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1.0 Summary

1.1 Overview

This report contains three major scctions: (1) a review of the progress in the technology planning effort,
and in the divertor concept development; (2) the combined technical conclusions and recommendations from
the Divertor Technology Workshop at Albuquerque; and (3) individual contributions on specific topics.

The program has brought an awareness on the part of a wide spectrum of the experts in and outside the
fusion community, and has gencrated a number of innovative concepts, such as a hypersonic gas jet target,
phase-change solid-pellet-targets, metal window pumping, and helium selective pumping (helium fly paper),
high pressure cryosorption, and oscillating limiter concepts.

The major design achievement has been that a good bundle divertor configuration for ETF and INTOR
has been found which can satisfy critical requirements for both engincering and physics.

The following sections expand on the specifics of these topics. Further details of the work in each area are
given in the sections dealing with specific topics.

1.2 A Review of the Progress in FY80

The Divertor Developmiental program was initiated in November, 1979, and ORNL contracted for the
design and facricate of the ISX-B bundle divertor in August, 1979. The activities accomplished are listed in the
following subsections:

-1.2.1 Workshops

To inform the community of this project and to seck feedback, MIT has at various times arranged the
following workshops: ‘ :

e Target Miniworkshop, March 5, 1980, DOE
e Miniworkshop on ETF poloidal divertor
e Divertor Technology Workshop, April 10-11, 1980, MIT

1.2.2 VOutside Activities

Full support of ETF divertor design, and participation in all levels of ETF Activities
MIT has also actively attended the following workshops to keep this program in line with other projects:
' e INTOR Bundle Divertor Report

e Impurity control, Plasma Wall Interaction and Divertor Workshop on February 25-26 at
DOE

o First Wall/Blanket Shicld Workshop, March 1980

o Divertor, First Wall Material and Impurity Control Workshop, JEARL, Japan, March 17-20,
1980

1.1




¢ Sandia "Plasma”-Materials Development Workshop, Junc 24-25, 1980

123 Work Accomplished or in Progress

(1) Mlagnetic concepts development and divertor fabrication

The L-shaped bundle divertor concept has been proven. Many éénﬁgurations using different combinations

of.L-shaped coils have been developed and studied. The ripple has been found to be reduced significantly so

that the beam particles are contained. An cngmecrmg method has also been developed such that the divertor
can be dismounted as a single unit

The fabrication of divertor housing and winding for ISX-B has been .ﬁnishcd and will be assembled and
tested. The complete divertor assembly is anticipated to be shipped to ORNL in the spring of 1981.

~ In addition to these major accomplishments there is other on-going work listed as follows:

o Three versions of an internal poloidal divertor with minimized current have been obtained.
The total current of cach of these systems is about 25 MA-T as compared to as high as
100 MA-T for the external systems. An engineering concept for segmenting internal normal
coils is in progress. The effort for next year is developing feasible engineering methods for
maintainablc internal divertor coil systems.

S T e

e An impfb‘\jéd hybrid divertor configuration has been obtained and a detailed study is in
progress.

o An improved concept of a mousetrap divertor has been conceived. A detailed study will be
carried out v.hcn the enginecring difficultics can be resolved.

e Astudyon hybnd divertor has been initiated, an extensive study will be carried out when the
computational tools are ready.

(2) DivcrtdrShic'lding : o <

" A one dimensional shielding design study has been carried out by General Atomic and the minimal shield-
ing requirement has becn established. A three dimensional shiclding Model for the bundle divertor is in the
“planning stage.

_A survey of insulation materials is in progress. A follow-on test program on the irradiation and mechanical
properties of G-10 insulation matcrial done by MIT at Idaho for another project, is under consideration.

(3) Divertor angct and Limiter (MIT, MEPSCO, McD) .

The following arcas of work have been pursucd al MIT and by outsudc contractors m order to gain an
insight into future program planning.

¢ Solid target design study
¢ A general target characteristics and requirement study has been carried out by MIT.
e Activc cooled limiter design study




° .

A specific limiter designed to be tested on Alcator has been carried out by McDonnell
Douglas and is now in a second phase cvaluation. Many unique configurations have been
~ conceived by MIT, and a study is in progress.

.

¢ GasTarget (Draper Laboratory)
e A supersonic gas jet target has been conceived and studied by Draper Laboratory.

¢ An innovative oscillating limiter concept which can be cooled by helium and can stand high
local heat load has been conceived.

-
-

(4) Plasma Simulation Sources

A number of forms of plasma sources have been evaluated. They have been narrowed down to decel-

lerated low energy ncutral beam and Hall accelerator. A design and small scale test of Hall accelerator is in
progress.

(5) Bundle Divertor Modecling

A design window scheme has been developed for understanding material pcrformance limits. An analyti-
cal method for modeling a bundle divertor has béen developed and detailed computation is in progress.
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2.0 MWorkshop Summary
2.1 Summary of Divertor Technology Workshop held at MIT in April

It is envisioned that the major elements of a divertor technology program
will involve (1) deve]opment of concepts, (2) development of targets and pumps
to handle the particle loads, (3) development of testing techniques to
investigate concepts and proof-test components. These program elements will
_be integrated with existing or planned divertor experiments such as on ISX-B
PDX and Doublet III, but will also investigate the independent plasma heat
sources which might be appropriate for simulation of the condition in the
divertor throat and target chamber.

A two-day workshop was called by MIT to discuss the technology issues
involved. The goal of the workshop was better to define the needs of the
divertor program;-to assess the status of existing solutions, to reach some
consensus for future directions and to gather the experts in the country to
work together to solve technological problems re1ated to the divertor and
Timiter.

" The consensus of the workshop was that there are many important neér tefﬁ
pilot scale programs which could be undertaken. The program should not be
Timited to the use of confinement experimenfs alone as test beds. Before
combonents are put into a tokamak, screening is required, and it is particu-
larly important in investigating novel target and pumping concepts, that some
off-Tine facility be used for this screening. The near term recommendations
are in the area of pilot-scale experiments to be done either on existing
tokamaks or on largely existing facilities at "off-time". They involve areas
such as material behavior, heat transfer experiments on various target concepts,

and novel divertor and divertorless concept development.
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2.1.1 1Issues and Discussions

The particle and thermal handling problems for a typical 1000 mw reactor
can be approximated by Table I. In the pessimistic case all the particles
leaving the tokamak in a one confinement time have to be removed and only
small back streaming is aliowed. Because of high heat and particle fluxes
high efficiency collectors and high heat transfer technology are needed. The
material problems are also quite severe. The problems would be very much
eased if 80% of the diffused particles could be recycled and a large fraction
of the power can be radiated. This requires the realization of novel concepts
such as gas target. In dealing with these problems, both older and new novel

concepts have been discussed.
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The Issues can then be listed as follows:

Can impurities and ash be handled inla divertorless concept?
What pressure can be maintained in a divertor chamber?

What is a practical heat flux to handle at a divertor target?
What surface materials should be used for the target?

Must the impurity control pump all the plasma components in
order to remove ash and impurities?

Can a magnetic divertor concept be identified with acceptable
engineering requirements and acceptable influence on injected

alpha particles?
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It was the general consensus that all the older known concépts suffer
problems and all the new concepts have too many unknowns.

Thus, an impurity handling development program (whether it be
divertor or divertorless) will have to develop concepts as well as

components and an agressive program is required on an appropriate

ETF time scale.

The discussions of the workshop weréheld in four separate groups:
the solid target, novel concept, simulation and magnetic concept
groups. Although magnetics form the central roll in divertor tech-
nology, it was not the major topic in the workshop because magnetics
has been thoroughly discussed in various previous conferences. The

summaries of the other three group discussions are given below.

2.1.2 Solid target/limiter
A summary of the solid target aspects has been established and

listed in Table 2.

Three major development/design tasks have been identified as

follows: ’ - -

1. Thermal/mechanical test using a thermal source

This task would screen candidate configurations and materials
on a macroscopic engineering basis (as distinct from surface physics
consideration). The peak heat flux should be of order 1 kW/cmz.
The test target area should be about 0.25m2. Water and helium can

be equally considered.




Surface Physics Development

This task would produce the engineering data on surface physics
characteristics (gas retention, release, trapping reflection,
sputtering and impurities) necessary to define the design options

for solid targets.

Composite Test Using a Neutron Beam or Plasma Source

This test would bevmounted on the design concept derived from

the two progiams above. The source would mockup the particle aan
thermal loadings characteristic of a reactor divertor. Conse-
quently this test awaits development of a suitable source which
coﬁld provide the necessary particle energy level over a suitable

area with the desired reactor cyclic behavior.

2.6
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2.1.3 Alternative Conéepts

The novel coﬁcepts being discussed are listed as follows:

1. Lithium pellet absorber

2. Lithium rain

3. High pressure cryopumping

4, Hypersonic gas target

5. Gas target and helium enrichment

6. Removal of helium with differential.pumping method

7. Moving metal belt ’
Reflect hydrogen and trap helium

8. Window pumping
Reflection of helium and diffusion of hydrogen through
the target

9. Eléttrotgzic trapping

10. 1In-situ or external recoating

1-2.1.4 Plasma and thermal simulation sources
o The plasma and thermal sources can be classified into generic
sourée and surface heater. The generic sources aré the mo#tfq
desirable but not yet availéble. The potential sources are:':
1. ©Neutral beams
There are high energy and high current pulsed beams available
at ORNL and LBL. A low energy and high current beam has also

been developed at the University of Wisconsin.
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A suitable decellerating neutralizing cell could probably be used

to give a very close match to the actual distribution spectrum at -

plasma edge.
Hall accelerators
The Hall accelerators have been studied for possible heating source
for tokamaks. There seems no basic physics reason precluding
steady state operation. There are many surface heat facilities,
such as ARC Jets, E~Beams and radiant heat source available in the
naﬁion. In order to use such facilities, some simulator specifi-
cations have to be defined. A preliminary list is given below:

Heat flux

Jon temperature

Electron temperature

Species fraction

Operating time

Operating pressure

Finite size effects

Collinaiion'

Duct chérge exchange'

Cyclic pressures

Alpha-particle effects

Cold gas component

Magnetic geometry
The ideal test beds are of course the tokamak facilities.. The
tokamak devices with high heat and particle fluxes are ISX-B, PDX,

2lcators, PLT and Doublet III.
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PROGRAM RECOMMENDATIONS

(]
.

o>

The divertor teqhnology program should be multifacited and make
maximum use of existing facilities and experts groups throughout
the country.

Miéimum use should be made of existing divertor confinement experi-
ments like PDX, PDX~-Up-Grade and ISX-B to measure parameters of
engineering importance such as divertor duct and chamber parameters
and surface plasma effects at the targets. Non-diverted tokamaks,
particularly high power density machines like Alcator, should
increase their investigation of non-divérted impurity control.

A long pulse tokamak such as ISX-C, can provide the vital link
required before ETF relevant divertor (or divertorless) concepts
can be confirmed. The impurity control technology program should
take part in the planning of that machine in order to maximize

its usefulness to the technology program.

The program should not be limited to the use of confinement

‘machines. Maximum use should be made of pilot scale experiments
‘on existing or modifiable "off-line" facilities.

- A pilot scale design and test program should begin immediately on

one or more potential target configurations to establish realistic
design limits.

A major activity to develop suitable surface coafings and to
characterize those materials under realistic conditions:ﬁust be
undertaken. These activities can obviously build on the plasma
surface material development programs, but would be ﬁgre'aésign

specifics.

2.11




‘The program should encourage the development of novel concepts,

which show potential to relieve the possible "Fatal Flaw"
problems associaied with current solid target concepts. Off-line
facilities and small tokamaks will be particularly valuable in
this aspect of the program.

Finally, the program should encourage the development of

divertorless concepts.

2.12




2.2 "Plasma"- Material Workshop in Albequerque - Divertor Group
Summary

In accordance with the theme of the workshop discussions,
this grdup was primarily concerned with material aspects ofﬁ
divertor plates (neutralizing targets or collectors). -Lithium
pellet, lithium rain, hypersonic gas target, gas target, and other
novel divertor target ideas discussed in the April Divertor Work-
shop at MIT were only mentioned briefly. The need for material
development wo;k as discussed at MIT Workshop is reconfirmed and
specifics have been worked out in this discussionigroup.

An integrated divertor system’consists of magnetic, vacuum
and target components. It is difficult to single out the material
issues. In barticular, the effect of the plasma on the material
of the plates are closely related to the vacuum condition in the
divertor ¢hamber.»_Lately, a number of proposed novel concepts have

presented a veryvoptimistic picture on the requirements of a target.
. The most attractE;e concept in the gas target, which may reduce the
‘4heat‘load on a metal plate, is serving-as a neutralizér. The'
4,éffectiveness of such a concept for both target plate protection:
and He management néeds to be seén. However, the interactidn:of;
élasma with material always exiéfs and the material cannot be'elimi-
nated -altogether, especiaily in the divertorless case. In this“
~discussion group some innovative ideas involved the use of matéti;l
as both thermal and pariicle handling have also been proposed. -
‘Therefore, it is agreed that the development of material plates_aﬁa
the understanding of the characteristics under a wide expected |
range of conditions is urgently needed.

For the solid target ideas, the group concluded that the

development effort should be approached in two phases. In the

2.13




initial phase, already in progress, the various issues should be

studied1£or small samples and medium size tiles using existing or

upgraded specialized facilities. The group identified three major

areas of development needing attention during this phase.

l.: Therﬁal—mechanical design

2, Concepts for hydrogen éﬁd helium management

3. Surface materials response
Phase II studies are required to bring together information gath-
ered 'in these areas to produce engineering designs and to test
these designs wﬁere possible under simultaneous heat and pérticle
fluxes with appropriate pumping geometry. Large area test
facilities for this phase have hpt yvet been identified.

The three Phase I study aréas are summarized below with
appropriate test conditions. The interaction‘of these efforts is
shown scﬂ;;aticéff; in the block layout (Fig. 1l). Although some
V_inte:action occurs between the areas, the group felt.that at this
| stage they should be pursued in ﬁarallel. This is justified‘

‘under the particle manageﬁeht‘cdncept which isolates the three --
a hot, non-retaining surface layéi and auxillary H and He gasirzﬁ
"pgmping. Improvements over this approach can then be pu:suedE} ?

- independently.

. Phase 1 Program

1. Thermal/Mechanical Design

This task would screen candidate heat transfer configurations

and structural materials on an'engineering basis. It would

test prospective designs for:

2.14
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a) thermal fétigue and shockvresistance,

b) internal erosion resistance in the coclant channels and

c) heat ﬁransfer correlations and critical heat flux or burnout
condiﬁions, : ‘ : Y

The latter is of concerh for fuﬁure particle management concepts

where surface temperatures become important. It was generally felt

that the heat transfer to a forced coolant is not too difficult for

fluxes of 1 kW/cm2 or less, over reasonably-sized tile areas.

However, a review of existing correlation data indicated that gaps‘

exist in the forced convection and nucleate boiling regimes, "

particularly for high flow velocities at modest pressures. Thus,

the heat transfef correlation and critical heat flux should be

measured where missing for a range of flows, pressures, swirls

(internal roughenings) and coolant channel_geometries. Although

the prima;; cooigg; candidate is water, helium gas and liquidv

" metal coolants should also be considered.

Special substrate structural materials of high thermal conduct-

ivity and failure resistance should be explored. Their thermal

fatigue and shock resistance shoﬁld be studied first at 1 kW/cmztfor

103 - 10t

10° thermal cycles, then at higher power densities to héhdie
possible peak conditions. Sample'tiles could be tested with areéé

"df about 10 x 10 cm, then perhap$ 50 x 100 cm tiles or arrays.

Novel cooling approaches were discussed as possible alterna-

" tives to force-convection. Spray jet concepts using the latent heat

of vaporization of water to cool surface are in existence but their E
reliability is a gquestion. Heat pipes have been studied for use_in _ i

cooling laser mirrors with uniform heat fluxes of about 0.5 kW/cmz. i
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Existing high heat flux facilities must be utilized for the
development of these ideas as well as for more conventional
heat transfer solutions.

Concepts for Hydrogen and Helium'Management

Novel, innovative ideas and their development are needed to

solve the particle management problem. Here the task is to

stére the hydrogen isotopes and helium ash at the collector

plate, remove the.helium and recycle the hydrogen fuel to the

plasma. 'Possibilities for this gas management are:

é) stop, re-emit, and continuously pump both H and He from the
system, |

b) trap and outgas He from the plate between pulses (to be

" pumped along with some H), |

c) trap H, but re-emit and pump He during pulses, then outgas
H-betweenfpulses, or make H diffuse through the metal/”

d) trap and.bury He in the plate for later removal and process-
ing outside the system, aﬁd

e) t;ap and remove He?ffom>the sysﬁem,‘then desorb and recycie
(as on a bel;, disc,'drum, etc.). -- He fly paper |

Each_concept requires specialized coatings, for the collector

plate, with controlled trapping and re-emission properties;:f

Development of concept-oriented coating materials and composites5

should be pursued. For maniiof these concepts, in-situ coatihg
replenishment must also be dbpsidered. |

Evaluation of management concepts can be done with small:
scale experiments. For these tests, simultaneous H and He'ioﬁ

fluxes are needed over small areas (about .5 x .5 cm).
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Although uncertain, ion energies are postulated to be about
. |

1 keV at fluxes of about 107 em™? 57 o experimental

facilities are known which produce these conditions.

Surface Materials Response

A key issue brought out in the initial presentations and echoed

in the dlvertor working group was that of particle erosion. It

was decided that one must be optlmlstlc about the particle flux

and require it to be a reasonable level. Additional issues per-

taining to handlihg the particle load are:

a) erosion due to sputtering, blistering, chemical, and arcing
effects,

b) retention, re-emission, and diffusion of H and He, and

c) radiation damage from H, He, impurities, and neutrons.

The task of this area is to evaluate existing and develop new

cnadidate cegting/cladding materials with regard to these  issues.

Testing can.be done using small scale (.5 x .5 cm areas, or

smaller) controlled experiments. However presently available

1% - 10® cn™? 571 at 1 kev should be

17 _ 1018 g2 71 at

test conditions of 1 -1
improved to the proposed fluxes of 10
.1 - 2 kev.

