
OSTI A P R

Paper presented at the 6th Topical Meeting on the Technology of Fusion Energy,
San Francisco, CA, March 3-7, 1985; also for publication in Fusion Technology.

COKF-850310—66

DE85 010495

HOT SPOTS IN THE INBOARD SECTION OF THE TFCX TOROIDAL FIELD COILS*

S. Yang and Y. Gohar

Fusion Power Program
Argonne Nat iona l Labora to ry

Argonne, IL 60439

The submitted manuscripr has been authored
bv a contractor of the U- E. Government
under contract No. W-31 109-ENG-38.
Accordingly, the U. S Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

* Work suppor t ed by the U.S. Department of Energy.

gF TVIS DOCUKOT IS B U T E D



HOT SPOTS IN THE INBOARD SECTION OF THE TFCX TOROIDAL FIELD COILS

S. Yang and Y. Gohar
Fusion pc» . Program, Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

(312) 972-4816

ABSTRACT

The TFCX conceptual designs call for the con-
struction of the reactor torus through the use
of "pie-shaped" segments for mechanical and
maintenance considerations. The use of this
concept results In hot spots In the Inboard
section of the torodlal field (TF) coils due
to neutron and photon streaming through the
slots between the segments. This work studies
these effects on the nuclear responses In the
TF colls and Introduces design solutions to
reduce the Impact on the reactor design.

I. INTRODUCTION

In most of the fusion reactor studies, "'
the shield systems addressed only two types of
shields. These are the bulk shield for the
plasma chamber and the penetration shields for
the large openings in the first wall. The
Importance of these two types of shields
results from their direct Impact on the reac-
tor cost. The economic analyses show that
their capital cost represents 8 to 16Z of the
total direct cost.'1^ However, there is an-
other class of shielding problems which
received much less attention from the fusion
design community. These shielding problems
have a major Impact on the reactor performance
and require design modifications to moderate
their Impact. They result from neutrons and
photons streaming through small penetrations
or slots required for the design. For exam-
ple, slots between reactor segments Impact the
performance of toroidal field colls and the
radiation exposure levels Inside and outside
reactor halls. Also, small penetrations, of
less than 100 cm2 In the cross section area,
are required for diagnostics and fueling.

Recently, an interesting study6 was per-
formed on neutron streaming through several
types of circular diagnostic penetrations In a
fusion reactor shield. In this study, the
shield consisted of graded layers of steel and
water with a total thickness of 130 en
producing a total neutron flux attenuation

of 5 K 10 . These layers were stacked to
form a cylinder where a plane source was lo-
cated in the front of the first layer repre-
senting the first wall. A vacuum boundary
condition was used on nil outer surfaces. The
use of a 5-cn radius straight-through circular
penetration In the shield reduced the total
neutron flux attenuation factor to 1 x 10"^ at
the penetration exit* This change In the flux
level at the outer shield surface will cause
about six order of magnitude local Increase In
the nuclear heating, the radiation damage in
the reactor components, end the radiation
exposure.

Another study was carried out to deter-
mine the neutron dose rate through straight
and single bend slots with various thicknesses
In a one-aeter-thlck shield (80Z Type 316
steel and 20Z water by volume). A uniform
plane source with a cosine angular distribu-
tion and 14 HeV neutron energy were employed.
The results of this study' showed four order
of magnitude increase In the neutron dose rate
due to 5-cm straight slot relative to the
unpenetrated shield. Adding a single bend of
60* to this slot reduced this Increase in the
dose rate to a factor of 300 instead of the
four order of magnitude.

This paper studies, for the first time In
any fusion reactor study, the neutron and pho-
ton screaming In the Inboard aectlon of toka-
mak reactor using the TFCX as a vehicle for
the study.; The TFCX conceptual designs call
for the construction of the reactor torus
through the use of "pie-shaped" segments for
fabrication and maintenance considerations.
The use of chls concept results tn slots
between the reactor segments causing hot spots
in the Inboard section of the toroidal field
colls from radiation streaming. This work
quantifies the change La the nuclear re-
sponses, nuclear heating, fluence, insulator
dose, and atomic displacement in the copper
stabilizer, as a function of the slot width
and introduce possible design solutions Co
reduce the impact on tht reactor designs.



