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The first tokuwmuk experimental power reactor TPR-1 Reference Parameters
(CPR) is planned for opgration in the mid-1980's. The Plasma Subsystem Requirements
logic leading to the size of the ORNL reference
reactor, the technical features of the plasma and Plasma radius, a (m) 2.25
energy conversicn sysiems, and the predicted para- Major radius, R_ {m) 6.75
neters consistont with several operating modes are Safety factor, q{a) 2.5
discussed in this paper. The mechanical aspects of Maximum toroidal field, B___(T) 1i.
the blanket and shield systems ard an cvaluation of . i . max -
trheir nuclesr performance including tritium breeding, Toroidal field on axis, B, (7] 4.8
nuclear heating and radiation damage are zlso given. Plaswa Curreat, I (MA) 7.2
Plasma ecdge to winding distance, A (m) 1.55
Yolt-second, (Ves, Wh) 185
Plasma Svstem Parameters Injection power capsbility, Py (M) 50
- Deuteron cnergy, Eb (kev) 200
All of the objectives for the EPR lead to the Number of Injectors, N s ;
requirencnt that fast-charged particles, both fast . . ‘I , '
jions duc to injection amd theruonuclear-produced Kumber of toreidal.coils, N_ 290
,alpha particles, be efficiently contained within Yoruidal field ripble, §(0=0; r=a) 2.2%

the plasma volume. The device must he large cnough
to contain the drift orbits followed by these parti-

cles. This in turn suggests a high value of plasma Plasma Pevformance
current. The current is given by,
The scaling laws which ultimately will apply to
EPR-size plasmas are presently uncertain. A simulztion
I=2ub ) PA -1)a- A] ) model which is time dependcut znd includes dissipative
7 d; ’ trapped particle diffusion, pseudoclassical and neo-
o' A classical diffusion, conduction and convection losses,
impurity effects, radiation, cuil fueling, and ncutral
N . . . . beum inicction effects has been used to model the
where B is the toroidal field stremgth at the coil plasma behavior. The reference plasma described here

ma
winding, q is the stability factor, A is the aspect
ratio. a is the plasma rudius and A is the radial
distance from the surface of the plasma to the sur-
face of the toroidail field coil winding. For a given
plasma radius, I is relatively Insensitive to the
aspect rutio, A. Qualitatively, the distapcec 4 must
inciude the blanket and shield thickpess, insutlation,
and the necessary tolerances to permit rerote assem-
bly ond disassembly of these components. (uantita-
tively, A = 1.5 m. for a power-producing device with
a ¥ 2 m. which is the physical size anticipated for
an EPR plﬁsmu. The minirum acceptabic vaiue of qfa)
depends on the radial distribution of plasma current
density. Firally, the waximum toroidai ficld stremgth
chosen must be compatible with the expeciations for
advances in superconducting technology. These cri-
teria aud the requirements of long puisc time, a
compatihle neutral beam system and an acceptable value
for the torcidal field ripple® result in the choice
of the ORNL-EPR plasma-related paramcters as shown in
Table 1.

*Research spouwsovad by the Encrgy Research and Develop-
ment Adwinistration under comiract with Union Carbide
Corporation.

assumes that the dissipative trapped particle dif-
fusjon terms are 2 factor of 10 more optinistic thaa
those given in reference (2). Figurc 1 shows the
startup phase and apprecach to equilibrium for the
Pl: and I’[l;)‘p
Maxwellian eor background and beam-placsma producsd
fusion power ievels, respectively. P /S is the
neutron woll loading. The plasma ignites in ~ 5 u.

reference system described ahove, are the

In this opuraling mode the total fusfon pow
225 MW immediately before ignition and 175 My after
the beerws are terminated at ipnition. The neutron
wall loading is about 0.2 MW/m?, the jon temperature
is 9 keV and N 1. = 6 x 18" cm™?-s. In this case
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If a Bp: A could be.telersted, the same syston
could be operated differencly and at a signi<icantly
higher power level, Figurc 2 shows the ion teapera-
ture as a function of time for an operating wode

where the systew is initially impurity irce
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and neuiron, charged particle and chenjical sputtering
occur deving the prlue. The characteristic terpers-
ture of the particles interactang with the wall jo
assunicd to be 0,04 \Ti> or & percent of the average

ion temperature.  The fraction of the spettered
particles recurning to the plases and their contain-
“ment time in the plasta are given by fs and L
respectively.
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The chemical sputtering yield? is assumed to be
constant (0.03), the charged particle sputtering
yields are crergy dependent” and in the same ratios
as those given by Behrisch® for Nb. The absolute
values are nurmalized te that taken for deuterons
(0.043. Fer the long burning cases shown in Figure 2,
Pp ¥ 300 MK, p.l_‘ x 2.7, and P /5 = 1 ¥N/m®.  This case

results in P = 160 MK, or 160 Mw of heat loss which
must be removed hy cooling the first wall.

used.