—

" Phase II Program

In this program the near term'goal to make available one or -

more reliable modules for ETF is emphasized. Studies are proposed -
to test the survival of prototype divertor collector plate designs
under both the thermal and particle loads. Testing should be done

over large areas in order to evaluate thermal/mechanical behavior.

2.17
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Fluxes should be averaged over 10 x 10 cm to 25 x 100 cm areas, at '
1 kW/cmziwith 1 keV H and He, and in a vacuum environment of about

-4

10 Torr. Possible facilities for this testing include modified

neutral beam and plasma sources, and fokamaks. Impurity ash re- ‘i
moval and fuel recycling would not beknecessary in initial designs.
In the advanced design the Surféce replenishment such as in-situ
coatiné, the helium and impurity removed and possible fuel

recycling should be considered.

Divertorless Approach | | |

In the divértorless situation the particle and heat removal T |
will be accomplished by specially designed limiter and/or first wall é
- configurations. There is no distinguished line between limiter and

divertor plate. The material problems and development needs are
Quite similar.
In p;;ncipafffthe divertor chamber can be outside the plésma

' column and thermal and particle problems can be handled externally.
For the divertorless situa;ion, ail the thermal and particle loads
“hayé to be handléd‘inside £he to£US. Frequent replacement is -
‘@ifficult. ‘Modular"life time and surface replenishment are impéft—
ant.

- For comparison, the group gave some consideration to two

divertorless approaches. The first was that of a rail limiter,'

which in the very worst case may be expected to experience -
20

paritlces/cm2 - s. In addition to posing a serious

15 kW/cm?, 10
heat transfer problem, such an approach would require in-situ coat-

ing redeposition. The second case was that of allowing the plasma

2,18
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to contact the entire first wall. Here fluxes are about 0.1 kW/cm2
17

[4
< 10 particles/cmz- sec. Again in-situ recoating would probably

be required for a reasonable life.

Conclusion and Recommendations

For quick reference the novel concepts, target thermal problems
and iégues given iﬁ the last three secions are condensed aéd tabu-
lated in Tables 1 through 5. The expansion on novel concept is
encou:aged.

The group recommended small to medium size séale, controlled
Phase I experiments in three aréas: heat transfer/mechanical
design, hydrogen/helium managemént concept evaluation, and surface
materials response. These should be followed by larger scale,
proof-test experiments on prototype designs. Overlap of the two

phases is-necessary. -
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" TABLE 1
NOVEL CONCEPTS

GAS TARGET AND HELIUM ENRICHMENT
REMOVAL OF HELIUM WITH DIFFERENTIAL
PUMPING METHOD

HYPERSONIC GAS TARGET

LITHIUM PELLET ABSORBER

LITHIUM RAIN

HIGH PRESSURE CRYOPUMPING

MOVING METAL BELT (HELIUM FLY PAPER)
REFLECT HYDORGEN

TRAP HELIUM

WINDOW PUMPING

REFLECTION OE-HELIUM, DIFFUSION OF HYDROGEN THROUGH METAL-

ELECTROSTATIC TRAPPING
IN-SITU OR EXTERNAL RECOATING

2.21




- TABLE 2

1, FATIGUE (THERMAL SHOCK)
2, INTERNAL EROSION DUE TO COOLANT
3,  CORRELATION | |
TO ESTABLISH PHYSICAL COEFFICIENTS AND BURN OUT CONDITIONS
. FOR RANGE OF FLOWS, PRESSURES, SWIRLING OR ROUGHENING
- FOR WATER, HE, (LIQUID METALS?)
- FOR 1 kw/cM?, THEN HIGHER
« FOR 10 cm x 10 cm SURFACE AREA THEN 50 cmM x 50 cm
OR 25 cm x 100 cm
- FOR APPROPRIATE MATERIALS
( CU, CU ALLOYS, TA, MO, N& AND ALLOYS)
- NEUTRON DAMAGE:
" i, NOVEL APPROACHES
-~ JET, HEAT PIPE, ETC,
.5, ALTERNATIVE APPROACHES
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 TABLE 3

T T -

© CONTROLLED EXPERIMENTS =

DITION
NEED 5:1017 - 1019/em2-SEC NOW (1044 - 1016/¢em2-sEC
.1 - 10 kev > KEV
ISSUES

- EROSION (SPUTTERING, BLISTERING, CHEMICAL, ARCING)
« RETENTION, REEMISSION (DIFFUSION) |
. RECOATING (IN-SITU, EXTERNAL)
. RADIATION DAMAGE
« IMPURITIES PROBLEMS
"« PARTICLES HE, H, D, T, HEAVY IONS

_ ONTROLLED EXPERIN CONCEPT EXPERIMENT
* FOR COLLECTING DATA SYSTEMATICALLY «STOP, RE-EMIT AND PUMP CONTINUOUSLY

"~ WITH LARGE FLUXES AND FLUENCES = TRAP, OUTGAS BETWEEN PULSES AND

“ON SMALL SAMPLES (.5cm x .5cw)  PUNP |
| ~ « TRAP AND BURY FOR LATER REMOVAL
~ EXTERNALLY
~ « TRAP AND REMOVE FROM SYSTEM
~ «BELT, DRUM, RECOATING, ETC. -
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* TABLE &4
PROOF TEST EXPERIMENTS - (NFAR TERM GOAL)

o CONDITIONS
1 Kw/CMZ, 10 cMm x 10 cM - 25 cm x 100 cm
1 kev (H, HE), ~107% TORR

o FACILITIES
NEUTRAL BEAMS, PLASMA SOURCE

TOKAMAKS:  ISX-B ~ DOUBLET-III
PDX- ISX-C
PLT EBT
ALCATOR MICROTOR

« PARTICLE AND THERMAL LOADING CHARACTERISTICS OF REACTOR DIVERTOR
~ (ALL PARTICLE COMPONENTS)

‘.;  SURVIVAL EFFECTS

* MECHANICAL, LIFE TIME, VACUUM INTEGRITY
- _- IN-SITU OR EXTERNAL® REDEPOSITION OF SPUTTERED MATERIALS

"ﬂ;_. HE AND INPURITY REMOVAL AND FUEL REGENERATION

(ADVANCED SOLID TARGET SYSTEM)
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e TABLE 5
" ISSUES (DIVERTORLESS APPROACH)

THE FOLLOWING EXTREME CASES ARE LISTED TO SHOW THE

RELATIONSHIP BETWEEN DIVERTOR AND DIVERTORLESS AND THE DEVELOP-
MENTAL NEED. |

1, MOST PESSIMISTIC CASE - RING LIMITER

15 ww/em?, 1020/em?-SEC

REDEPOSITION

IN-SITU COATING

THICKWALL
2, MOST OPTIMISTIC CASE - FIRST WALL SURFACE
o~ 100 werd, <10V /eml-x |

INSITU COATING

OMMENDATION
PHASE 1 (SMALL SCALE) PHASE 11 (LARGE SCALE)
-+ CONCEPT EVALUATION ~ + PROOF TEST
© ~ MATERIAL RESPONSE - PROTOTYPE

© JHEAT TRANSFER

"« HE REMOVAL
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3.0 Divertor Magnetics

3.1 Bundle Divertor

It has been discussed by many authors [1,2,3.4] that bundle divertors can be greatly improved by varying
the coil configurations. The designs of a bundie divertor for reactors have been discussed in detail in references
{1] and [2] and were found to be feasible. However, there were still many shortcomings which necded to be
resolved. Two of the major shortcomings were: that the ripple is too large. which cnhances the Joss of energetic
particlcs: that the current required in the divertor coil is too large, and the divertor coils interfere with the TF
coils, making the maintenance difficult. To alleviate some of these problems a short T-shaped coil configuration
has been proposed by T. Yang [4] and a long T-shaped hybrid divertor has been proposed by H. Furth [5]. This
divertor configuration is illustrated by Figure 1. As has been discussed in the 1979 U.S. INTOR report and in
reference [4], the horizontal conductor elements will increase the divertor field required to cancel the toroidal
ficld and will also enhance the radial component of the diverting flux liﬁcs. Such a divertor requires less current
and thus produces lower ripple. Another method of reducing the ripple is to use an "X"-shaped four-coil
arrangement like a small tokamak, proposed by R. Dory and John Sheflicld [2]. All these configurations have
been examined in this report. 1t is found that four coil configuration gives the lowest ripple but the associated
engineering problems are too diflicult. A compromised physics and engincering solution can be obtained from

the two T-shaped coil configurations.

Magnetic Concept

i Magnetic Configuration

The plasma parameters and TF coil number and size used in this study are listed in Table 1.
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Table 1. Key parameters for INTOR and ETF used in this study.

INTOR ETF

Ry = 52m 5.5m
By = 48T 55T
a = l3m 14m
Rrp =105m 11.5m
TF} =12 12

*R7p (outer radius)

There parameters are chosen partly based on the INTOR and ETF space under consideration, and partly
for computational convenience. They provide information and comparison for different sizes and field inten-
~ sities and a flexible range when choosing final parameters. The coil configurations studied here are shown in
Figure 2. The typical flux patterns for these coil configurations except (a) are shown in Figure 3. The magnetic

configuration of coil type (a) is similar to Figure 3(c). Configuration 3(b) shows the T-shaped divertor with

" expander coils. It shows that flux can be led to the outside of the TF coils and cxpanded which makes the ‘

particle removal and thermal handling casier. The configuration (c) was considered to be desirable for lower
ripple and cnergetic particle containment. The major disadvantage is that the magnctic intensity at the middle
of the diverted flux loop, is 17 Tesla, i.e., the ficld becomes the strongest and the flux tightest at this point where
’ expansion is needed most. The 17 Tesla field makes lhcl expansion ncarly iinpossible. An attempt has been
“made to expand the flux or reduce the ficld intensitics by opening the outer legs as shown by configuration 3(c)
and by changing the coil shape as shown by Figure 3(d). The gain is insignificant. The radially outward transla-
tional force in configuration 3(b) is approximately equal w0 20_. MN whereas it is nearly zero in configuration
3(c). In.thc configuration 3(c) the interaction of the divertor with the TF coil is negligible. From the engineering
point of view it is necarly an independent structure since minimal structure is required to hold the divertor
asscmbly in place. As will be discussed in the mechanical section, the divertor can still be designed as a plug-
in unit for case (b). Lacking an adequate method to expand the flux, or to remove the particle and heat load in
the very tight space in case (c) and (d), we will concentrate our effort in optimizing case (b). To determine the
optimized design parameters, the ficld ripple on axis and the divertor current are plotted in Figures 4, 5, 6 as
| functions of height, width and length, while the coil position and separatrix arc fixed. Figure 7 plotS the ripple

and the position of the scparatrix as function of current. The design point for INTOR is shown by the dot. The
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choice was made bascd on many cngincering and physics considerations. For physics consideration one wouid
like to make the ripple as small as possible. The ripple reduces lincarly as the width réduccs and the length
increases. However, the current requirement increases in both cases. The ripple and current decrease with the
height and there is obviously no lower bound. Therefore, physical contraints have to be considered for making

the selection of parameters.

For the convenicnce of maintenance, the width of the divertor assembly was chosen to be smaller than the
gap so that the whole assembly can be removed without interfering with the TF coils. The width and height are
also the minimum required io allow 30 cm of shielding on cach side, 30 cm of plasma duct, 50 cm of conductor
p.ack, a-nd 10 cm of structure. The amount of shiclding chosen is based on the life time of 1 MW-Ycar. Anything

less is dangerously optimistic.

The magnetic field intensitites along a field line of the midplane for the two T-coil case are shown in
Figure 8. The ripples calculated from these ficlds are plotted as a function of major radius and shown in Figure
9. Figure 10 shows the ripple as a function of vertical distance z from the midplane for fixed radii. The ripple

" curves can be approximated by an exponential function

E(z,R) = E,(R)e—*/a,

“ where @ = 1.06 for this particular case and Ey(R) is the amplitude of the ripple given in Figure 10. The
expanded ripple for T-coil with expander and for the four-coil type is also plotted in Figure 9. The ripple for™
the T-coil with expander is only 0.4 on axis and becomes positive at a smaller radius and is generally better
than the four-coil case. The implication of this kind of ripple distribution on the particle confinement has to be

studicd. A preliminary calculation of an a-particle orbit and beam particles are given in the following section.

l a-Particle Confinement

The a-particle orbits have been studied for four cases using the code F1.OC developed by Fowler and
Rome {6]. In Casc 1,the current is 7.2 MA and the divertor height-to-width ratio is 0.58; the orbit is shown in
Figure 11, and the banana orbit is not confined. In Casc 2, the current is 8.3 MA and the height-to-width ratio is

| 0.5, but the coils are scparated by 1.4 m. The banana orbit is again not confined as shown in Figure il. In Cases

3 and 4, the height-to-width ratio is 0.5 and the coils are scparated by 1.2 m, and the divertor currents are 11.2
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MA-T and 6.72 MA-T respectively. In both cases the a-particles are confined as is shown in Figure 12. The time
scquence of the banana shows that the banana steps toward the center of the machine. More has to be studied
in order to draw a positive conclusion. However, it does illustrate that the a-particle can be confined for such
a divertor system. The typical confined beam particle orbit is shown in Figure 13. The lower picture shows the

variation of angular momentum of which is time average is nearly conserved.

. Structural Concept of ETF Bundle Divertor

A prime requirement of the structure is the necessity to provide casy demounting of the bundle divertor

from between the TF coils for servicing requirements.

Four "L"-shaped saddle magnet coils, each approximately 50 cm square in cross-section, 2.4 meters high,
1.2 meters wide, and 1.2 meters long are arranged to form a bundle divertor for the INTOR. These coils may
be constructed of OFHC water-cooled copper conductors run at a current density of less than 6000 a/un2 inthe
conductor. The substantial forccs generated by these windings are delivered to their surrounding structure in

three dimension. Hence, the structure conceived is made extremely stiff in all three dimensions.

Forces

The net horizontal plane forces delivered by the divertor coils to their containment structure is given in

Figure 14. 'This figure shows an indicated net radial force of about 30 MN on the whole assembly.

In addition to this net radial force, cach pair of coils has substantial opposing forces in the perpendicular
circumferential direction, and also in the perpendicular axial direction (out of planc). These forces have been

cxamined in preliminary fashion as have the interactive forces on the adjacent four TF coils.
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Structure Concept

The basic structurc containing the bundle divertor coil forces consists of two thick 304L stainless steel
plates (approximately equal to 15 cm thick) top and bottom, with built-up box beams (keyed and/or welded) of
3041. stainless steel. A mid-planc section of a plan view is shown in Figure 13. The box beam scctions shdwn
in Figure 15 are schematic in nature, but they do have a gcometry that keeps the bending stresses below 20,000

psi, consistent with the ASTM Boiler and Pressure Vessel Code, Section VIII, Division 2.

The four bundle divertor coils are envisioned as being sandwiched between the stainless steel plates

mentioned above, with suitable intermediate tie-downs and strong-back cross-beams, to form a large, rigid

monolithic assemble which fits between two adjacent TT coils as shown in Figure 16. Keyed joints (demountable)

will be made between the monolithic assembly at its edges, and mating plates attached to the two TF coils to
support the approximately 16 million pound net racdial thrust of the divertor asssembly. The keyed joints are
designed to permit remote removal of the keys and shim plates, which would then permit the radial movement

~ of the entire monolithic divertor assembly outward from its operating position on rails, rollers, or other means.

The stainless steel p]éitcs which remain with the TF coil assemblics will have low thermal conductivity
compressive links of G-10 in order to effect a satisfactory load link between the 'I'F coils at liquid helium
temperature and the divertor at ambient temperature. This compressive load link will have an intermediate

" liquid nitrogen cooled metallic intercept station to reduce the heat loss along the load path.

Conductor Consideration

Water-cooled copper conductors have been considered for use in theINTOR and ETF bundle divertor.
Preliminary cxamination indicates that the 8.5 X 108 amp. turns required for cach divertor coil can be achicved
using a conventional square O.D. conductor (2.3 cm on a side) with a round cooling hole (1.3 cm). For the 400
turns per coil envisioned, the current in cach conductor would be approximately 21,250 amperes at a current

density of about 5400 amps/cm? in the conductor (3400 amps/cm? average within the coil envelope).

Half-turn (360 cm) cooling with a water flow velocity of 4.6 m/scc (approximately equal to 36.3 litres per
minute per half turn) gives rise to a temperature increase of about 21°C to the cooling water ata pressure

differential of about 0.79 Atm between inlet and outlet.
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Alternatively, full-turn (7.2 m) cooling could be utilized with a water flow velocity of 9.2 m/scc (approximately
cqual to 72.3 litres per minute per turn) with the same 21°C temperature rise inlet to outlet and a pressure

diffcrential of about 5.5 Atm inlet to outlet.

Each front coil, therefore, requires approximately 70 MW of electric power for its operation and about
28,766 litres of water per minute to remove this power. The power requirement for half height coil and current

" 6.72 MA-T would be approximately 33 MW.

Nuclear Shiclding Study

A one-dimensional ANISN calculation has been done to estimate the shiclding thickness nceded for the
normal conduction operation. The one-dimensional shicld model is shown in Figure 17. The dose rate on the
insulation matcrial (epoxy-base material such as G-10) as a function of shicld thickness for three shicld material
combinations, 10% H,0 (B) + 50% W, 30% H,0 (B)+ 70% W and 50% H,O (B)+ 50% W have been obtained.
The results show that the 10% Hy0 (B)+ 90% W shicld is the best material combination. The neutron flux,

nuclear heating and dose rate are plotted in Figures 18, 19, and 20, as functions of thickness for the best case.

‘The dosage on the insulator can be expressed as

—_ 4 —_ —442
D(.’C) — D(o)e 0.14008{—3.3333 ¢ 10— ,

where D(0) = 2.5 x10'! Gray/year at MW/m? wall loading and ¢ is the shicld thickness with unit measure
~ of cm. The lifetime of the insulation for three thicknesses for the dose limits of 107 and 102 Grays are listed in
Table 2. Since there is 10 cm structure and 30 cm shiclding, if is fair to say that the divertor can operate for 1
-~ MW-Yr/m2. If the duty factor is 50%, the divertor lifetime would be one year for 2 MW/m? wall loading. Since

the divertor can be designed as a plug-in unit, a one-year replacement schedule should be very reasonable.
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Table 2. Magnet Lifetime (MW-YR/m?) for Dose Limits of 107 and 10° Grays.