I[. GEOMETRICAL MODEL AND SOLUTION PROCEDURE

As oencloned before, two types of alols,
straight and single bend with widths of 3, S,
and 7 cm were considered for each. The redlal
build up of the TFCX geonetry with a 60 cm
Inboard shield thickness at the mldplane Is
shown In Table 1. The shield composition
given In Table 1 Is based on Che optimization
study of the TFCX bulk shield. The Inboard
shield consists of 80Z type 316 steel and 20Z
water by volume with 2 era boron carbide, with
0.1 density factor, at the back of the
shield. The boron carbide acts as a sink for
the low energy neutrons which reduces the neu-
tron absorption In the toroidal field colls
and consequently the nuclear heating. The
outboard shield Is Included In the geometrical
model to Insure the right boundary conditions
for the Inboard section of the shield. In
order to carry out this study, each slot was
Implemented in the Inboard section of the
shield as shown In Figs. 1 and 2. For the
straight slot, the geometrical model uses a
15° slice representing one half of a reactor
segment which makes use of the reactor sym-
metry. The boundary conditions are vacuum at
the outer surface of the outboard shield and
specular reflection on both sides of the slice
under consideration. In the vertical direc-
tion, the geometrical model has no spatial
variation and specular reflection on the top
and bottom of the geometrical model. Such a
choice of the boundary conditions produces the
maximum nuclear responses expected In toroidal
field coils due to slot streaming at the mid-
plane. The neutron source has a uniform dis-
tribution over the plasma volume and an Iso-
tropic angular distribution. The source is
located between R - 294 and 506 cm and has the
same height of the geometrical model. In the
case of the single-bend slot, the slice has a
30° angle as shown In Fig. 2.

The transport calculations were performed
using the Monte Carlo code MORSE8 with P3

legendre expansion for the scattering cross
sections. A 67-multlgroup cross section set
based on ENDF/B-IV (46-neutrons and 2l-pho-
tons) collapsed from the CTR library' was
used. The MACKLIB10 was employed to calculate
the nuclear responses In the TF colls.

In all the calculations, the Inboard
shield and the TF colls were subdivided Into
small zones to facilitate the use of geometric
splitting and Russian Roulette variance reduc-
tion schemes. Also, the subdivisions were
utilized for tallying the nuclear responses.
In the source sampling process, a biasing
technique was employed to Increase the number
of neutrons generated near the slot area.

III. RESULTS AND DISCUSSIONS

Honte Carlo calculations wore carried out

In a parametric fashion for the two slot types
considered In this study as well as another
case without any slot. The 24* angle of the
single bend slot was chosen based on fabrica-
tion and replacement considerations. The
track length estimators were used to calculate
the nuclear responses reported la this
paper. Each zone used for tallying Is divided
into two sections. The first section Is fac-
ing the slot exit, the hot spot, because It Is
expected to have the raaxltsua nuclear responses
for the cases under consideration. The second
section la the rest of the zone away from the
slot exit. The case without the slot gives a
reference to compare the relative changes In
the nuclear responses resul:Ing from the
existence of the slots In the inboard section
of the reactor.

Table 2 gives the nuclear heating (and
the fractional standard deviation) In the TF
col) case and the front section of the winding
material normalized to 1 MW/m^ neutron wall
loading at the first wall. The straight slots
with 3, 5, and 7 cm increase the nuclear heat-
ing In the section of the TF coil which does
not face the slot by factors of S, 14, and 26
relative to the no slot case, respectively.
Also, a similar Increase has occurred In the
TF coll winding material.

Such an "Increase in the nuclear heating
has a significant Impact on the design of the
TF colls and the refrigeration power required
for removing the heat load. Bending the slot
as shown In Fig. 2 reduces this increase In
the nuclear heating by a factor of two.

The section of the TF coll facing the
slot exit gets a larger local lncreasa In the
nuclear heating as given In Table 2. This
Increase relative to the no slot case Is given
In Table 3 and It Is defined as the nuclear
heating factor. This local increase In the
nuclear heating effects the cryogenic stabil-
ity of the colls and It should be considered
In the TF coll design.

The atomic displacement in the copper
stabilizer and the radlatlot dose In the
thermal Insulator normalized to I MW^y/n^ are
given In Table 4. These responses have
changes similar to the nuclear heating dis-
cussed above. The increase In the copper
atomic displacement at the slot exit will
Increase the copper resistivity which aggra-
vates the local heating problems In this
area. Again, this change In the copper resis-
tivity can be accoBmodaced by using & copper
stabilizer which Increases the coll thickness,
or It can be partially annealed out by warning
the coll, or the dot geometry c«n be rede-
signed to reduce the rcdlttlon streaming. The
change In the Insulator do«e ts acre serious
because the radiation damage caused by high
dosea Is irreversible and Units the operating
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TABLE 1. RADIAL BUILDUP AND MATERIAL COMPOSITION FOR EACH ZONE

Zone
Numbers

1
2 . 3
4 , 5
6 , '
8 . 9
21
10
11
12-16
17
18

23

19
20

Zone
Descript ion

TF magnet

Magnet case
Thermal Insulator
Vacuum ves se l
Ga|,
Shield Jacket
B4C
Inboard s h i e l d
Firs t wal l
Graphite
Scrape-off
Plasma
Scrape-off
First wall
Outboard s h i e l d

Radius (cm)
From To

161 i89
189 191
191 196
196 203
203 213
213 216
2L6 218
218 220
220 274
274 276
276 281
281 294
294 506
506 513
513 515
515 545

Width
(cm)

