 gives comparative cost estimates for armor materials

ATJ-5, SiC and W. The mass per module includes the copper heat sink
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and shielding material behind the divertor plate. The armor plates
compared in this section have thicknesses required for a lifetime of
"1 year, whereas the reference W design has a lifetime of V2 years.

Table 7. Cost Comparison of ATJ-S, SiC and W

Thickness? Volume Mass/Moduléb Total CostP

Material (cm) (m3) (kg) $ 106
W 0.5 .37 3832 2.56
ATJ-S 1.5 1,11 3702 2.05¢
SiC 2.5 1.78 3791 3,489

a.. . R .
Thicknesses required for V1 year of operation.

bMass/module and total cost include armor plates, copper heat sink
and brass shield.

“Unit cost of graphite $25/kg for plain liner, thin squares 1 cm thick.

dUnit cost of SiC, $265/kg for coating and liner,

The mass/module are similar for these materials because their
masses are dominated by the 20-cm thick brass shield, SiC is the most
expensive because of the required thickness and the higher unit cost.
It is concluded that both ATJ~S and SiC are viable armor materials for
the divertor plates when the use of low Z material is a requirement,
yet they may have a shorter lifetime than W,

1.4.4, Multiple Channel Divertor Plate Concept

An alternative design has been suggested (Ref. 6) and is shown
schematically on Figure 10, The structural material is aluminum and
the coolant is forced convection water. The basic idea is to provide
multiple layers of coolant channels so that, after the first layer is
sputtered away, the coolant will be switched to the second row of
coolant tubes, However, as shown on Figure 2, aluminum has a low walue
of figure of merit of thermal stress., To keep the thermal stress under
100 MPa, a maximum wall thickness of only 2 mm can be allowed, which

translates to a two week lifetime for each layer,
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2. SUPPORTING INFORMATION AND ANALYSIS

2.1, SOLID TARGET

2.1.1. Stress Analysis of the Tungsten-Copper Joint

A preliminary stress analysis was made to estimate the effects of
the large strain differences that would be generated at the discon-
tinuity between tungsten and copper as a result of the mismatch in their
thermal expansivities. The stresses in copper calculated by elastic
analysis are far beyond the yield stress and indicate that the copper
will be forced to yield during each thermal cycle between room tempera-
ture and the peak operating temperature, The ductility of copper
combined with the partial annealing that would be produced at the peak
operating temperature of 250°C indicate that repeated yielding may not
create a serious problem limiting lifetime., The only reliable way to
determine whether the thermal cycling will lead to problems is to design
and fabricate appropriate test specimens and subject them to a thermal
cycle test,

2,1,2, Effects of Radiation on the Copper Heat Sink

The maximum operating temperature of the copper heat sink is
expected to be ZSOOC. At this temperature and a fluence (>0.1 MeV) of
about 5 x lO21 n/cm2 (5 dpa), copper swelling should be small. Extra-
polation of 0.5 dpa fission data (Ref. 7) gives an estimated maximum swell-
ing of <1% for copper at 250°C (0.39 Tmpa) and 5 dpa. The swelling
peak in copper is at about 350°¢C (0.44 Tmp). The possible additional
effects of the 33 appm of transmutation produced He on swelling cannot
be estimated at this time,

e e e s e e oy e

Tmp = melting point temperature on the absolute scale.
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At the 40-250°C operating temperature of the heat sink, copper will
decrease in ductility due to displacement damage. The magnitude of this
change is difficult to predict for divertor target neutron spectra and
fluences, but existing fission spectrum data on annealed copper (ductility
27-34%) indicate a decrease in ductility to approximately the value for
unirradiated 60% cold worked material (17%) after exposure to less than
1020 n/cm2 (Ref. 8). Reduction of ductility, which is a measure of the
ability of a material to relieve local stress concentrations without
fracturing, to values below a few percent would be a major concern in
the copper heat sink which is subjected to cyclic thermal loads during
service. At ZSOOC, the mobility of He in copper is too low to signifi-
cantly embrittle the material by the conventional grain boundary bubble
formation mechanism., However, the 33 appm He produced from (n,0) reactions
could contribute to increased matrix stiffening by refining the irradia-
tion produced defect structure.

2.2 LIQUID TARGET
2.2.1, Temperature Calculations:

Coolant velocity = 15 m/sec

Coolant channel I.D. = 1 cm
6

Re = Dvp/u - = 10

Heat transfer coefficient = h

1]

5 x 0,023 (Re)?*8 (pr)0+4
=5 W/cmz—OC
Film temperature drop = Q/h = 100°C

Tube wall thickness = 3 mm

_ o
copper 3.91 Wem—- K
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AT:ttube wall = Qx/K = 380C
Thermal stress = E?%%GT AT
For copper o = 18 x 10—6/OC
E=17 x 106 psi
v =.,3
.. = 57.3 MPa

Th

Lithium film thickness = .5 mm

= W em=2
K]Li 42 Wem-"K
o

AT]Li film = 60°C

2.2,2, Sputtering and Evaporation Calculations

Maxwellian sputtering coefficients for divertor plate materials
were calculated by Smith (Ref. 3) and are shown on Table 8, The
sputtering coefficients for lithium are estimated to be 0.0182 and
.0272 for D and T, respectively. The total loss rate of lithium atoms
due to sputtering is calculated to be 4.5 x 1021/sec. Sputtering and

evaporation calculations for lithium are summarized in Table 9.
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Table §. Maxwellian Sputtering Coefficients
for Divertor Plate Materials (Ref. 3)

Energy—-eV
1350 500
D I He D 1 He
C 0.0090 0.0135 0.0435 0.0113 0.0170 0.0442
W 0.0039 0.0063 0.0120 0.0015 0.0028 0.0049

Al 0.,0231 0.,0346

Li?®  0.0182 0.0272

0.0950 0,0227 0,0343 0,0749

a , - . .
Sputtering coefficient for Li is for monoenergetic

particle at 1350 eV,

Table 9, Summary of Lithium Sputtering
and Evaporation Calculations

Total Energy

Maximum Q

Total Particles

Sputtering Coefficient
Sputtered Particle

Temperature

PLi

VL1

P (at 10_5 torr)
Li

A (Q/500 W/cm?)
Apv/2

Total Particles

Fraction Returned to
Plasma Chamber

Particle Returned to
Plasma Chamber

# of lithium of plasma chamber

Inner
25 MW
500 W/cm2
5 x 1022/sec
.0227
1.1 % lOzl/sec
310
10“6 torr
1.33 x 10° cm/sec
1.55 x 1010 #/cm3
5 x 104 cm2

5 x 1019 #/sec

1.15 x 1021 #/sec

1.15 x lO21 #/sec
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outer
75 MW

500 W/cm’

1.5 x 1023/sec
.0227

3.4 x lOZl/sec
310

10'-6 torr

1.33 x 10° cm/sec

1.55 x 1070 #/cm>

1.5 x 10° cm?
1.5 x lO20 #/sec

3.55 x lO21 ##/sec
0.25

.88 x 1021 #/sec

2.1 x lO21 #/sec
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