Shicld Thickness Insulation Dose Limits

cm 107 Gray  10° Gray (MIT test){7)]

30cm 0.004 04
40 cm 0.02 2
50cm 0.1 10
60 cm ~1 100

* Summary and Discussion

The ceil dimensions, current and power consumption are listed in Table 3.

Table 3. Dimensions and Currents for Selected Bundle Divertor for INTOR

height = 1.40 m I} = 6.72 MA-turns
length =1.20m I = 48 MA-turns
R =1713m ‘ cuil cross-section = 50 X 50 cm ) -
Ry =102m Average j = 2.6 ka/cm?
. == (.56 ka/cm?/Tesla

The current required for ETF is 8.3 MA-T and Ry = 7.6 m. This divertor is feasible frqm an engincering and
physics standpoint; the power consumption and lifetime are reasonable, and the replacement is casy. The most
significant achievement of this concept is the drastic reduction in size and outboard forces. This fact can be
demonstrated by the comparison of INTOR and ETF with a similar reactor design DTHR() as is shown in
IFigurc 21. DTHR uses conventional two coil divertor whose size is more than double that of INTOR and ETF.

~ Further optimism and detailed study of particle confinement are in progress.
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Conducfors

Fig. 1 Schematic of a T-shaped bundle divertor coil.
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- Figure 2

Divertor Coil Configurations
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Figure 3  Magnetic Flux Configurations for the

coil type (b), (c), (d) and (e) in
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Figure 14
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Figure 17 One-dimensional shield model
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3.2 Hybrid Divertor

The concept of hybrid divertor is illustrated by Figure 1. The hybrid
draws the edge field Tines out in the form of broad, thin edge, which can be
brought through a roughly horizontal slit into a separate chamber. The
notential benefits include Tower coil current densities, lower stresses,
Tower field ripple, and much greater room for radiation shielding. The draw-
back for putting the hybrid at the side of the torus is the coils have to be
tilted about 3°, equivalent to the pitch angle of the magnetic flux, to
avoid the field lines being intercepted by the structure. The way to avoid
this is to put‘the hybrid on the outer lobe of the external poloidal divertor
as 15‘111ustrated.by Figure 2. The preliminary results are shown in
Figures 3, 4, 5, and 6. Figures 3 and 4 show the cross-sectional and side
views of magnetic fluxes of the axisymmetric plasma. Figures 5 and 6 are the
fluxes with hybrid divertor on the top. The magnetic fluxes are brought out
from the plasma and into the outer lobe. Figure 6 shows that lines 2, 3, and
4 and leaving the tokamak. The divertor coils are extended 120° in the
toroidal direction. The current is only 2 MA-T. |

The particle handling with axisymmetric external poloidal divertor will
have the difficu1ty at the inner lobe where the pumping path is blocked. The
scrape-off layer is thicker at the inner side of the plasma than the outer
side, which will reduce the shielding space. Hybrid divertor will alleviate
‘these problems. The vacuum system and thermal handling will be much easier
when the plasma is diverted to the outer lobe.

The optimization and detai]ed study are in progress.
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AXISYMMETRIC PLASMA WITH :SEPARATRIX OUTSIDE THE WALL



" SIDE VIEW OF THE MAGHETIC FLUXES. LIWE 1 IS LEAVING
~ THE MACHINE WHILE LINES 2 anp 3 ARE COWTAINED.
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4.0 Divertor Target and Limiter Study

4.1 Design Window Study

Solid divertor target design demands consideration of two
vital functions, survival and particle handling. These two functions
can be pursued separately in the development stage, and may even
be distinct in final design. Emphasis has thus far been placed
on target survival, a prereguisite for particle handling.

Ma jor conétraints on survivability are heat removal, sputtering
rate, and fatigue life. Analysis of existing divertor design work
and known sputtering data suggests that acceptable design options
ray be defined using a design windoﬁ approach.

Several divertor target designs have been produced to date,
including thocse of Grumman, General Atomic, and Westinghouse, which

seek to zccomodate’ peak heat loads of nearly—B kw/cmz. Each is

- -

subject féﬁsome-doubt as to sur#ivability. Based on input from

the Divertor workshop at MIT, April 1980, and the Plasma Waterials

" Workshop at Sandia, June 1980, a design heat load of 1 kw/cm? was

.'selected 2s reasonable for the divertor target plate. While

experimentation with higher heat loads should continue, analytic

treatment of erosion and fatigue life suggest that higher loads

would cause very early material failure. |
Development of a regién of acceptable design conditions

reduires treatment of all threé survival constraints, as well as

input of the (presently somewhat uncertain) expected plasma conditions.

Further evaluation of particle handling techniques is necessary to |

incorporate the particle handling function into the ‘design window.

Treatment of the survival constraints according to the design

4.1




i

window equations of Fig. 1 and the procedure detailed below leads
to the graphical design regions depicted in Figures 2 and 3.
Regions within the curves and below the material lines are accept-.
able. Existing design points can be plotted on such graphs to
evaluate their suitability, and specific configurations may be
selected from within the design window. |

The base design consists of parallel tubes arrayed so that
particle flux is received on only one side. Water coolant boasts
the broadest range of correlated behavior and has been used to
date in developing the procedufe. 4 ’

Heat removal options are limited by'critical heat flux,
fluid pressure drop, and temperature rise in the fluid. <Critical
heat flux correlations exist for heat fluxes up to 12 kw/cm2 without

swirl flow and 7 kw/ém2

with swirl flow. A ratio of pump power

to thermai powé;wéqual'to 2% is taken as the pressure_dropﬁm

design limit. Subcooled boiling pressure drop introduces some
uncertzainty ih the pumping poher and CHF boundaries at high heat

2nd mass fluxes. For a conservative tréétment. design heat load is
here limited to q"CHF/1°3' Particle trapping considerztions may

| determine the acceptable fluid temperature rise, tho;gh a rather

arbitrary allowable AT, , = 200°F has here been assumed. For any
given tube length, diameter, inlet pressure, and inlet temperature,
ap§lication of appropriate CHFvand friction factor correlations
and an energy balance permit a plot of design window boundaries

on a graph of heat flux (Q") versus mass flux (G). The effect of
varying diameter can be shown graphically, Fig. &, While length

effects mzy be treated as in Appendix C.
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Fatigue life dictates a maximum tube thickness which varies
inversely with heat flux. Major axial thermal stress due to tube
connections and supporting structure may be minimized with careful
design, but through-thickness cyclic thermal strain is unavoidable.
Faximum tube thickness based on this through thickness thermal
strain may be plotted versus heat flux, Figs. 5 through 9. 1In
most cases this fatigue curve establishes limits on the maximum
thickness allowable under a specified heat load. For two materials
evaluated (TZH ‘and Vanadium) the temperature of the outer fiber
would exceed that for which reliable fatigue data can be projected.
Limiting thickness bezsed on this temperature would be overly con-
servative (since inner fibers can easily contain the coolant pressure)
so allowable heat loads are taken as 75% of that predicted by the
known fatigue curves 1in such cases. _

For surv1valJthe "thin" tubes desirable for fatigue llfe must
. be thick enough to withstand projected sputtering rates. For
a given lifetime, this limits the allowable heat flux and provides
'a third boundary on the design window. Sputtering analysis for
al kw/cm2 heat flux and capacity factor = 1 is presented in
" Appendix A.‘ Reconciling the sputter rate with the wall thiéknéés
limit tdue to fatigue) results‘in either a2 maximum heat load fof

2

1 year's service or a maximum lifetime for a 1 kw/cm” heat load,

as detailed in Appendix B. (Also listed is the maximum heat load

for 1 month's service.) For this analysis, sputtering varied

linearly with heat load, and a target capacity factor of .28 was
assumed, consistent with a 90 second burn/l15 second rejuvenation

cycle. ' _ | | \

4.3



This analysis establishes the heat flux limits for each
material which are graphed on Figures 2 and 3. For TZM, heat
load is limited to .6 kw/cm? for 1 year life and 2.2 kw/cm2 for

1 month life. Other material limits are lower, as shown.
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SFUTTERING sNALYSIS

1. To develop comparative values of sputtering rate, éndependent.

of target capacity factor, take as base case a 1 kw/cm
applied continuously for one year. Base plasma parameters on

heat load

FPPL calculations for the INTOR p0101da1 -divertor considering 99k

recycling at the plate. An.ETF sized bundle divertor would

receive lower heat and particle load, so data should be conservatlve‘

P=2.9 Nk Ty

Divertor Power, = 90 MW = 1.3 keV,.
Particle Current = 1 5 x 1023 partlcles/sec.\
For 1 kxw/cm® heat load, tagget consists_of 9 me.
Particle flux = 1.66 x 10°¢ particles/m%-sec.

2. Sputtering rate estimated by following eguation:

41 (_mmy = M_ s.3.C

AT (—r yr) - Ngp

' M = target atomic wt. S; = sputtering coefficient
Ny= Avogadro's Number J; = ion flux
P = target density C” = capacity factor

S; for 1 keV. D ions from ORNL 5207; ORNL 5207/R1
(Correction to 1.3 keV, according to Bohdansky, is factor
C = 1.0 for continuous operation.

3. Results for 10 Mw/m2 flux, 1.3 keV mean particle energy,
continuous operation:

Cu - 626 mm/yr V - 101 mm/yr Mo - 54 mm/yr
Al - 371 mm/yr Ti - 98 mm/yr Nb - 40.4 mm/yr
Be - 154 mm/yr Cgr- 96 mm/yr W - 7.9 mm/yr

k, Plasma Contamination Constraint

a. Kax impurity concentr%§1on for ignition: o, = 50 x 10

max

b. ETF plasma 6.4 x 10 particles.

c. Sputtering rate = J:S;

d. Assume 1% of sputtereé material gets to plasma. (99% is

pumped or condensed.)
max impurity allowed

§ t= 3 .
Plasma burn time limi sputtering rate € 10 Ww/m%

e. Results:

"W - ,0082 sec Nb - 3.79 sec . Al - 234 sec
o - 1.94 sec vV - 71.5 sec Be - 2178 sec
Cu - 2.u46 sec Ti -117. sec - Cgr' 2610 sec

4.14
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SPUTTERING ANALYSIS (cont)

5. A Sputterihg/plasma contamination figure of merit may be
computed:

M = _burn time mm-Sec

Sputter rate ("_??—“
W -~ .00104 Nb - .088 Ti - 1.19
Cu - .0035 Al - .632 Be - 14,19
Mo - .0361 . Yy - .712 Cgr- 27.38

The larger the value of M, the more suitable is the material for
the target surface.. '
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TZM
Tube

luminum
Tube

PUSSIBLE DESIGN FOUIRTS

For 1 Year Life For lkw/cm2 Heat Flux
L= 106cm | L= 100cm L= 10cm 31 L= 100cm
single coat ‘'single coat
w6 cm .8 cm Dia.
6 ' 6 1bm
1.9 x 10 4.0 x 107 6(r=5%2)
6 xw/cm? | .6 kw/em? | Q" max NOT POSSIBLE
9.5 mm 9.5 mm thickness
21 ©°p Ly O £Ty _5
.000009 .00006 W
monthly recoat/replacement P frequent recoat
.6 cm6 .8 cmé Dig- .6 cm6 .8 cm ¢
. .1bm
4,5 x 10° 8.2 x 10 G(E?~T?7) 4.5 x 10 8.2 x 10 '
1.0 kw/cm? 1.0 kw/cmé Q" ma x 1.0 kw/cm? 1.0 kw/cm2
1.8 mm 1.8 mm thickness 12,2 mm 12.2 mm
13 ©OF 55 °¢ | 2Ty 13 ©OF 55 OF
.9 psi 30 psi APy o .9 psi 30 psi
. 00004 . 0003 Wg .00004 .0003
1 month 1 month Coiiizg 9.8 months | 9.8 months
= single coat ] single coat
b em |- .8 cm Dli.
6 6 G bm
5 x 10 .9 X 10 , (W)
.2 kw/cm@ .2 kw/cm qQ"
o i thiTBXess NOT POSSIBLE
24 ©op 73 COF ¢Ty .o
.02 psi 4 psi 8Py 5
.000003 .000023 Wp
monthly recoat/replacemeﬁ% frequent recoat.
6 cm .8 cm Dia. .6 cm .8 em
2.4 x 106 5.5 x 106' G(ﬁFlggﬁ) L,5 x 106 8.2°x ;Qé
.8 xw/em?| .8 kw/cm? Qpax | 1.0 kw/em? | 1.0 kw/cm?
8.3 mm 8.3 mm thickness 6.4 mm 6.4 mm
20 °F 50 °F ATy 2 13 OF 55 OF
4 psi 9 psi 8P; 5 .9 psi 30 psi
. 000015 .00012 L] . 00004 - +0003
" cofting ‘
1 month 1 month life 22.5 days 22.5 days
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Niobium
Tube

Copper
Tube

PCSSIELE DESIGN FOUINTS

For 1 Year Life For 1kw/cm? Heat Flux 4
L= 10cm L= 100cm L= 10cm 1 L= 100cm
single coat single coat
6 cm .8 cm Dia.
105 9 x 106 [6(r=0s)
5 X XA Fr 712
.3 kw/cm? .3 kw/cm Q" max . : der
3.7 mm 3.7 mm thickness NOT PO3SIBLE
36 OF 110 OF ATy _o
.02 psi 4 psi 4Py _»
. 000002 . 000015 _ wp
monthly recoat/replacement freguent recoat
.6 cm .8 cm Di%- 6 cm .8 cm
6 6 G 1bm 6 ) 6 .
L.5 x 10 8.2 x 10 (E?“?EZ) 4.5 x 10 8:2 x 10
1.0 kw/em? | 1.0 kw/em? | Q'pax - 1.0 kw/em? | 1.0 kw/cm?
1.8 mm 1.8 mm thickness 2.3 mm 2.3 mm
13 °F 55 OF ATy o 13 Op 55 OF
.9 psi 30 psi 8Py _» .9 psi 30 psi
. 00004 .0003 Wg .00004 .0003
1 month 1 month °°§i;25 66 days 66 days
single coat ] single coat
.6 cm .8 cm Dlaé
1lbm
.5 x 108 : 108 G
5% 10 7 x 10 e
.16 kw/cm? .16 kw/cm? Q" s
RALA R RIS NOT POSSIBLE
20 OF 58 OF ATy o
. 00004 - .00028 P
monthly recoat/feplacemeﬁ% frequent recoat
.6 cm .8 cm Dia. .6 cm .8 cm
2.2 x 10° 4.8 x 10° G(m.lbm ) | 4.5 x 100 8.2 x 10°
.7 kw/cm? .7 kw/cm? Q" ax 1.0 kw/cm?@ 1.0 kw/cm2
12.5 mm 12.5 mm Ithickness 11 mm 11 mm
19 Of 46 O ATy _o 13 °F 55 OF
.3 psi 6 psi 6Py 5 .9 psi 30 psi
.000011 00009 ¥ . 00004 .".0003
; cofting .
1 month 1 month 1ife 23 days 23 days

4.17




Titanium
Tube

Vanadium
Tube

- POSS1ELE DESIGN FUINTS

Ffor 1 Year Life

For 1kw/cm2 Heat Flux
L=10cm_ L= 100cm L= 10cm 1 L= 100cm
single coat single coat
.6 cm ' .8 cm Dia. ~
6 6 lbm
.5 x 10 .9 x 10 C(f7g=2)
. .08 kw/cm?- . .08 ]‘(W/Cm2 q': max NOT PO3SSIBLE
2.3 mm 2.3 mm thickness
10 ©°p 29 Op AT1_2
.02 psi .4 psi APy _o
.000008 - .000056 W
roninhly recoat/replacement P frequent recoat
.6 cm .8 cm6 Dii- .6 cm .8 cm ¢
6 G (2Dm b, 10° | 8.2 x 1
.5 x 10 .9 x 10 (E?"TQZ) 5 x _ x 10
.08 xw/cm? .08 kw/em® | @"pax 1.0 kw/cm? | 1.0 kw/cm?
1.3 mm 1.3 mm thickness «5 mm .5 mm
36 OF 110 °F 8Ty 5 13 °F 55 OF
.02 psi A4 psi 4Py _» .9 psi 30 psi
. 000002 .000015 W% . 00004 0003
1 month 1 month Coii;ng 6.6 days 6.6 days
e
'single ccat single coat
6 em .8 cm ~ Dia.
6 6 lbm
. 10 . 10 G
5 x 9 x e 122
.2 kw/cm? 2 kw/cm2 q?max NOT POSSIBLE
6.0 mm 6.0 mm thickness
24 Of 73 °F 6Ty 5 .
.02 psi 4. psi 4Py o
.000003 .000023 : Wp
monthly recoat/%eplacemen% fregquent recoat
.6 cm .8 cm Dia. .6 cm .8 cm
b
.5 x 106 8.2 x 10°  [6(zzrpme) | 4.5 x 10° | 8.2 x 10°
1.0 kw/cm? 1.0 kw/en? | Q" .. - | 1.0 kw/em?| 1.0 kw/cm?
2.5 mm 2.5 mm |thickness 2.5 mm 2.5 mm
13 °F 55 °F 6 T1-2 13 °F 55 °F
.9 psi 30 psi Py 5 .9 psi 30 psi
. 00004 .0003 W .00004 - ,0003
1 month 1 month ’ cofg%gg 32 days 32 days
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eryllium
Tube

Graphite
Tube

PUOSSIJELE DESIGN FUINTS
For 1 Year Life For lkw/cm2 Heat Flux
L= 10cm | L= 100cm L= 10cm__1 L= 100cm_
single coatl single coa1
.6 cm .8 cm Dia.
6 6 lbm
.5 x 10 , 9 x 10 ) G(m)
.2 kw/cm .2 kw/cm Q" max d -
8.9 mm 8.9 mm thickness NOT POJSIBLE
24 Of 73 CF AT, 5
.000003 .000023 W
monthly recoat/replacement P frequent recoat
6 cm - .8 cm Dia. .6 cm .8 cm.
2.2 x 10° 4.8 x 10° G(E?lggz) 4.5 x 10 | 8.2 x 106
.7 kw/cm? .7 kw/cm? " max 1.0 kw/cmé| 1.0 kw/cm?
3.3 mm 3.3 mm thickness 3.0 mm - 3,0 mm -
19 of L6 OF ATl__Z 13 OF 55 OF
.3 psi 6 psi Py o .9 psi 30 psi
.000011 .00009 ,Wg . 00004 .0003
1 month 1 month °°§i;2€ 22.8 days| 22.8 days
' single ccat . single coat
.6 cm .8 cm Dia.
6 6 lbm
.5 x 10 .9 x 10 —
: > > ? _ 5 hr ft
.2 kw/cm .2 kw/cm q"
5.5 mm 5.5 mm thiP3Xess NOT POSSIBLE
24 Of 73 °F ATy >
.02 psi b4 opsi 6Py _»
.000003 .000023 ' Wp
monthly recoat/replacemeﬁ% " frequent recoat
.6 cm .8 cm Dia. .6 cm .8 cm
2.2 x 10° 5.8 x 10°  [6(=228) | 4.5 x 106 | 8.2 x 10°
.7 kw/cm? o7 kw/cm2 Q" o x 1.0 kw/cm2 1.0 kw/cm?
2.1 mm 2.1 mm thickness 1,8 mm 1.8 mm
19 °F 46 OF 4Ty _2 13 °F 55 °F
.3 psi 6 psi LPy 5 .9 psi 30 psi
.000011 .00009 ¥ . 00004 .0003
cogtlng
1 month 1 month 1ife 20.3 days 20.3 days




PUWFING PCWER VS. LEWGTH

Competing inf}uences on pressure drop as a function of
length result in a minimum pumping power. The length at which
this minimur occurs may be a desirable tube design length. On
one hand, longer tﬁbes reduce manifold friction losses buf reguire
higher flow rates to avoid CHF. On the other, shorter tubes
demend more manifolding but can operate below CHF at lower flow
rates.