28
2
5
7

10
3
2
2

54
2
5

13
212

7
2
30

Composition
Volume percentage

5Z NbTl, 23Z Cu, 452 Type 316
s t e e l , 8Z epoxy
100Z Type 316 s t e - 1
1Z epoxy
100Z Type 316 s t e e l
Vacuum
100Z Type 316 s t e e l
100Z B4C ( 0 . 7 dens i ty fac tor )
80Z Type 316 s t e e l , 20Z (U0
50Z Type 316 s t e e l , 50Z HjO
100Z graphite
Vacuum
Vacuum
Vacuum
50Z Type 316 s t e e l , 50Z H20
80Z Type 316 s t e e l , 10Z H,0.
10Z B̂ C (0 .7 dens i ty fac tor )

TABLE 2. AVERAGE ZONE HEATING IN THE TF COIL CASE AND WINDING MATERIAL
NORMALIZED TO 1 MW/m2 NEUTRON WALL LOADING AT THE FIRST WALL

Slot

Type

No slot
Straight
Stra.' -;ht
Straight
24° Single bend
24° Single bend
24° Single bend

Width
(CO)

3.0
5.0
7.0
3.0
5.0
7.0

Average Zone Heating (mW/cm )̂
TF Coll Case

Section Relative
to the Slot Exit

Away

7 .44- l a (0 .20) b

3.66+0(0.19)
1.02+1(0.18)
1.95+1(0.20)
1.84+0(0.22)
5.62+0(0.20)
9.69+0(0.14)

Facing

1.23+1(0.27)
2.81+1(0.32)
5.80+1(0.22)
3.33+0(0.31)
1.33+1(0.28)
1.99+1(0.16)

Front 2 era of TF Coll
Winding Haterlal Relative

to the Slot Exit
Avay

6.74-1(0.20)
2.80+0(0.20)
8.61+0(0.19)
1.57+1(0.19)
1.64+0(0.25)
4.48+0(0.22)
7.42+0(0.15)

Facing

6.71+0(0.23)
2.02+1(0.23)
4.04+1(0.22)
2.80+0(0.36)
1.34+1(0.45)
1.41+1(0.16)

a 7.44-1 reads 7.44 x 10"1.
b The number in parentheses Is the fractional standard deviation.



TABLE 3. NUCLEAR HEATING FACTORS8 IN THE
TOROIDAL FIELD COIL

Slot

Type

Straight
Straight
Straight
24° Single

bend
24° Single

bend
24° Single

bend

Width
(cm)

3
5
7

3

5

7

Noel. HtR

TF Coll
Case

16.5
37.8
78.0

4.5

17.9

26.7

. Factor
TF Coll
Winding
Material

10.0
30.0
59.9

4.2

19.9

20.9

Nuclear heating factor Is defined as the
ratio between the maximum nuclear heating
due to the slot divided by the nominal
nuclear heating without slot In the same
reactor component.

TABLE 5. ATOMIC DISPLACEMENT AND THERMAL
INSULATOR DOSE FACTORS

Slot
Width

Type (cm)

Straight 3
Straight 5
Straight 7
24" Single
bend 3

24° Single
bend 5

24° Single
bend 7

Atomic Dls.
Factor

U.8
41.8
78.3

3.3

20.6

22.5

Thermal Ins.
Dose

Factor

13.7
44.4
91.1

4.7

20.3

25.3

TABLE 4. ATOMIC DISPLACEMENT IN THE COPPER STABILIZER AND RADIATION DOSE
IN THE THERMAL INSULATOR NORMALIZED TO 1 HW.y/ra2

Type

No slot
Straight
Straight
Straight
24° Single
24° Single
24° Single

Slot

bend
bend
bend

Width
(cm)

3
5
7
3
5
7

Atomic Displacement In the
Front 2 cm Section of the
Copper Stabilizer Relative

to the Slot Exit, dpa
Away

5.77-4(0.20)
2.23-3(0.21)
7.53-3(0.25)
1.39-2(0.26)
1.36-3(0.25)
4.04-3(0.20)
5.97-3(0.20)

6
2
4
1
1
1

Facing

81-3(0.33)
41-2(0.27)
52-2(0.26)
88-3(0.29)
19-2(0.41)
30-2(0.18)

Thermal Insulator Dose
Relative to Che Slot

Exit, rads
Away

2.25+9(0.19)
9.44+9(0.21)
2.82+10(0.21)
5.59+10(0.24)
5.96+9(0.25)
1.55+10(0.21)
2.57+10(0.18)

3
I
2
1
4
5

Facing

.08+10(0.
• 00+1K0.
.05+11(0.
.06+10(0.
.56+10(0.
.69+10(0.

24)
3D
30)
32)
25)
17)



life of the coll. Table 5 shows that the TF
coll has to be designed one to two orders of
magnitude below the radiation damage Units to
accommodate the slots in the li.')oard shield.

IV. CONCLUSIONS

This study demonstrates the strong Impact
on the TF colls of narrow slots between the
reactor segments.

The impact was quantified for the
straight and the 24° single bend slots as a
function of the slot width. The results show
one to two order of magnitude Increase In the
nuclear responses of the TF colls relative to
the no slot case typically used In the design
studies. The single bend has half the Impact
compared to the straight slot. The use of
more than one bend In the slot and a different
angle for the bend requires more Investigation
to Improve the shield performance.
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