Kocdelling the manifolding for each tube by two tee joints
and two 90° elbows of large radius, the tube pressure drop depends

cn tube length plus the equivalent lengths of tees and elbows.

6P = ¢ G2 L(tube) *2Leqg(tee) +2Leq (elbow) )
tube 2p ’ D ,

Common values are Lgq(tee)/D = 60 ; Leq(elbow)/D = 20.

‘From the CHF correlation and the Safety Factor of 1.3:

o - [ g" p:05 1.1 ] 2
1400 / 1.3

Substitution and differentiation leads to a minimum pumping
power when L = 30.5 D. For diameters between .6 cm and .8 cm, ihis

suggests an ontimum length between 18.3 cm and 24.4 cm.
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4.2 Limiter Concepts

In the major tokamak devices the limiters are often damaged by high heat load from the plasma. The heat
load tends to concentrate on a small local area. The problem will become more severe for a power producing
reactor because the hca; load would be much higher. The present major devices such as ISX-B, Alcators, PLT,
PDX and Doublet have a total heat joad in the range of hundreds of kW to 6 MW. Doublet 111 will reach 18
MW and TFTR will have 40 MW. The heat load for a prototypical reactor will be about 200 MW for 1000 MW

of thermal power!. Thercforc, limiters will be subjected to a very high heat load if the plasma is not diverted.

Lately there is emphasis on mechanical divertors or pumping on a limiter. The first criterion for such a
method to work is to be able to design a reliable limiter which can survive the high heat load of the plasma.
To spread the heat uniformly a limiter of large surface area which closely matches the boundary of the plasma
is necessary. A toroidal bumper or belt limiter has been discussed by many groups. However, there is still a
peaked local heat load even on a limiter surface perfectly matched to the plasma boundary. Thus, a uniform
heat load condition is almost impossible to achieve, let alone the other abnormal operations, such as disruptions
or run-away electrons. We have found that an oscillating limiter system is a possible answer for solving the high
heat load problem. The ﬁnsteady heat transfer analyses show that a cooled surface can sustain a much higher

heat load under transcient conditions.

"4.2.1 Oscillating Limiter Concept

As has been discussed in the introduction, local heat is very difficult to avoid. A large surface limiter
syStem covers more than fifty percent of the first ‘wali. It is also very difficult to replace any damaged part.
Remote controlled maintainance is necessary which will greatly reduce the machine availability. Therefore, it is
| important to find a method to design a feasible Jocal limiter which can sustain the heat load and can be replaced

with reasonable ease. We thus discovered that the oscillating limiter method might be the solution.

A straight forward oscillating limiter concept can be illustrated by Fig. 1, which is the cross-sectional view
of a tokamak plasma. The end of the limiter driving shaft is attached to a spring. The limiter can be driven by
a cam shaft. Such a limiter system is closely in analogue to the piston system of an internal combustion engine.
Only onc segment is in contact with the plasma while all the others are back ncar the wall. The half circle limiter
system is illustrated by Fig. 2. The lower picture shows the top view of the tokamak. The upper figures are
the expanded plasma cross-scctions at AA and BB. The limiters at AA are in contact with the plasma. They

will be subjected to a transcient heat for 50 ms or less and thus called exposure period. The limiters at BB and
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other locations arc away from the plasma and will be cooled by water or helium and thus called cooling period
which is 0.5 sec. The limiters are driven by a simple mechanism on the top and bottom. When the shafts are
pushed in, the limiter pair will be scparated from the plasma. On the other hand, the limiter pair will move
toward the plasma when the shafts are pulled away. Since there is only 2 cycles per sec for each limiter pair,
the driving rhcchanisnﬁ_ would be simple. The thermal hydraulic analyses for water and helium cooling are as
follows. The heat transfer problems in the transcient exposure period and cool down period can be treated
scparately. During the exposure period the heat load is very high'and time is short so that we can conservatively

and conveniently neglect the heat removal by the coolant. The surface temperature rise can be calculated from?

§ /e, (n—1 -‘
AT = 4q$\-\/1‘:n§1 zerfchn-\-/——}__'—l. (1)

Here F = % ,a = pcl,, and A is the heat conductivity, p is the density, C,, is the specific heat, 6 is the wall
thickness of the limiter and 7 is the exposure time. We choose Mo as the sample material. Other materials with
high melting point will work equally well as long as they meet other requirements, such as low Z and erosion
resistance. For sputtering;erosion and protection against disruption and run-away electrons, the wall thickness
is chosen to be no less than 3 mm. We also assume that the heat load of 10 kW/cm? which is reasonable for
both TFTR and prototype reactors. This means that the needed limiter area is 0.33 m? for reactors which can be
" easily designed. The surface temperature rising would be AT = 1410°C for 50 ms and 25 ms respectively. The
~ average temperature rises are 554°C and 277°C. The question is now whether it can be cooled in 0.5 sec during
the cooling down period by cither water or helium. Since the cooling of helium is of great interest because it
is safe, we will use helium cooling as a sample case to analyze the thermal characteristics. The analysis meﬂlod

using water as coolant is similar.

Dtiring the cooling down period, the limiter has been moved back 5 cm where the heat load will be
reduced by a factor of ncarly two orders of magnitﬁdc because of the exponential decay in heat flux from the
plasma boundary®. This heat load can be neglected as compared with the cooling rate. A reasonable choice of
the helium pressure is 60 atm and the mean velocity would be 400 m/sec. Assuming the equivalent diameter of

Pud

the cooling path is deg = 2cm, then Prandtl number =~ 0.72, Reynolds number = - = 1.1 x 108, and the
Nusselt number Nu = 0.023 X (Re)?® (Pr)°4 ~ 1373. The heat transfer coefficient becomes

Nul
d

a= = 1.37 Watt/cm? °k

To remove the total heat within 0.5 scc, the average heat transfer rate is

4,22




oo = 0.5 kW/cm? .

Thus the mean temperature difference between the helium and the wall is 364°C. The thermal characteris-
tics for both water and helium cooling are shown in Figs. 3 and 4 and tabulated in Table 1. Figure 3 shows the
input heat as function of time. The design points are indicated by the arrows. Figure 4 shows the temperature
variation during the exposure (on) and cooling down (off) periods. The maximum temperature is well below
the melting point. The limiter can be cooled down in 0.5 sec. The temperatures cooled down to 764°C and
20()°C“ for He and water coolants respectively. Cooling down to lower temperature is not necessary and is not
cfficient. This temperature range is close to that of the enviroment inside the reactor chamber. The cooled
down temperature is higher and the exposure time is shorter for He because of the much lower heat transfer

cocfficiency.
Conclusion

We can draw a definitive conclusion from this preliminary analysis. The oscillating limiter concept is
feasible for a tokamak reactor, using either water or helium as a coolant. The advantage is that the helium
can be used as coolant so the danger of water Jeakage can be eliminated. The limiters are at discrete local

. positions, thus casy maintenance is possible. Further iﬁvestigation of fatigue problems, detailed mechanical and

- maintenance design studies are warranted.
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Table 1
Thermal Characteristics of the Oscillating Limiters Designed

Using near TFTR Parameters

TFTR Parameters

thermal power W = 40 MW first wall loading 18 W/cm?

major radius R, =248 m first wall area 110 m? ’
minor radius a=08m wall total loading 18 X 110 x 10 =20 x 108 W
plasma current I, =1MA limiter loading 40 — 20 = 20 MW

mean temperature T = 6keV limiter max. heat load 10 kW/cm?

arcaof cach limiter 0.2m? =08m X 025m

Zermal Characteristics

material of limiters ' Mo Mo
thickness of limiters 3mm Imm
exposure time | 50 msec 25msec
max. surface temperature 1640°C 1764°C
coolant; : water * Helium
average wall temperature rise 553°C 277°C
velocity: 10 m/s 400 m/s
cooling period: | 0.45 sec 0.475 sec
total limiters number v 10 20




Fig. 1.

Fig. 2.

Fig. 3.

Figure Captions

Cross-sectional view of toroidal plasma with simplified oscillating limiter system. The limiter surface
is in contact with plasma sequentially following the movement of the controlled rods. There are four

sets or morc of such limiters distributed around the torus.

A simplificd diagram of a separated oscillating limiter system. The pictures on the top show the cross-
sectional views at AA and BB in the figure at the bottom which shows the top view of tokamaks. Each

limiter touches the plasma for a short time, then retreats several cm for a longer time to cool down.,

Thermal characteristics of the oscillating limiters. The upper curve is the maximum surface tempera-
ture of plates as a function of thickness § under transcient heat load g. Here ¢ = ;ﬁ—p is the physical
property of the materials, the ratio of surface temperature rise to the input heat, and t is the exposure
time. The lower curve shows the typical history of surface temperature of limiter in a working cycle

using water or helium as coolant.
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4,2,2 Alcator Limiter Study Concepts

Purpose ' : d
The purpose of this plan is: to develop a2 limiter or limiters (subjected

to high heat and particle fluxes at plasma edge) for long pulse operation of

tokamzk fusion devices; to study the particle removal with the limiters;

gnd to study and develop the methods for protections against disrupﬁions and

other abnormal operétiqn, such as run-away electron§ and arcing.

Alcator A has & peak heat of 5 kW/c;ﬁ2 and high particle flux, and as §uch

is zn ideal test facility. Access is adeguate for small scale tests.

ILimiter Types

Active cooling methods will be developed for the conventionél poloidalzring

. type liniter. The complete orvpartial toroidal rail types will be designed and
studied. Innovative ideas will be investigated.

' The conventional methods and two conceived innovative ideas are deééri$ed |
. in"the following.
1) Conventionzal fing type
The present limiters for Alcators are poloidal rings made of molyb-

_denuR and are inertially cooled after pulses. For the purpose of comparison,
2 ring type, water-cooled limiter has been designed by McDonmnell Douglas. The
prelirinary results are shown in Figure 1. The surface of the limiter is a |

2 =@ molybdenum shell bondéd onto am array of copper tubes. The initial design
stuéy of such g limiter is underway and will be evaluated. If Judged .to be
fezsitle, it wi%l be fabricated for testing. 1In this conventional method, the
water temperature will rise at the exit ends, and thus will reduce the heat
Texovel efficiency. 4 spray cooling method is proposed here and is illusﬁrated
by Pigure 2. The surface czn be coated with molybdenum or graphite or other
zzterials. The pu=ping from the back side can be tested.

- 2) iznovative concepts

Three innovative concepts have been conceived, the spring-like coiled

liniter, a series of coiled tops, and oscillating limiters (Section 4.3.1). The
coiled limiter is shown in Figure 3. The advantage of the coil limiter is that
the plaszma will reach the front as well as inner surfaces of the tubes as is illus~-
trated by Figure 3b. This not only increases the surface area, but*alsq'reduces
the thermal stress. It will be tested if the neutrals inside the coil can be

puzped out at the ends. One can vary the pitch of the spring to determine the most
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effective cooling and particle removal. Because the plasma may pass through the
space in between turm, two or more coil limiters may be needed. It is also possible

to use 2 secondary cooling as is shown by Figure 3d with counter flow coolant. It is ;

lZke 2 heat.sxchange{;» The primary water will be recooled at each turn so |

" thet the tezp§rature»9yer the entire length of the limiter will be nearly uni—
. form zndé the heat removal will be more effective.

Toe coiled top-like limiter is illustrated by Figure 4. The tops will
_be mownted onm 2 duct and water llnes will be connected to a manifold. Theif ,
neurrzls scattered into the duct can be pumped away. : ) . -

Toe application of the coil limiters to a reactor is illustrated by v
. Sigure_§. The whole first vali can be lined with these springs. They do not
. have to be closely fitted together and can be eésily';eplaced. '
' The purﬁose of the above discussion is to demonstrate that innovative ‘
- methods zre conceivable. &Alcator-A  is 2 veluable facility in which to carry |
out rhe testing of these metbods.

‘Testing Plam -
Toe testing plan is briefly outlined as follows:

3

- 4 valid concept will be designed, evaluated and tested.

i
t
|
|
i
|
i
i
|

- Tne test on the actively cooled limiters will always begin- w1th low
power. Ihe powver will be raised gradually to hlghest possible level

« If the test is successful at normal operation, the limiters will be
punished with simulated abnormal operations such as‘disryption, run-
away electrons; etc. v .

. The limiter will be subjected to many thousands of pulses to test the
fatigue )

‘s Coating of different materials with various thicknesses w111 be tested.

' Pumping techniques will be tested.

e Ater the successful limiters are identified, the tests will be repeated

by covering the first wall area as much as possible with these limiters
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4.3 Divertor»Target Concepts
4.3.1 Solid Target for Bundle Divertor

There was considerable contention at the Divertor Workshop
regarding a value of maximum heat transfer rate which should be
"specified" for use in bundle divertors. A lot of this contention
was due to the fact that many of the workers were thinking only in
terms of boiling heat transfer (see below). The suggested values
for the limiting heat transfer rates varied from less than

100 W/cm2 to in excess of 10 kW/cmz, a range of 100:1. In a later

bundle diverter heat transfer conceptual design, we will attempt to show that
the Iimiting value should be somewhere in between, but;i;aded toward the
higher figure. The limiting heat transfer rate for normal operation could

be highlylgependervrg‘ on the magnification of local heat transfer rate which
might océuf during an upset. As far as we can tell, no systemat{c study of
upset has been conducted. It is examined in a preliminary way h_ere. It -

" should also be noted that the' limiting value may depén_d not only on the _pe'ak

‘rate, but also the distribution.

Even if it is accepted that maximum heat transfer rates shﬁde_d tovfard
the upper end of- the limits discussed above could be swl.zstained, there is no
reason to deliberately utilize a diverter geometry in which these maximum
rates must be handled. The mere ability to handle such rates is nov advertise-
ment for designs which deliberately push the limit. If | saﬁsfactory (in terms
of overall reactor operation) bundle diverter designs with heat tréf;sfer rates

near the lower values can be developed, they should be utilized On the other
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hand, if significant advantage, again in terms of overall reactor operation,
is obtained by going to designs utilizing higher heat transfer rates, there is

no reason for rejecting these designs on the basis of heat transfer alone.

Boiling vs Forced Convectlon (Highly Subcooled Single Phase) Heat

Transier

Consideration of the use of boiling heat transfer to handle the type
of heat loads which have been postulated for bundle diverters was a surprise
to most of the people whose normal work involves such heat loads. It cer-

tzinly was a surprise to this writer. In the design of heat transfer apparatus

. with heat transfer rates between 0.3 and, say, 5 kW/cm?2, every effort is

made to suppress boiling completely by utilizing forced convection alone

(or highly subcooled.si.ngle phase flow in the language of the usual heat trans-
fer situation). Above 3-5 kW/cmz, some nucleate boiling and swirl might
become necessary. Use of film or bulk boiling at 0.3-5 kW/c':m2 would

simply not be considered in the great majority of cases.

The use of forced convection heat transfer with boiling suppression

~allows close control of the surface temperature, and provides a means by

- which an upset margin can be available.

If satisfactory diverter designs with indicated heat loads in the 100

W/cm? or below range can be devised, then it may be advantageous to con-

sider boiling heat removal or a gaseous coolant. The consequences of upset

in such z system, however, need to be considered very carefully.

Coolant Selection

The potential diverter coolants discussed at the meeting inél'_uded water,
liguid metzl, hel.ium and hydrogen. The gases, presumably, would: be utilized
for designs with modest heat loads. .

The objections to water as a coolant were based on the fact t-hat, m the

event of 2 lezk or burnthrough, the system would be saturated wi’_ch water




;gA

vapor. Becaﬁse of the lower va:por pressure of liquid n.zetals, preSumaBly

the immediate consequenée. of a leak in the liquid metal cooling system might |
be somewhat less than with water. However, particularly in case of a Burn- :
through, the leak in either case is likely to be a massive one, requiring
shutdown of the system. In the case of water as the coolant, the contaminani
can be removed by pumping the system dry. In the case of a liguid metal
leak,' it would be necessary to di~sassemble the system to remove contam-
inan®. On the surface, at any rate, it appears-that the consequences of a leak
in the liquid me*[:al cobling system are far more severe than with water.

The use of- hydrogen as a coolant for a diverter with modest heat loads
was dismisSed out of hand by the -fﬁoderator. However, it is a fact that hy-
drogen is 2 far sﬁperior coolant than is helium, and that high pressure hydro-

en ié used as a coolant in the largest synchronox.}s generators in modern
power plants. The use is favored over helium simply because of the betier

- ———

heat transfer characteristics of hydrogen. It is even possible that a small

hydrogen leak in a reactor could be ignored.
Upsets

The consequence of a reactor upset on the integrity of the diverter
beat transfer de51gn was mennoned at some of the sessions and in prwate}
discussions. From the point of view of the heat transfer design, the con-
sequence of an upset appears to be a local increase in heat transfer rate
not leading to significant increase in bulk rise in the coolant. Heat trans-
fer design of the diverter must be capable of hanc\ﬂmg such an upset vnthout
burnthrough, a strong argument against the use of boﬂmg\heat tra.nsfer or
gaseous coolant, Typical thermal diffusion time to the coola\.ht\ls 0.02 sec.

In order to provide an adequate diverter design, it will Bz*fﬁeceSSary

for the reactor designer to specify the intensity of upsets which must be

nzndled because, in many cases, the upset will dominate the cooling ‘system
design.
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Conceptual Heat Transfer Design of 2 Bundle Diverter

In order to illustrate some of the factors that are involved in a o |
bundle diverter vheat transfer design, a conceptual heat transfer design : |
of 2 bundle diverter, based on the design presented in Reference 1, is o
provided.

In the bundle.diverter system described in Refefence 1, the cooling
éystem is arranged as shown in Figure 1 (Fig. 6-1 of Ref. 1). Each tube
on the collector pla’;e receives a fixed heat transfer rate along its entire
length, which is a function of the radial position. For example, the tube |
on the inside receiveé 2 heat ﬁux of 0.32 kW/cm? along its entire length,v
while the tube furthest from the \reacvtor receives a heat flux of 0.007 kW/cm‘z,
Thus, in order to achieve efﬁcient» water utilization and maintain collector
surface tempefature within bounds, it is necessary to adjust the flow in each
tube appropnqte to its own heat transfer rate. Additionally, the coolant pres-
sure will be ﬁxed by the requlrements of the inside tube, and will be substan-
tially greater than that required by the outside tubes. The flow to each tube
would be regulated by an orifice at the tube exit. _

A more economical and efficient coolant system performance is .
obtained by directihg the water flow radially outward along thé co]lectdi'

. plates, 2s is done with the shield tube. In this case, the water flow is from

the region of high heat transfer toward the region of low heat transfer, and

21l the coolant passages see exactly the same heat transfer situation. Each

tube receives an equal water allocation and requires the ‘same inlet and exit
header pressures. Thus, no orifices in the tube exits are required to balance

the flow. This is the coolant geometry selected for the conceptual design.

1. T.F. Yang, et al, Westinghouse Fusion Power Sys..ms Dept. Report No.

WEFPS-TME-104, Nov. 1978.



Additionally, the fctal thermal input to the diverter per the heat load
‘distribution of Figure 1 is 47 MW, rather than the 240 MW stated on Pages
3-1 and 3-3 of Ref. 1. The heat load distribution has been modified to pro-
vide a total load of 240 MW with a peak of 3.2 kW/cm? impinging normally
on the diverter by..assuming an exponentié.l decrease of heat transfer with

radius. When this is done, the nominal heat transfer rate can be expressed

as:

X
g=10.1x%10% ¢ 10 Bty/st? nr
where x is the distance along the radius from the inside edge of the diverter.

At x = 120", the maximum radius q=4.9x 108 Btu/t? nr,
The collector plate heat transfer rate is a factor of ten below the
normal heat flux, so that on the collector plates:

- X

tv—— =
—— [RPPEVS

g=1.01x%100e 140 Bty/#2 hr

and q =0.43 x 108 Btu/#2 hr at the maximum radius.

The overall arrangément of the cooling system for the diverter.is

indicated in Figure 2.

. A. Collector Plate Design

For the collector plates:

- X

g=101x10% e 140 Btu/st® nr

? Btu/ftz hr at the extreme radius.

and g = 0.43 % 10
For reasons to be discussed, Nickel 200 is selected as the fmaterial
of construction for the collector plates. The water passage geometry is

as shown in Figure 3, and is arranged to handle the heat transfer input pro-

file given above.
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For 280 MW to diverter, 65.1 KW/cm of collector

9= 1.01 x 106 ¢~X/140
L T

.

AT \\\E\AL\N Material Ni 200
K t \ N ) 0.1875
N Q § : |
Kﬁ[/ / ; ﬂ [ 1.5 gpm/passage
- I
B

0.08625 0.1875
'qeff = 1.34 x 108 e-X/MO
H = 39.2 Btu/sec passage
- Atx= 120, g, = 0.569 x 10° Btu/st? hr

- | Figure 3
Collector Cooling Geometry
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The individual cooling passages are 0.1875" square. Ribs of 0.062" width | |
separsate passages.

At the 120" station, two conditions must be fulfilled: (1) the maximum
panel surfzce temperature must not exceed 300C, and, (2) there must be no
nuclezte boiling in the coolant.

The subscript notation used {for thé calculation i.s:

1,2 = inlet and exit (X=120") stations

b = bulk

f =1fim

s = surface

¢ = saturation .
sz = film temperature at exit

Pe, = satur;tion pressure afc Tty

" As shown in Figure 3, in the interest of conservatism, the effective
heet trensfer rate to the water, C.leff’ is increased over the surface rate by
4[3, to zccount for the rib. . | -

A flow rate of 1.5 gpm/passage is selected and the exit pressure is
meaintzined at 1.25 pcz. Table 1 summarizes the features of the design.
A 30 a2t system, with 2 flow rate of 10,714 gpm at a pressuré drop of
20 psi, will do the job. The required horsepower at 80% efficiency is 150». __

It should be noted that the surface tempefatu.re is nearly constant

“2long the entire length of the passage.

From a heat transfer viewpoint, this design is ot challenging.
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‘ TABLE 1
Collector Plate Cooling Summary

-Q = 1.5 gpom/passage

—Ty = 60C (140F)
A_Tbulk == 196 F
T, = 336F
inl = 206F
2Ty, = 88F
ATsg, = 134F
ATsg, = 57F |
Ts, = 480F (249C)
TS, - = . 481F (250C)
T, = 42¢4F
Psat, = 322 psia
—1.25 Psat2= 402 psia
AP = 20 psi
-Py = 422 psia = 407 psig = 28 atm —Use 30 atm system
— Qo4 = 10,714 gpm
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Upset on Collector Plate

Upsets lead to loczl increases in Q. The local increase in q does not
alter bulk rise appreciably. Because of the very small heat sinking capacity.
oif the siructure, thev upset cannot be handled by 2 momentary increase in_ |
coolant flow; the syétem must always be operating at conditions which will
tolerzte the upsetin steady state. |

“ Upsets may be provided for in three ways, éither singly or 1n combina-~
tion These are increased bulk (and system) pressure, transition to nucleate

boiling, and increased flow rate.

1) fncreaéed System Pressure: At the exit, pc, = 322 psia at q = 0.42
x 108 Btu/ft? hr (136 W/em?). The single phase limiting  may be increased
by increasing system pressure. A limiting practical pressure level which will
not lead to serious mechanical complication is, say, 1000 psi at which sz <

¢54F to avoid nucleate boiling. Tj is still 336 F. Therefore,

- e

- -+ _ 545 - 336 _ 2
g, = =g 155 =368 W/cm

is the maximum value of g, or 2.4 times the normal value which can be
“handled without boiling with pressure suppression alone. No increase in
pump horsepower is required if pressure suppression alone is adequate. -

The surface temperature goes to 716F (380C), which is w_eil below the anné_zal--

-ing temperature of 200 Ni.

2) Increased Flow Rate: Increased flow rate is effective as it both’

reduces bulk rise and film drop. Table 2 below gives some idea of the
benefits to be gained by flow increase, both alone and combined with increase
in system pressure to 1000 psi. The horsepower requirementé are.also
noted., They increase as the 3rd power of flow rate. For theseticalcula‘tions,
water inlet temperature has been increased at higher flow rates. in brder

that Top does not drop below 200C. This, of course, partially negates the
s _ »
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effect of increasing flow rate, and illustrates the interplay of various de-

sign recuirements. The surface temperature is not maintained in the 200-

300 C range at an upset location, but care is taken that the surface temper-.-

ture coes not reach the annealing temperature,
TABLE 2
Collector -’_Plate Limiting Heat Transfer to Avoid Boiling -

Tg min = 200C (392F)
Design Exit g = 136 W/cm?

420 psi suppression pressure

Q (gpm) HP T . )

H T, 12 limiting ~ T2g

- W/ecm
10714 (design) 150 ~ 140F (60C) 175 481
15000 412 140 343 503
20000 8786 178 428 629
25000 1806 207 T 491 655

1000 psi suppression pressure

Q HP T P T
—_— il —1 wg- ___S_
10714 150 140 320 716
15000 412 140 557 | 77
20000 ' 976 178 . 700 . 837
25000 1906 207 817 886

As seen from Teble 2, increased flow, together with pressure sup-

‘pression of boiling, could permit the design to handle local upset heat

levels a2s much as six (6) times the design value without departing from -

singie phase forced convection cooling, and without overheating the sur-

fzce. There is not much that could go awry with such a design as longas .
no boiling occurs and the reserve of nucleate boiling (the reserve would

need to be determined by test) is still available. Tnerefore, the design of




the collector plates is straightforward even when significant upset heat

loads zre taken into account. The only real penalty for handling upset is

increased pump horsepower.

Nonetheless, it is seen that the upset conditions dominate the design.

Without upset, the design is trivial.

Construction of Diverter Collector Plates

Nickel 200 is selected as the material of constrfzction of the diverter
plates. The nickel may be clad or plated on the collection surface with a
material designed to optimize particle collection.

The selection of nickel is based on (1) excellent ductability and elonga-
tion giving a good fatigue life; (2) annealing temperature above the 600C level,
which is used to bake out the collected particles during the purge cycle;

- (3) excellent weldability and particularly suitable for electroforming, which
appeears to be a desirable method of fabrication of the plates; (4) goodb
thermal conduciivity; (5) good strength at the maximum temperatgre achieved
during the collection cycle.

Plate fabrication is a straight forward process using the electr'ofc-az;m
technique for water passage closure. The collecting surface plate is ﬁfs_t
machined to produce the water passage. The grdoves are then filled with'a
. wax material, and the entire surface_rendered electrically conducting. -Tjhe
passage closure is then electroformed. The final process is to mill or :
place the 0.020" deep grooves in the collection surfaces to increase the
céllection area of the plate. The plate is now ready for éssembly __with 'th'é

water manifolds, and the final assembly into the complete diverte:;:
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B. Front Shield Tube Heat Transfer Design

The heat transfer design of the front tube is another matter when
‘upset is considered. Suffice to remark initially that the normal operating
conditions of the shield tube push the simple forced convection concept
ebout as far as it <;.an go if the diverter actually absorbs 240 MWt, rather
than the 46 MWt with a q distribution, as given by Fig. 6-1 of Ref. 1. If
246 MW is to be a‘bsorbed and substantial upsets handled, some nucleate
boiling, probably combined with modest swirl, will be needed in order to
handle any upset. If only 40 MW1 is absorbed, forcedvconvection alone can
provide good upset margin, but never as good as for the coliector plates.
With nucleaterboiling and swirl, testing is required in order to verify any
design. Since particle absorption and surface effects are not importé.nt for

the shield tube, resistance heating (possibly augmented by arcjet) is a suit-

zble test procedure.

zsic Design for Normal Conditions

The heat transfer to the shield tube is given by:
' X

'q=,10.1 x 106 e 140 cos © Btu/ft2 hr

where 6 is the angle beiween the normal to the diverter flow and any point

on the tube. Consider here only the peak heat transfer at © = 0, so that

. X
q=10.1 x 108 ¢ 1%9 Btu/ft2 hr

Select 2 hard drawn copper tube, 0.400" (lcm) O.D. x 0.025 wall, or 0,350"

"LD. The vield strength is 40,000 psi. The effective 'value of q to the cool-

ant, o is increased over that to the surface, so that:

‘el

q_ = 11.54 x 108 e

X

140 g/t e

and, a2t x = 120", ée = 4.9 x 108 Btu/ft2 hr. The total heat input per tube is

651 kVW, or 617 Btu/sec.
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After some preliminary calcuiations, a flow of 35 gpm is selecfed,
vith an inlet temperature of 40C (104F). The bulk temperature rise, AT,
'is 132F. We fii-st calculate the exit pressure to assure boiling suppression,
then check that conditions are satisfactory at the inlet. Table 3 summarizes

the design. It is seen that it is straightforward,

Upset

Unfortunately, the design does not have good margm for upset in forced |

convection, 10 or 20% at most. Ewven the profile of Fig. 6-1 of Ref. 1 does

not relieve the'inlet, If the flow per tube is increased to 45 gpm and the peak.

svstern pressure to 2000 psi, about the highest that can be considered, the
tolerzble forced convection upset conditions at the inlet and exit are sum-
marized in Taeble 4. Margins between 1.6 and 2.7 are noted depending on

location. The inlet could not sustain the upset for very long or the tube would

znnezl and probzbly burst. B

Even under optimum operating conditiohs, the design of the shield

tube does not provide an upset margin in forced convection comparable to

- that which is obtained with relative ease for the collector plétes.

There are several methods which can be utilized, either singly or in

combination, to imprové the upset margin,

1) Increased Tube Size: For a given peak pressure, higher cool‘an'tl
velocity, heat transfer coefficient, and limiting upset rates may be achieved
if the shield tube diameter is increased. This has the disadvantage of

increasing the part of the diverter which is not absorbing.

2) Reliance on Nucleate Boiling: The extent to which nucleate boil-

ing can be relied on to increase the upset margin could only be established

by test.
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TABLE 3
Front Shield Tube Heat Transfer Design

Normal Operation

, - X
¢  10.1x10%¢e 0 Btu/st® nr
Tube 0.400 O.D. x0.025 wall— 0.350 1L.D. -
éel ©11.54 x 108 Btu/ft2 hr
& 4.9 x 10° Btu/ft2 hr
‘el .
Heszt absorbed = 617 Btu/sec
T, 104F (40C)
Q 35 gpm
AT 132F
he 28208 Btu/ft? hr °F
Exit
T,  236F
ATzf 174F
To;  410F
P2, - 277 psia
Po 1.2 P2, = 332 psia
Tzs 463F
AP 878 psia
Inlet
P1 1210 psia
Te,  56F—
4Ty, 40SF
Ty, 513F_1 1Inlet O.K.
Tls 620F (below annealing for CDA107 copper)
Overall Design
Q 630 gpm
Po 1300 psia
Pf 250 psia
AP 1050 psi
HP (n=0.8) = 465
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TABLE 4

Front Shield Tube - Forced Convection

45 gpm - 2000 psi upset conditions

Pressure = psi

Tb = F

hy =Btu/ft? hr
_ 0

T, = F

ATf

Q.= 108 Btu/#t2 hr (kW/cm?)

*ma.

qma}:/ %0cal normal

T,

4,55

531

18.35 (5.1)

612
207
34752
488
281

8.52 (2.7)
2.7
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3) Nucleate Boiling and Swirl: A modest amountvof ~-1irl not lead-
~ingto significant pressure drop in this situation could lead to very signifi--
cant improvements in upset capability. Swirl would not only cause nucle ..e
bubbles to move éway from the surface, but would also convert them into

regions of lower heat transfer. Again,v test would be required in order to

establish the upset capability.

Recommendation

Designs for forced convection in normal operation, with whatever
margin can be had, and utilize swirl and nucleate boiling (and possibly
larger tube size) to improve thebupset capability, Testing is required to
estzblish the capabiiity.

Testing: A combination of resistance and arcjet heating would pro-
vide a rezalistic test of the shield tube under ncérmal and upset conditions.
The resistance heating would simulate normal heat loads along the ﬁlong

tube. The arcjet would be directed at local areas to simulate upset con-

" ditions.
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4.3.2 A Supersonic Gas Target for a Bundle Divertor

One major and vyet unresoclved problem in magnetic fusion

is contrelling the level of impurities in the plasma. A

le

(]

ding concept foxr dealing with this problem is +the mag-
netic divertor. Such a device extracts particles from the
vicinity of the reactor wall, "diverting” them along mag-

net

I+

¢ f£ield 1lines into an exhaust chamber before +they can
contaminate the inner plasma or damage the reactor wall.
The exhaust plasma flows into the exhaust chambexr via a

divertor channel. Figure 1 shows a typical divertor system.

One of the major engineering difficulties which divertox

designers face is the actual extraction o large gquantities

Hh

of plasma heat (10 Mw in a +typical pomei reactox) in an

exhaust chanber ©f reasonable dimensions. For example, if
the exhaust plasma 1is allowed to hit a cocled neutralizing
-plate and then is pumped .out, the cooled surface area must

be i102m?, and the chamber must be able to remove about 1022

varticles per second. This assumes a maximum allowable heat

-

oad of 1 XkWs/cm?. The magnitude of the heat transfexr and

particle pumping problems can be easily appreciated.

These two basic difficulties can be greatly Ieéuced by
use 0% a gaseous target. TFor example, if a divertor exhaust
chanbexr uere filled with neutral gas, and the high enexgy
rlasma stream were allowed to impinge upen it, then the back

plate of the divertor chamber would be protected from over-
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heating and. sputtering because the plasma energy would be
absorbed by the target gas. The ta:get, on the other hand,
could be made to circulate through a heat exchangexr and
remove the heat f:om the divextor region by fo%ced convec-
tion. A scheme for energy removal such as this would greatly
simélify the diveitor exhaust chamber design, since it woﬁld
allow foxr a much more compact device. Also, the system would
operate at a considerably higher target pressure than a
solid collectoxr scheme, and in turn would tend to reduce the

pumping regqguirements as well.

One of the potential problems with this scheme is the
backilow of neutral gas from the chambexr into the divertor-
channel. This Dbackflow could produce a  low temperature,
high demsity plasma which would lead to enhanced cross=—
field diffusion and localized hot spots along the divertor
walls. Eventually such a situation could lead to divertox
AAchoking or other assozted consequences of varying serious-
ness. However, the backflow problem may be ameliorated by
an effect which may play an important zrole in this type of
‘divertor arrangement: momentum transfer. In géneral, the
,élasﬁa exiting the divertor <channel is a reasonably well
collimated stream of ipns and electrons, having_a :eiatively
low static pressure but a vexry high dynamic preséure. The
pressure of this exhaust plasma is highly anisotropic. Ihe
momentum associated with the speed of the flow could be used

to advantage by letting it plug the entrance of the eﬁhaust‘

4,58




chamber and thus reduce the flow of gas back into the

channel [11].

The Physics of the Interaction

When a typical plasma ion interacts with a gaseous tar-
get, a wide variety of reactions are likely to occur. Figure
2 shows & plot of the most important types of reactions, of
which the most influential one is charge exchange. The sec—
ond most iﬁpo:tant one 1is the stzipﬁing reaction, which is
responsible foxr 1zreionizing charge exchanged neutrals. For
target densities of interest in_ this, concept (i.e.,
1023/m3), the qharge‘exchangé mean free path is about 0.1mm
for 4 keV ions, and the stxipping mean free path is about
imn. There is little energy and momentum transfer in these

_interactions; the incident ion must make many such colli-

"sions before thermalizing with the background gas.

Physically, the situation is as follows: the ene:gefic
‘ion zirst entexrs the gas ta:éetiarea. As soon as it txravels
the 0.1 mm into the gas it charge exchanges uith‘the back~-
ground. As a neutral, the particle travels about 1mm more
befoxe it becomes ionized once again by the stripping reac-

tion cdescribed earlier. There is little energy and momentum
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exchange as these events go on. The particle "flips" back
and forth between the neutral and ionized states many times.
It penetrates several centimeters béfore it has lost all of
its enexgy and moﬁentum. Thus an interaction region will be
established at the exhaust c¢hamber entrance. Upstream of
this region the:é will be mostly high +temperature plasﬁa.
while downstream there will be mostly neutral gas. Typi-
cally, the «region thickness will be related to the mean
range, about 20 cm fox the conditions of inte:eét. Figure 3

shows a schematic of what this region may look like.

v

An important parameter is the mean range, R, a measure of
how far the incident particles zreally penetrate before they

lose all of their enexgy and momentum to the gas. Figuzxe &

shows mean rangeé data for hydrogen ions in hydrogen gas

n

{these data were obtained at 15°C and 1 atm, and must be

scaled for the louer densities of interest in +this wozxrk).
>'Table I shous t&pical renetration depths Zfoxr 10 Kev ions in

molecular hydrogen and nitrogen at various temperatures.

Assumihg a linear variation with density, the mean range at

‘arbitrary conditions, R(T,P), is given by
R(.T;P) = Rp no/n(T,P)A (1)
where T and P are the gas temperature and pressure, and np

is the gas density and Rg is = the mean range at Known condi-

tions. Using the ideal gas lau,
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R{(T,P) = 2.64% (273+T(°C)) Ros/P(torxrx) (22

Given +*he value of Ry from the nuclear data and a desired
value oZ% I, Ec. (2> can be used to determine the pressure

and teamperature that are consistent with that particular

+3
5
14
v
»
)]
i

ic condition for establishing a stable boundary is

that the total momentum delivered by the plasma stream must

be balanced by the static pressure exerted by the gas. In
looking =t Fig. 3, it is evident that for a given plasma
flux and £fixed target conditions, there will be only one
value of R where this condition is truly satisfied. The

L oae :

model in Tig. 3 can be approximated by an interaction region

in the shape of a right circular cylindex, as shown in Fig-
ure 5. The area over which the gas exerts pressure depends
on R and also on the channel diametex, 4. The incoming

plasma stream provides a total f£orce, F1, which must be
balanced by the static pressure force, F2, exerted by the:

target gas. For equilibrium,

%)
-
n

F2 ' S (3)

3ut

(4)

]
]
o
3
i3]
'
-
o)
~n
x
-
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where

4,62

np = plasma density

mp = mass of plasma particles

Vp = ion speed

A1 = divertor channel cross sectional area

and

r2 = P-A2 (5)
rhere

P = target gas pressure

L2 = area bounded by interaction region.

From Figure 5,

A1 = wd?sy4 (6)
and

A2 = wdZUi1+4R/8)74 (7
where d is the divertor channel diameter and R is the mean
range for plasma ions in  the target. Thus Eq. (3) becomes
P = 2 np R Tps{1+4R/4)

(8)




and in the appropriate units, Eg. (8) becomes

2x760%1.602%x10° "¢ (np(m~3)Tp(kev)/(1+4R/d))
1.01325 x 107
where Tp is the plasma temperature. The plasma density can
he fuxther zelatea to the geometry of the systenm, namely‘d,
if the total particle £lux out of the divertor is held con-

stant. For example, if the total flux is 1.25 %1023 g-Y [2]),

then
np = 5.74 g 1017/ 42 Tp-5 10)

and this result can be incorporated in Eg. (9).

Basic Design Criteria

.EQS. (9) and (10) give the engineering requirement on the

temperature and ptessuze of the %arget gas. Combined with

 the results of Eq. (2), +they <c¢an be used to determine the -

basic design criteria for the formation of the interaction
.zegion. These combined results are shown in Figs. 6 and 7.
in Fig. 6, one family of curves represents +the valueof R
reguired by the pressuzxe balance; the othex family repre-

sents the actual value of R for given temperatures and pres-

surxes. In orxrdex for the boundary to be physically possible,
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the two curves must match at at least one peint. In Fig. &6
the curves do not match at high gas temperatures (i.e.,

300°C to about 50°C). At louw temperatures, the curves match

Hy
o)
(R
n
2]

all diametei plasma channels (i.e., 5 ¢cm). The higher
temperature targets are accessible if the plasma channél
diameter is further reduced; +this is shown in Fig. 7. %ox
exanple, a channel diameter of 3.5 ¢m can bevused with a
target gas at 100°C. Tt must be noted that the channel diam-
eter d refers to the actual plasma cross section and not to

the diameter of the physical pipe enclosing it. This latter

[ 2
(X
m

meter will be somewhat bigger to account for profile
effects and the like. Note that reducing the exit diameterx
creates a magnetic mirror at the divertor channel exit. This

is an undesirable situation, and it may be preferable to

operate with low temperature targets; moreover, low initial

2]

tempexratures are a natural consegquence of the present con-

~cept, as will be shown later.

If the rate of plasma leakage into the divertor varies
with time, the diameter of the plasma sfream exiting into
‘the exhaust chambexr could be magnetically controlled (i.e.,
“to vield a constant flux) in order to maintain the reguired

matching condition. This is a desirable feature, since the

time but will vary, especially during startup and shutdown.
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Power Dissipation and Pumping Requirements 7 !

The '‘amount of plasma energy entering the exhaust chamber
is vexry high. For exanple a flux of 1.25x1023% s-1 of ions at
4 XeV each will yield a heat load on the gas of

1.25%1023-4-1.6x10°16 _
W = mremem e (11)

which produces a value of 3.5x10%5 Wsem?2 for R = 20 cm and d
= 3.5 cm! The mass flouw rate required to remove that much

energy while increasing the target temperature an average of

200°C is given by

B! T mmmmmm—m——————mmmem | | (12)

where ¢ = 1.25xi623(s’1) X 4(keV) x 1.602x10°1¢(Js/keV) = 80
MW is the total‘ heat transfer rate, AT = 200°C, and Cp =
'3.41 calsgm K = 3.81x4.184x10°% Js/kg K. Substitution of
‘these numbers into EZq. (12) shows that 28.07 kgss 1is

reguired to maintain the 200°C temperature chEnge'at the

ﬁa:get.

The volumetric flow rate consistent with m' is very high
because of the low pressure required. If N'=m'/m, where N'
is the number flow rate and m is the mass per gas particle,

then the volumetric £low rate V' is given by

V' o= N' K T/P(N/m2) " 13)
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The convexrsion factor is P(N/m?) = 101325 P(toxrx)/760.
~hese numbers yield a volumetric flow rate of about 108Y m3/s

at a pressure of 10 torr; this corresponds to a pumping rate

(o]
H

107 l/s. This unfortunate situation is one of the basic
pxoblems that must be solved for adeguate particle and heat
:eméval‘in any divertorx.

1 =
e : ) =

If may be possible to eliminate the pumping ©problem by
punping at zelafively high pressures while allowing a low
Pressure iegion to form only nearx tﬂg target; such a pres-
sure discontinuity suggests thé existence of a shock which,

in .this case, could be used to advantage., The low pressure

region, on the other hand, would be c¢onsistent with that

H

(o]

equired by thé’blasma gas interface described earliex. The

4
Y.

e

f1s}

uired flow rates could then be attained with lower volu-
metric prumping speeds (as seen by the pumps) than the 107
" 1l/s value cuoted earlier. This effect can be achieved in

principle by isehtropically accelerating the flow near the

target with a laval nozzle.

in interesting arrangement is depicted in Fig. 8. The
plasma exits supezsonipally into the exhaust chamber at louw
rressure (i.e., a few torr). The target pressure é:oiile is
then highly reaked anéd the low pressure end is made to matéh
the low pressure requirement at the divexrtcr channel exit.

The plasma will interact with neutrals at +the required louw’
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gas Dpressure, and the energy deposited will be convected

away by the bulk flow. ¢

The naxinmum mass flow rate results from having sonic con-
ditions at <the throat. Dowunstream from the throat it is
desired to reduce the pressure to that of the divertor exit,

and té speed up the =Iflow and +thus maintain the high mass

Zlow rate. Thexeforxre, +the nozzle must have both converging
and diverging sections. The target temperature will also be
lowered by the expansion at the nozzle exit; this is a

desixrable effect since it will allow a widexr plasma channel

and thereicre zreduce the mirroxing effect at the divertor

channel exit.

Nozzle Design

Considexr the converging diverging nozzle shown in Fig. 8.
v'Thé flcwing gas' is accelerated to high Mach numbers and is
then made to blend with the p;asma stream at the nozzle
exit. The flow at the nozzle throat will be sonic. The

flow velocity thexe is given by
VX = ¢ = (yKT*/m)-5 C14)

where <the superscript (*) refers to properties at the

threcat, and v = 1.4 is the ratio of the specific heats. Let

TX = 500K be the temperature at the throat; further aséume.a‘
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stagnation prressure of 1 atm, and set the molecular mass m

at 2x1.67x10°27 kg for pure deuterium gas. Then.,

V¥ = 1.70x103% nm/s (15>

F:oi the isent:opic data tables it is found that

T*/Te = 0.8333 (X% = 1) (163
so that
Teg = 600K = 327°C ) (172

The subscript () denotes stagnation propexrties. The throat

area A¥ can be obtained from continuity, that is

m' = pX V X , _ (18)
and

p¥ = n* k TX (19)
But

p¥ = n¥ n (20)
so that
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P¥ = pX Lk Tx/pn (21)

p¥/pg = .52828 (22)
so that
P¥X = 401.49 forr (23)

which vields

p* = 2.59 x10-2 kRgs/n3 L » (24)

This results in

X
¥ .
1}

637 m2 | (25)

or a throat diameter d* of 0.9071 m.

This =flouw must be expanded to a pressure, pe, of approxi-

mately 10 torr; therefore, the pressure ratio

pes/py = 0.01316 (26)
which corresponds %o an exit Mach number Me of 3.5. The area

7]
N
o

and temperature ratios Pertaining to exit conditions

O
ty*
ot
)]
ft
s
[{y]
s h)
th

rom isentropic data. Thus
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hes 2% = 6.7 ‘ 27)

and

Te/Tpy = 0.289 (28)
resultineg in an exit area of 4.268m2Z, aﬁ exit diametexr de =
2.33jm, and an exit temperature Te = 173.4K. Also,

pe’/po = .045 , (29)
and

p*/po =

.63354 | (30)

so that po = #4.09%10°2, and pe 1.8u4x10°3,

Transition Region Between Nozzle and Diffuser

Refering oncé again to Fig. 8, the ©plasma leaving the
nozzle exit does so at very high velocity. For an exit temp-
erature of 142.8K, the exit velocity is 1700 ms/s, which coxr-
responds to a Mach number of 3.5. At this point, and nearly
tangential to the flow, the plasma streams ~are alloued to

enter and deposit their enexgy on the target gas. The static
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pressure af these entry pofts is below 10 toxrr, as required
by the plasma gas boundary discussed earlier. Under these
ccenditions, the plasma stream will penetrate several centim-
etexrs into the té:get. The plasma enexgy raises the bulk

tenperature of the flou, and a fraction of it c¢an be recov~-

”

e

.

(o]
3

wr

*

ered d stream with a heat exchanger.

As the £louw is being heated by the plasma, it is also

3]

27

a

e t¢ slow down in the duct (which acts as a supersonic

+H
Hy -

i

120

user). The heat +transfer is highly localized near the
source; however, it is expected that substantialkmixing will
occur as the Ilow moves downstream. The heating will, of
course, be higher upstream. For the present analysis, it is
assumed that the heat transferred perx unif mass to the flow

dreps linsarly gi%h distance along the duct. a

The addition of heat is sufficiently high to reduce the
‘Mach numbexr for both converging and diverging aducts; hou-
‘~eyer, the variation of duct area with distance can be tai-
lozed to optimize' the flow conditions. It is desirable to
‘have a low Mach number since the shock losses inczrease as

M3; houwever, the flow must be supersonic to prevent choking.

By Zfixing the back pressure, a stable shock can be

cktained dowunstream o the diffusexr throat. This situation

[
(&

lous a significant pressure increase as the flow suddenly

.

decelerates to subsonic conditions. Because of the entropy
increase and various othex inefficiencies, the pressuxe-

4,71




dounstrzeam of +the shock is only a fraction of +the initial
value; hence, a suitable compressor will be reguired to com-
rlete the cycle. On the othexr hand, the pressure increase
across the shock -uill be a very dimportant cont#ibution and
will ease the compressor size requirements considexably. it
theAsame time, fhe temperature dounstream from the shéck
will be sufficiently high to allow additional energy recov-

ery.

The length of <the duct is mainly determined by the heat
transfexr behavioxr within the gas. It is desired that suffi-

cient mixing occur in a reasonable distance such that the

m

temperature will be renderxed essentially uniform in <the
radial directibn immediately before the shock. Such mixing
depends on a large variety of flow parameters such as Rey—
nolds numbex, ‘'wall zfriction, and boundary layer effects.,

which need to be determined experimentally. For the present

‘calculations, a'diifusez length of 5 m has been assumed.

When the effects of wall friction are included, it will
_also be necessary to modify the contour of the duct walls té‘
provide some compensation for friction-induced deceleration.
IZ the Mach number can be maintéined near 1 for most of the
duct length, then frictional effects will be minimized.

rig. 9 shous the nozzlesdiffusers/expander region with the

%]

f£lcw characteristics at the various stages.
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Consider the geometry shown in Fig. 9, where a converging
diffuser is wused to slow down the flow coming out of the
nozzle. The‘systém is in steady state, with exit velocity
and temperature denoted by Ve and Te respectively. The mass

flow rate is a constant dencted by m'.

Let 1 be the length of the diffuser and assume that the
heat © (in Watts) from the plasma is added in a linearly

decreasing manner over 1. The power per unit length W(x) is

given by

S w/mo , | (31)

The anmount of eﬁé:gy received by the element of mass

dm in time dt is given by

20 (1 - xs/1) dx 4t
GE = mmeemmeme—memeee oo J" (32)

‘But since dt = dm/m' and dg = dE/dm, then
2¢ (1 - x/1) éx

G = mmmmmmmmm oo e J/kg (33)

The fractional area change, assuming a linearly varying dif-

fuser, is given by

dis7x = 2a dxr/s(xpy + ax) (34)
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where a 1is the slope of the diffuser walls and ry is the

initial radius of the duct (i.e., des2).

Ffor one-dimensional flow with heat addition but without
friction, +the fractional change in velocity is zrelated to
the Mach number, the fractional area change, and the amount

of heé» added; as follouws [31]:

av. 1 ' .
-~ = ---> (dA/Rk - dgs/Cp T) (35)
v M2~1 '

where Cp is the heat capacity at constant pressure and T is
the temperature of the fluid. The second term in Eg. (5) can
be obtained Zxom energy consexvation. The. amount of heat dg

added to the flow must go into both random and directed Ilow

enexcy; that is

-4 a7 dv
-- = Cp == + V =-=— (36)
dx éx dx

where V is the flow velocity. The flow temperature

¢an be obtained by integrating Egq. (36); that is,

1
T = ---- (g + (Ve? = V2)s2 + Cp Te) K (37)
Cr ‘

whexre Te and Ve are initial values of temperature and veloc-—

ity zesvectively. Using the definition oi Mach number

M2 = V2 n/sy KT (38)
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where m is the mass of the gas molecules, ¥ the zratio of

specific heats, and kK is the Boltzmann constant. The final

= ————e- (m—mmmmme - e ) (39)

Intecxrating Eg. (33} one obtains the heating pexr unit mass

as a fTunction of the distance x.

gl(x) = 2 ¢ x (1 - x/0)/71 m! J/kg (40)

Diffuser Design |

Eg. (3%) is highly nonlinear and has been solved numeri-
cally. The :esﬁlts are presented in Figs. 10 énd ll( where
fluid velocity, tenperature, and Mach number‘a:erplotted as

~functions of the distance %, for various input parameters.

FigurelO shows the actual results for a converging duct .

uith a linear slope of 5%; +the Mach numbexr decreases from
3.5 to 1.2, the velccity decreases, and the tempexature
increases from 142K %o about 660K. Figure 11, ‘on the other
hand, shows the results for a diverging duct. In that case,
the Mach nunber decreases initially and increases slightly

toward the diffusexr exit. This is a temperature effect; that

is, the cooling due to the expansion of the £flow near the’
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end is sufficiently strong to overcome the heating from the

plasma stream.

Figures 10and 11 illustrate how the diffuser contour can
be tailored to minimize the amount of <frictional and shock
losses that will be present.  Foxr example, by reducing the
velccity of ~the flow, the frictional losses are also

reduced; at the same time, by cpexating at low Mach numbers

{although still greater than 1), - the shock losses are also
reduced. In the present frictionless design, the converging
diffuser is more attractive. In the zeal case, the fric-

tional effects may have to be compensated for by using a

fu
-

ive

]

gin

n

duct. One alternate sclution is to ©prescribe a

Fh
M
[
Q
ct

o]

ional change in velocity oxr Mach numbex and solve the

o
fle]
o

taticns” for the resulting fractional area change along the

duc<.

Diffuser Exhaust Design

At the diffuser exit, a throat will e#ist which is widerx:
'than’the isentropic throat consistent with +the conditions
‘upstrean. The £low will therefore not become sonic there.
Instead, the ualls of‘the duct will be made tp diverge and
the back pressure will be fixed such that a nérmal shock
will be established slightly downstrean Zrom the thxoéf.
Undex these conditions, the shock will be stable *to small

disturbances in the flow and will not be swallowed upstream
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Iul. The presence of the shock uili introduce a sudden
deceleration oxX the gas and its Xinetic energy will be

partly recovered as pressurxe dounstream from the shock. The

basic design proceedure is outlined as follows.

Lssuming a linearly converging duct with slope a = -0.05,

the diffusexr exit radius is 0.92m, corresponding to a dif-

H
ol
0
(1]
H
m
x

:it area Ad = 2.66 m?. The exit Mach number at that
point is‘ 1.225. The throat area Ad¥ consistent with this
Hacﬁ nunbexr is 2.57 (from isentropic data). Let the shock
exist dounstream from the th:éat, at a point where the duct

area is ks = 3 m?. A%t that peint
As/nd* = 1.17 ' ' (41)
and immediately ‘before the shock, the Mach number is

My

= 1.5 42)
vThe static pressure at the diffuser exit i; given by -
pd = m' K TdsVvd Ad m , (43)
wheze & rezfers to diffuser exit. This gives
pd = 87.09 <torx _ (445
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pdo = 216.79 torxx (45)
The pressure ratio before the shock is
PsSx/pde = 0.2724 (46)

so that the static pressuzre behind the shock is

psx = 58,05 toxrr (47)
and frxcem normal shock data, a{ Ms = 1.5
Py/pxr = 2.4583 ; ‘ , (48)

where v denotes conditions after the shock; hence

py = 145.17 torr . , A (49)

In p:inciple, one seeks to obtain the highest possible:
pressure beyond the shock, since this would mean that a
vsmaliez compressoxr would be reguired to bring the gas to its

nitia

[

1~

pressure o complete the cycle. In the present
design, a pressure of 145.17 toxr is obtained. This amounts
to about 20% of the 1 atm zequired. A suitable compressor is

needed to cleose the cycle.
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Since gas downstream from the shock will be hot, some
Zorm of heat removal must be supplied; this requires a heat
exchanser in series with the comp:éssor. A fraction of the
heaxt renoved coula be recovered via a conventiénal thexrmal

cycle and wused to help meet the compressor pouer require-

ments.

Conclusions ,

Some potential difficulties are envisioned. TFirst, the
flow may be drastically affected by the addition of heat
from the plasma stream; second, the heat will be transferred
Zxom the edge of the jet uhere the interaction region is via
thermal conduction, a process which may be too slow to Ieachv
into the central region of the £lou. That problem has not
been evaliuated, and a suitable flou-mixing model needs to be
.incorporated in the design. This model is expected to have

"an impact on the design of the supersonic diffuser, particu-

larly its desired length.

..

Beyond the shock, further increases in pressure may be
'attained by cooling the Zflow; houwevexr, such pressure gains
may Lbe somewhat ofifset by the presence of the heat exchanger

as a souxce of impedance.

t aspect which has not been evaluated is the

5
3
§

'
o]
[a]
cf
[
o

Ha
1]
H
A

neat txans

ed to the diffuser walls, particularly near
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the divertox exhaust ports. The materials problems and cool-

ing recuirements in these regions await further study.

The effects caused by the presence of a boundary layer
and other frictional effects need " to bhe evaluated as they
directly impact the pump size and pouwer requirements of the

system.

Finally, other operational problems such as tritium
recirculation, helium and impurity recovery, and the entire
+ransient and control related aspects of such a device nmust

ne delineated in the context of a full-scale pouwer reactor.
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4.3.3 Poloidal Divertor Collector Systems

Introduction

A single null poloidal divertor.was cpnside?ed as the design option for
INTOR in the previous study phase. The target in the divertor chamber was a
solid tungsten plate with or without protective lithium film., Since there is
no experimental program to test the target and pﬁmping methods at this stage,
it is iﬁperative that we should try to look into as many alternmative Eoncepts as
possible, Each concept can’thus be tested out at an early stage of INTOR so
that a workable solution can be assured. Thréé new target concepts and external
fuel recycle methods are proposed and discussed- in this report. To improve the
ercsion rate or the target life time, the use of a two null divertor which can
operate alternmatively as two single null divertors is also suggested. Since there
is plenty of space behind the divertor chamber and the shielding does not have to
be in contact with the divertor target, the shielding does not present a problem

vhether it .is a single or double null divertor system. T

Wall Frosion Problems

The plasma conditions in the scrape-off layer and on the divertor target for
INTOR aré listed in Table 1 [1,2]. These are the reéults of transport ﬁodeling by
‘considering 99% recycle. The particle flux to the divertor can be estimatedicon-
s§stently from sheath model [3,4]. The total energy of the impinging idné Sﬁ.the
' tafget,for-Ti = 190 eV and Te = 250 eV at the plasmé edge is

kT T m,

e e 1
e, =2kI+2 (&) ln (Time

) = 1.4 keV. (1)

Normalized to the total particle and power load the particle flux on the target

can be calculated from
| I o2 (2)
2.9 ¢ .
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The erosion rate for séveral matéfial for various‘energy and par£ic1e fluxes
can be quickly estimated from the erosion rate graphs given by Cecchi [4) and
listed iﬁ Table 2. The sputtering érosion.for é solid target is a severe
problem. To limit the erosion rate to less than 1 mm/year it is necessary to
operate the divertor at 0.1 kw/cm2 level of power load. Such designs will be

discussed in the next section.

Table 1. Divertor plasma conditions for
99% recycle. ‘

Power to the divertor B 80 Mw

_Total particle load 1.5 x 10238-l

Ion energy on target 1.4 keV ’
Plasma edge ion temperature 190 eV ‘

Plasma edge electron temperature 250 eV

Availability 0.25

~— Table 2. Erosion rate of divertor target -
‘for 997 recycle.

Power density 1 kw/cm2 0.1 kw/cm2
) : 7 mﬁ/yr 0.6 mm/yr
Mo 11 mm/yr 1.0 mm/yr
v 5.5 m/yr 0.6 m/yr
TZM : - 11 mm/yr 1.0 mm/yr

3. DIVERTOR TARGET CONCEPT
. Three alternative target design options are proposeé here in addition td
the flate plate with protective lithium film. The target will be assgmblea froﬁ
a2 module of 10 cm x 10 em tube array as shown in Fig. 1. The tube can be alighed
parzllel to the magnetic field or transverse to the magnetic field as shown by

Figs. 2 and 3. The tube array is constructed such a way that every other tube

4.95




is set back to leave a gép in theilongitudinal direction between the tubes to
ailow the plasma to pass through. Therefore, the neutrals will be scattered

to the back side of the target and pumped away. Since only 1% of pumping is
required, it is very easy to obtain 1% of transmission coefficient from such

a design. The tube grill like target will be sitting inside the gaseous chamber.
The volume of particles to be pumped can be regulated by the gas pressure. The
great éd§antage of thi; method is that the inmer branch of the divertor (at
smaller radius) is no longer obstructed.‘

Because of'the high erosion rate; the target has to be operated at a low
power level in order to survive a regsonably long period of time, following
which, the target surface would be replenished. For the tubular construction,
 the total surface is %% times larger than tﬁe flate plate which was 70 2 given
in the previous design. Therefore, total area per divertor is about 110 mz, fhe

erosion rate for 0.25 machine av#ilability is less tkan 1 mm/year for a
molybdenum tdrget. -The power density is less than 0.1 kw/cmz, thus the ﬁgermal
, hydréulic design is simple. The tube can even be cooled by steam and a
.reasonably amount of thermal energy can:be recovered.
| The second target design method is shown by Fig. 4. Siﬁce each branch of
’thévdivertor ﬁlasma resembles a beam, the targets are placed on both sides of1
".the plasma slab aﬁd contoured in such a way tﬁatv;hey are,nearly.tangentiai té

«th; flux. Since the targets are not interseéting the separatrix where the‘u ~
- plasma is péaked, the power and particle flux on the targets are nearly unifogm.
Because of the grill-like structure of the target, the plasma will reach the _;
off-set tubes and the scattered neutrals can be pumped from the backside, Thé_
total target area is almost double the previous design. The target life time

will double to two years and the thermal load is reduced to 0.05 kw/c 2
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The third method is to use sifaight forward gaseous targets. The plasma
|

will be slowed down by the gas, dispersed, neutralized, and radiate some of it's

power. The gas may be hot, but the chamber wall will be thermally shielded by

tube arrays. The life time and thermal performance of the wall shield should be' E

better than the second case since the gas temperature is lower and more evenly

distributed.

Divertor Operation Methods

As discussed in the infroduction, the shielding space is not a problem.
The use of a double null divertor gains many advantages over the use of a singlé
null divertor. The PDX experimental result shows that the power load to the ’
divertor is equally distributed to inner and outer branches of the single null

divertor [6]. Because the target area is smaller in the inner branch, the power

density would be higher. For the double null divertér,-approximately 90% of the

-ﬁower flows to the outer>branch which has a larger area. Then the advantage of

. using the t;;Vnull Hizértor is that ghe power and particle densities wili be

- more evenly spread. The total target area will also be doubled; therefore, 1 mm
of target thickness will last 4 years. _

. To pump 1% of the total partlcle flux of 1.5 x 10 /sec, there is still |

1.5 x lO2 particles/seé to be pumped. The tritium through-put would be

7. 5 X lO20 partlcles/sec which still glves very large tritium inventory.‘-It :

' would be better to flnd a way to recycle the tritium inside the tokamak. A

" method to accomplish this is to put a D & T getter pump inside as shown by Fig. 6

-or use the getter as D & T filter. He and a fraction of other impurities can be

removed by an external pump, D & T can be released later as fuel. The advantage
of the getter pump.is that the impurities will not be released dgfing the remission
process and the fuel is free of impuiit;es and He. Each divertor can be operated
2s divertor and gas puffing fueling aiternatively. Both divertors wili use the same

pumping facility with the pumping path controlled by a gate valve.
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Revisiting of the High Efficient Divertor

In the past year, beéause of‘the concern of éxééésive pumping requirement
and ‘tritium inventory, it was considered dgsirable to recycle the fuel and keep
the plasma edge cool. The diffusion at the plasma edge has to be enhanced due
to the large recycling.' This greatly increases the particle load on the target.

From the scaling law of the bulk plasmas diffusion coefficients [7]

D = 500 -(—})3 +1.25 x 1017/ne (3)

we can estimate the bulk plasma confinement time for INTOR to be about 3 sec.
The pafticle leakage flux would be 1.5 x 1022 which is one order of magnitude
less than the recycle case. Thé‘plasma edge temperature is usually about 3 keV
and electron temperature is higher than the ions. The total ion emergy on the
target is as high as 15 keV dué to the effect éf sheath potential. This again
reduces the sputtering yield by a factor of 10. The combined effect of less

" particle fqupand higher energy will reduce the erosion rate by two orders of

- magnitude, With reéard to the target life time, it is better to operate the

" divertor at high efficiency. The tritium through-put is about 7.5 x 1021/sec,
which is 10 times larger than the recycle divertor. These issues and pumping pro-

_blems are under study.

. Thermal Consideration

For a heat flux of less than 0.1 kw/cmz, the thermal hydraulic design of ‘the
"target is well within the state of the art. Here we would like to investigatef

the possibility of using superheated steam as a coolant so that the thermal energy

can be recovered. Let us consider a tube 20 cm long with an inner diameter of

1 cn and wall thickness of 3 mm. To drive a steam turbine directly, a suitable

choice of steam pressure is 100 atm and mean temperature is 400°C. For a through
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the tube velocity of 40 m/sec, the‘heat transfer coefficient is
4.64 x 107 kw/cm2°C [8]. The heat flux at the inner wall is 0.16 kw/cmz, thus
the temperature difference between the inner wall and steam is 350°C. The tem-

perature increase at the exit end of the tube can be calculated from the equation

2
dT =d~ _
DVCP ix 4 mDeq (4)

we obtain AT = 35°C. The thermal characteristics are given in Table 3. It can be

concluded that the superheated steam cooling and thermal energy recovery are

feasible.
Table 3. Thermal characteristics for molybdenum
tube cooled by superheated steam. )
~ Tube length 20 cm
Wall thickness _ ' 3 mm
Steam pressure 100 Atm
Steam velocity ! 40 m/sec
_ Steam temperature . 400°C - -
Exig_iemperature 435°C
Inner wall temperature 810°C
Quter wall temperature 840°C
Conclusion ] .
' The preliminary analysis shows that a divertor system can be designed with
'a target life of 4 years at a power demsity of 0.1 kw. The benefit of this pewer
‘density level is that a molybdenum target can be cooled by superheated steam and

thermal energy recovery is possible.
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5.0 Divertor Shielding, Insulating Materials and Coils

5.1 Shielding Considerations

It has been demonstrated previously that by improving the magnetic designs,
bundle divertors that are technically feasible can be developed for tokamak
reactors.1 Unlike a poloidal divertor, a carefully designed bundle divertor
can be demounted for maintenance and the particle and thermal handling systems
can be placed at the outside of the TF-coils. The major difficulty of
designing a bundle divertor coil is the very high current required in the
divertor coil. The coil current required increases exponentially with the dis-
tance of the coil from the plasma. The divertor components in the region at
the front legs of the divertor coils, as shown by the shaded area in Fig, 1,
suffer the most critical radiation damage. Therefore, the space in front of
the divertor coils is at a premium and the shielding design is critical. It
is the purpose of this work to search for an optimum combination of shielding
materials for best radiation protection of the divertor coils in the minimal
possible space. The available shielding space is only about 0.4 m in the
design shown in Fig. 1 which is chosen as a preliminary optional divertor for

INTOR.2

The radiation damage characteristics and the radiation exposure limit for
éuperconducting and normal magnets have been discussed in detail in Refs. 3 & 4,
For a superconducting magnet, the magnet insulation, stabilizer and super-
conductors suffer severe radiation damage characterized by mechanical and
electrical property degradation of the insulation due to radiation dose,
resistivity increase of the stabilizer due to atom displacement, and critical

temperature and current density changes in the

*
Work supported by Department of Energy; GA Contract DE-AT03-75ET51011,
MIT Contract DE-AC02-80ER-52057.
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bundle divertor

superconductor due to neutron transmutation and atom displacement. The super-
conductor damage is very small in the currently considered radiation enviroment.
The conductivity in the'stabilizer may be partly recovered if the magnet is
annealed. Hence, the most critical damage is the insulation radiation damage .
which is unrecoverable. For a normal magnet, radiation damages are character-
ized by the insulation property changes due to dose degradation and resistance
increase in the conductor due to atom displacement. DPA damage may be annealed
out and it appears that the most critical damage again is the insulation dose

damage.,

Various shielding materials and combinations of shielding materials such
as 316SS + B4C and W + BAC’ have been studied for regular fusion reactor shield
designs.5 Tungsten appears to be the best shielding material. Recently shield
combinations of tungsten with advanced materials such as TiH2 and ZrH2 have
been proposed for the Engineering Test Facility divertor shielding design.

We report here a preliminary shielding requirement study
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performed using a one-dimensional model. However, more detailed and par-
ticularly multi-dimensiocnal calculations are needed in the design phase
study. Several neutronics calculations to estimate the shielding thickness
needed for the normal coil divertor design were performed. The one-
dimensional discrete ordinate transpcrt code ANISN was .employed with PBSG
approximation, in c¢ylindrical geometry. The calculational model consists
of a 20 ma stainless steel first wall where 507 of the space is filled with
water for cooling, a variable thickness of shield and a 0.4 m 40% SS + 60%
Cu zone representing the copper coil and structure. Three combinations of
-shielding materials are considered: 107 HZO(B) + 90%Z W, 30% HZO(B) + 70Z W,
and 507% HZO(B) + 50% W. The borated water is employed both as neutron
absorber and coolant. A density factor of 0.9 is used for tungsten to

2ccount for the packing efiect.

The results show that the 10% H20(B) + 90% W shield is the best mate-
rial combination. The radiation dose on the insulation material can be

expressed as

2 -

== T-14.01t - 3.33 ¢t
506y = Do 14-07 t - 3.33
- R o R}
1010 =
— INSULATOR LIFETIME
[~ (MW=YR/m?)
= ~ 10
< .9
g; 10 E— 5
= - 2
= 1
= -
= w 05
8 108 L 0.2
=] -
z p— \
o
- -
S 9
> 1w =
E —
105 | 1 1 \
0 0.2 0.4 06 0 10

SHIELD THICKNESS (m)

Fig. 2. Lifetime of insulation material
as a function of dose limit and
shield thickness
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where Do’ which is 2.5 % 1011 Gy/year at 1 Mwlm2 wall loading, is the dose
-on the insulator if there is no shield between the first wall and divertor
coils, and t is the shield thickness in meters. Note that the

dose attenuation coefficient is not linear. It depends somewhat on the
effective neutron energy which is the result of neutron moderation in the
shield. The lifetime of the insulation material is depicted in Fig. 2 as

a function of dose.limit and shield thickness. Considering a magnet life-
time of 1 Mw-yr/mz,'the minimum shield thicknesses required would be 0.63 m
and 0.37 m, respectively, if the dose limits on the insulator are 107 Gy
_and 109 Gy, depending on type and form of the insulator. Recent irradiation
tests7 indicate that G-10 epoxy/E-glass insulation is capable of 109 Gy with-
' gdbd mechanical property retention. With an overall shield thickness of
0.4 m which allows space for the divertor structure, and a reactor duty
factor of 50%, the divertor lifetime would be one year at 2 MW/m2 wall
loading. Since the divertor can4be designed as a plug-in unit, a one year

replacement schedule should be reasonable.
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5.2 Insulating Materials
A survey of the radiation damage on the insulating materials is shown in

Table 1. Some material can survive the dosage of 2 X 109 to 3.8 X 1011 rad. The

highest tested dosage is 3.8 X 1011 rad on thin sheets of G-lO(l).

Therefore,
high strength insulating materials exist. For the special bundle divertor
application, the use of Suéh.material is important and further development is
needed. Assuming a safety of 4 from the testiné result of G-10 in the last
row, a dosage of 10ll rad is chosen for the shielding requirement assessment.
The radiation testing of G-10 was conducted by MIT at both Idaho National

Laboratory and MIT reactor facility. To qualify the quoted data, the testing
procedure is described in the following.

Disks were cut from thin sheets of G;f, G-iO and G—li CR*. They
were irradiated in the Advanced Test Reactor at Idaho Natiénal Engineering
Laerathy,F The radiant flux was calculated from a standard code used at
INEL and is stafed to be:within 20 percent of actual values. The total
fluence was 1.6 x 10'° n/cn® for neutron energies greater than 0.1 Mev,
102° n/cw? for the.total neutron épecFrum ana 3.8 x 10! rads of gammaé

" radiation. That dose is. somewhat higher than the fluence expected in ITR.

The specimen temperature was reported to be 120 F. All speciﬁens
wvere found to be highly radiactive after months of cooldown. Conseéhently,

testing was conducted in a hot cell.

The compression fatigue tests were conducted in the same manner as
for the unirradiated samples (Figure 1). The results appear in Table 2.
In addition the G-10 data are plotted on the graph of Figure 2. All tests

were stopped arbitrarily at 200,000 cycles if no failure had .been observed.

* Diglycidyl ether of bisphenol A reinforced by E-glass.
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It is clear.that the observed strengths are much greater than
Vreported previously for rods irradiated at 4.9 K (Ref. 6) for which G-10 CR
static cdbpression values of about 69 MPa were obtained. The INEL
results also exceed the ITR requirements. The stress level of 345 MPa is
- more than twice the ITR requirement. Furthermore, 200,000 cvcles corresponcés _
to. 20 times the required life. . |
If it is assumed that the low temperature fatigue strength is
twice the RT value, which matches the ratio for static ultimate compressigﬁ
of G-10 rods, then.the 77K fatigue curve would be as shown on Figure 2.
The observed survivability of the 77K specimens is consistent with that

curve.

Reference:

E. A. Erez and H. Becker, "Radiation Damage in Thin Sheet Insulators', ICCM

Conference in Geneva, August, 1980.
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Table 2

Results of INEL Compression

Fatigue Tests of Irradiated Insulators

For all Specimens D = 11.1 mm

"(See Figure 1 for test arrangement)

Material |Thickness Temperature [Max. Applied } Number of
(mm) Stress (MPa) Cycles
G-7 0.30 " RT 207 10,000 F * '
G-11 4.00 - RT 207 10,000 F
207 200,060 S
241 200,000 S
RT 276 21,900 F
s 310 a 3,570°F -~
G-10 0.50 345 460 F
207 20,000 s
77 K 241 40,000 S
' 276 36,000 S
310 30,000 s
345 30,000 S

* Paired disks broke, singles survived
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5.3 Cryogenic Normal Coils

The size of the bundle described in Section 3.1 is small.
It might be possible to operate the normal copper coils at
cryogenic temperature to reduce the power consumption. This
preliminary analysis will determine the optimum operating
temperature. |

The resistivity of copper and aluminum increases with
temperature, Minimizing resistive dissipation losses in magnet
coils thus favors operating at the lowest possible temperature.
- However, maintaining the coils at low temperatures requires
transporting heat from the operating temperature and rejecting
it, ultimately, at ambient conditions. The energy required for
this is at least as much as an ideal refrigerator consumes
operating between the two heat sinks, and decreases as 1/T as

the operating temperature increases. Combining resistive losses ‘
and refrigeration power, there is an overall minimum power Z
operating point. ) |
The resistive power per unit volume is jzp, where j is the

current density (A/m2) and p is the resistivity (Q-m). The

refrigeration power per unit volume is (jzp) ((TO/T)~1)) /N,

where j2p is the heat transferred from the operating temperature
T to atmospheric conditions at To’ with mechanical efficiency n.

The total power per unit volume is

T
.2 .2 o _ 1 :
Protal =3P+ 3P - 1 n (1)

Since j is fixed by the magnetic field strength requirement, the

task is to minimize the figure of merit

1 To
M=p 1 + - - T 1 (2)
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For present purposes, take TO = 293 K (20 C) and n = 0.3.
In fact, n has a small temperature dependence given as
(G. C. Haselden, "Cryogenic Fundamentals", Academic Press,
New York, 1971),

nvo.l to 0.3 for T ~ 4,5 K
0.2 to 0.4 20. K
0.4 to 0.5 80. K

Figures 1 and 2 summarize copper and aluminum resistivity
data for 0 < T < 100 K. Resistivity is strongly dependent upon
factors such as impurity and defect content. This and experi-
mental error account for the scatter in the data.

Figure 3 shows the figure of merit of Eq. 2, plotted as a
function of temperature, using the estimated curves of the
resistivity temperature data of Figs. 1 and 2. Note that the
exact minimum is sensitive to the estimated shape of the _
resistivity curves, themselves in some doubt. Nonetheless, copper
and aluminum are seen to be comparable, with M v 1 uf-cm at
T ~ 25 K. The minimum point compares reasonably with that in
Fig. 4 for high purity aluminum extracted from the NUWMAK
reactor study report (University of Wisconsin). Their refrigera-
ﬁion factor F is presumably similar to the present figure of

merit M.
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FIGURE 4: From NUWMAK study, Fig. VI-D-4.
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6.0 Bundle Divertors for ISX-B and ISX-C
6.1 The Design and Fabrication of ISX-B Bundle Divertor

Due to the experimental success of DITE bundle divertor (1) and
the suctess of Q§Signing such a divertor for reactor, there is a vast
interest in bundie divertor. Many improvement concepts have been pro-
posed in the past year.(2’3) To understand the physics in the higher B
regime the ISX-B bundle dibertor was proposed and to be built at ORNL.
A very detailed design has been done by the Culham Laboratony.(4) A
brief design study has been carried out by Westinghousgg)Ihese two 'studies
form the basis for the present final design at MIT. The conventional‘
two cdil configuration was chosen because of the existing tight space oftISX-Bf
. The final configuration_Was chosen ~based on the considerations of -
lTower magnetic figld ripp1é, larger flux expansion and bétter-engineering 

design without paying the penalty for additional comp]exity.;l

The plane view of the ISX-B TF coil and bundle divertor coil lay-

- out is shown in Figure 1. The key parameters of ISX-B are Ro = 92 cm,

. a =20 cm and the scrape-off layer thickness is 7 ecm. The designed

~ value of Bo is 1.8.T. The selection of this'final»magnetic.configdf;}_?z
tion is described be]ow; . S

The original DITE divertor is two solenoid system. The current
density is 25 kA/cmz/Té51a. Cbnsequent]y the magnetic stress concen- |
fration is very higher; The new Culham design uées large radius
to reduce the current requirement thus the current density has béén reduced
to 7.6 kA/cm2/Tes]a. However, 'the rippie is still above 22. fThé :

use of toroidal ripple has also been proposed by ORNL. This is an .
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desirable because the periodical toroidal ripple is found to have a
deleterious effect on the confinement‘of energetic particles. A
pair‘of vertical axiliary coils to reduce the field intensity to be
nulled by the divertor was suggested in the Westinghouse study. _This
wi11 add the undesirable complexity. The method used here is to spread
out the conconductor. to reduce the current density. This can bé.accom-
plished by increasing the radius of each turn whi]e being moved away
from‘tﬁe nu]]zpoint. Each divertor coil is now a secfiona] conical
shape instead of solenoid. A current density of 7.6.kA/cm2/Tesla
has also been achieved. The ripple is lowest among all the methods
discussed. It is generally conceded that the optimal divertor angle .
is 45° when adequate space is available. Because of the very limited
space -in 1SX-B a:§0° angle was chosen. The consideration of such a~
choice fs givéH:BéTOW, |

| ‘In search for the flux pattern given in Figure 1, a series of
configurations for-various coil sizes and angles have been computed.
Three typical f]ux patterns are presented in Figure 2. The corresbondfi
ing divertor angles are 40°, 35°, énd 30°. The radius of the}coils_‘%' v
is constrained.by'placihg'the.Outside edge of the coi]s»a1ong the cenfer;

lines through the TF coils while the front corner closest to the first.

wall is fixed at R = 122 cm. For fhe angle larger than 40° or larger

radius the fluxes will run into structure, This figure demonstrates |
that a very thick scrape-off layer in thé divertor can be produced‘as
long as space is available. The fluxes in figures 2a and b are still

interfering with the structures. Figure 2c is the best choice. For. T |
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angles less than 30° the expénsion is too small and the current require-
ment end ripple will go up. |

As has been pointed out in the cu1ham design(4) the poloidal
field will cause the diverted flux bundle drifted upward and partially"
interceptedtnrthe.coi1 structure. To study the plasma stability in
the divertor we would like to correct this deviation. The resultant
field lines Were computed by taking inio account of poloidal field
coﬁ1 end plasma current. The poloidal field coil arrangement and
fﬁlamentary representation.of the plasma current are shown in Figure
3. The bundle divertor is interfering with the neiguboring EF coils.
they are bent 1oca11y'to bypass the divertor as shown by the
side view. The typical field lines projected on the midplane, on the -
vertical plane on the divertor center line and on the R-& plane are
shown 1n,ngure_y1 To see whether they will 1nterfere with the structure
the points of {ntersectvon of the field lines with the cross sectional
planes at five locations as shown in Figure 4 are plotted in Figure 5. .
 The circles in Figure 5 represent the inner structures of the divertor
assembly. None of the points actua11y falls on the structure. More _
detailed study of the scrape-off layers in the tokamak and divertor are L
in progress The divertor assembly structure and assembly method are shuwn

by F1gure 6 The divertor coils are inserted into the housing and sea?ed

by a cover frbm the back side.
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The force and torque are shown by Figure 7. The torque is contained by the
-divertor housing of a monolithic structure milled according to the designed
contour by numerical control. The whole assembly is tied to the two
neighboring TF coils so that translational forces are balanced. The divertor
assembly is shown by Figure 8. The finished coil winding and housing are
shown by Figure 9. The conductor configuration and cooling are given in
Table 1 and Figure 10. A detailed three dimensional stress analysis has
been carried out. A partial stress analysis model is shown by Figure 10.
The stress highest Tevel is well within the design limit and there is no
dangerous stress concentration. The estimated thermal growths during the
pulse are given in Table 2. The construction of divertor house and winding

has been completed and in the process of being tested.

6.2 Conceptua] Des1gn of ISX-C Bundle Divertor
ORNL has also contracted MIT to carry a conceptual design of the bund]e
divertor for ISX-C to be built at ORNL. The advanced divertor system

developed at MIT (Section 3.0) is considered. The design study is under way.
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_COIL—-COOLING:

11,

111,

IV,

CONDUCTOR: 1.1 cm sa. x 0.4 cm ROUND HOLE,
DOUBLE LAYER PANCAKES
LENGTHS: 381 cm (12.5 FT) TO
/51 cm (24,6 FT)

WATER FLOW:
16 PANCAKES = 26 epM AT 2p = 150 psI

EOTL CONDITIONS

o COIL ADIABATICALLY HEATED 27° C,
¢ ENERGY TO BE REMOVED ~1070 B.T.U.

o TIME AVAILABLE FOR COOLING COILS ~5 min.

PANCAKE INTERLAYER SHEAR STRESSES
= 9,0 r,
o IF (TQUT - T,,) = 24° C:

ot % 1000 To 5800 psi
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Conductor:
Supplier: Kabelmetal (from Eltek)

- Type: SE-Cu Drawn and Annealed Deoxidized -
B High Conductivity Cu ..
Conductivity: 100 % IACS |

( ~ |
v 1
Hmm
i Jl I §) i-l-.ZSrnm
) Z%I:Brnm 5mmJ ( B ? 2.6cm
| t \. J) i 1
L

TWO CONDUCTOR STACK
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G100-G90Q

'ELEMENTS TO BE DRAWN =




THERMAL STRESSES

AXIAL GROWTH

4 mils in 8 inches accommodated by shimmed
gop » |

RADIAL GROWTH

6 mlls in 12 inches -
e Accommoduted by compression of coil;
... .. by compression of potting compound
R P by hoop tens:on of s?rucfure

. Estimated adiobatic thermal local pressure
varies from 200 to 500 psi.

s Hoop-stress' in structure — 24,000 psf.}-] ST



7.0 Simulation Source

7.1 Plasma Source Using Random Electrostatic Deceleration ¢
of Intense Ion Beams

This section studied the possibility of using intense ion

beams as a plasma source for a divertor test facility. Based on,
for example, 1024/5 1 kev ®' ions passing through 100 m2 divertor
throat, the plasma flux is about 0.2 A/cm2 and the ion heat load
is 0.2 kW/cmz. Presently developed duoPIGatron beam sources such
as the PLT injectors can reliably produce about 0.2 A/cm2 10 to
45 keV H ion beams, over 300 cm2 and 0.5 s.

The problem is to reduce the ion energy to a Maxwellian
spectrum around 1 to 2 keV. Specifically, firing the beam
through a gas cell with a retarding potential was considered.

Method - s _ -

A Monte Carlo computer approach was used to determing the
optimal ion beam and gas cell parameters. Incident monoenercetic
protons were tracked through a constant-density background cas.
Over the range 1 to 30 keV explored, the dominant interactions
are charge exchange neutralization and ionization. 1In Hz,and
most other gases, the neutralization interaction is dominant.
However in helium, the two cross-sections are comoarable, although
neutralization is still much more likely. _

The problem is essentiallv 1-D since the incident ioné have
little angular divergence and since the scattering associated
with charge exchange is small - calculations indicated less than
a2 few percent error in direction and energy with this assumption.

Incident ions are tracked through a 55x55 matrix, one axis

representing energy and the other for axial position. For the

calculations presented, the axial step size was always less than

10% of the interaction mean free path (mfp). In proceeding from

7.1



step to step, the probability of interaction was calculated and
compared with a random number. This determined whether the
particle became neutralized or ionized (depending upon its
initial charge state). During charged motion, the retarding ‘%
potential was applied to reduce the particle's energy. Even if
an interaction occured, an average amount of retardation was
computed to acc¢ount for the fraction of the axial step spent in
the charged state. When this amount accumulated to over one
step size, the particle was transferred to the next lower energy
group. ‘
Below 1 keV, the interaction mfp becomes long compared to
gas cell dimensions. In the program, these particles were not
explicitly followed. However, the number of these "lost"
particles was recorded since, for a Maxwellian ion distribution.
arcund 1 to 2 keV, about 20% of the ions should be below 1 keV.
For retarding potentials larger than the incident ion
energy, some particles may be accelerated back. These particles
were also not tracked. This was a small effect in this study
since ;nly retarding potentials less than or slightly greater
than the incident ion energy were considered.
The particular parameters investigated were incident ion
energy (10 - 30 keV), neutral gas (H2 and He) and density (0.6
to 4.0 xlol4 /cm3) and retarding potential (typically within
1 keV of incident ion energy).. Since changing the cell length
was egquivalent to changing gas density - they both’determinei
the number of interactions - a 54 cm long gas cell was arbitrarily
chosen.

Results

The final result was charged and neutral particle energy
distributions at the end of the gas cell, and density distributions
along the gas cell. Typically, about 25,000 particles were
followed for each case. Table 1 summarizes the results, and some

ion and neutral energy distributions are shown in Figures 1 to 6. |
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' The trends shown by these figures can be understood as
follows: - |
1) Gas density: For low densities, the neutral mfp is large. “
Thus incident ions tend to pass through without any interactions
(leaving at the incident minus potential voltage) or with a
single neutralizing interaction. The resulting ion energy
distribution is monoenergetic. As the density increases, a
Maxwellian ion energy distribution‘forms as sufficient interactions
occur in the gas cell. The peak of this distribution is higher
than at the monoenergetic ion exit energy since the fraction of
time spent as neutrals is spent without the retarding potential.
Thus increasing the density, while it does better thermalize the
spectrum, is limited in its ability to reduce the peak energy
to the desired 1 to 2 keV. ’

2) Incident Ion Energy: Decreasing the ion energy lowers the
Maxwellian energy peak simply because the starting energy is less.
The lower bound here is set by the practical requirements. for
producing 0.’-2"A/cm2 beams.

3) Gas: For gases such as H2, the neutralization cross-section
is much larger than the ionization cross-section. Conseguently,
the interacting particles spénd much more time as neutrals than
as ions, feel the retarding potential less, and thus produce a
Maxwellian energy distribution at higher energies than desired.
No gas seems to have a dominant ionization cross-section, but in
helium the ionization and neutralization cross-sections are
relatively comparable over 1 to 30 keV.

4) Retarding potential: Increasing the potential will reduce

the ion energy. Increasing it too much will cause backstreaming.

Conclusions

Based on the numerical trials, it was found that a l0 kev o
15 3 \

/cm |
with a 11.5 keV retarding potential would produce a roughly : |

Maxwellian energy distribution peaked at about 1.7 keV, with only

H+ ion beam passing through a 0.54 cm He gas cell at 3.0x10

about 14% particle loss as neutrals or back~-accelerated ions.
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