Blunket and Shivld System

‘the phijorophy used to develop the reference
blanlet desipgn was that
with extrapelation to a fusion reactor.
couplud with the reguirements of useful heat produc-
tion, compatability with rewote assenbly, and the need
to dewonstrate tritium breeding in a3t least one module
rosulted in the design shown in Figure 3.
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Theice are 60 blanket segments which, when cliamped

legether and;seal-welded; comprise the plasma vacuoum
enclosurc, Ihese segwents are wedge shaped and are
95 centirclirs wide on the outer circumfercnce and
about 40 cchtimeters wide on the inner circumivrence.
The siie oY the scgments allows them to be loaled be-
tween the toroidal ficld coils thus permitting removal
of any or:all scgments for maintcnance without inter-
ferring vith the coils. Totally remote techniques
would be used in the assembly and disassembly
procedurcs.

ATl structurc is 316 stainless steel, and the
wrinciple neutron absorber material is liquid retal.
For the experinental breeding wmodules, lithium is
For the non-breeding modules either sodium or
potassium is used. The blanket is cooled by helium
at a pressure of 70 atmespheres. The helium inlet
temperature is 260° € and the outlet temperature is
373° C.

The blanket section (Sec Figure 3} is composzd of

threec basic regions inside of & stzinless steel, wedge-

shaped, circalar structure. The first region, which
containes liquid metal is 25 centimeters thick. This
section absorbs sbout 52% of tl.e neutron and gamma-ray
energy produced. In the case of the breeding module,

ity features wust be consistent
This restraint

it produces most of the tritium.

The first two rows

of coolant tubes are in series so that the ceolant
first passes near the inner wall to remove the heat
deposited there by plasma loss processes. The heilium
then flows through the second row of tubes and into
the outlet header. The liquid metal conducts the heat
from the first wall structure to the coolant cubes,

The second region is 10 centimeters thick and is
composed of graphite. This reflector mnoderstes and
scatters the fast peutrons so that a high fraction of
them return to the lithium. The slower neutrons are
captured by ®Li in the breeding modules.
reflector is cooled Ly radiation from all faces to the
cooler prrtions of the blanket.

This graphite
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The thivd region is the gamma-ray shicld which
consists of concentric stuinless steel shells with
ahoui 0.& centimeters of liguid metal between them,
A third row of covlant tubes is included to rerove
heat from the shield. Again, the Jiquid metal
provides a conduction path to the tubes,

‘The blanket design is presently capatie of
performing under the operating conciticns shown on
Figure 1. 1n the high power wode (cf. Figure 2) or
a beaw driven wode. the plasms losses approach 160 Ma;
and the neutron loading is < 640 My, This is the most
scvere casc of EPR operation presently visvalized,

For this case the thermal stress in the first will is
teo high., 7This problem will be solved by changing
the blanket first wall from a slab geometry to 2
structured wall,

The tempeuratures, pressures, pumping power, and
other thermal-hydruulic psramcters for this blanket
concept when it is operzted in the driven mode
{plasma losses are 160 MW and neutron loading is
240 MW) are shown in Table II,

Table 11

Results of Thermal-Hydraulic Calculations
for the EI'R Reference Elanket Design

Fusion Power, W{th) 300.
Neutral Feam Power to Plasma, Mw(th) 100.
Total Power {rom Plasma, (Losses and

Fusion) Mi(th) 2 400,
Heat Deposited, First Wall Mw/m 0.27
Neutron Wall Loading M¥/mé 0.40
flelium Flow Rate, Kg/s ° 658.
Helium Inlet Temperature, C 200.
Helium Outlet Temperature, °C 371.
felivm Pressurc, atm 70.
Helium Puiping Power, MW; % Cutput 22.;5.%
Max. Temp. in Graphite Curtain, °C 1,776.
fax. Temp. in §5. Blanket Structure,

o¢ €04,
Max. Terp. in Lithium, °c 502.
Max. Temp. in Graphite Reflector, °c 789.
Helium Tube Bank 1 2 3
Cooling Surface Area, mz 1523, 1673 1772.
Average Gas Vclocity, m/s 76. 83. 22,
Surface Heat Flux, w/emé 16. 5. 3.

Nuclear Performance

All of the neutronics calculations were carried
out using the one-dimensional discrete ordinates code
ANISN,® using a P3 scattering expansion, amn Syz quad-
rature, and the coupled neutron-go -¥ay Cross-
section iibrary (100 n - 21 y) of Plaster, Santoro,
and Ford.” Encrgy deposition in the reactor was
estimated using coupled ncurron-ghoton rerra factors
obtained from MACKLIB® and $44G,? respectively.
Radiation damage was caleulated using the displace-
ment cross scctions of Gabriel, Amturgey. and Greene
and (n,p) and (n,a) reaction cross sections from
ENDF/B-4.

10

The nuclear performance of the EPR reference ¥
design was estimiled using the configuration shown
in Figure 4 and previcusly described. Due 1o the
numerou., operating modes possible, 2 standard case of
100 MW snurce neutron wall loading (- G.2 Ha/m")

wias used here,  Also, i1on was tuken to be the
structural material recopnizing that, in practice, o
stainless-steet alloy or refractory metal alloy will
probably be used.
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Figurc 4

The necutron flux is reduced dv & factor of tie
order of 7 in passing through the blanket and is
further reduced by a factor of the order of 700 in
passing through the shield. The blanket and the
shicld combine to produce @ neutron attenuation of
approximately 4900.

Although tritiun breeding is not 3 majer recuire-
ment for the EI'R, it must be demonstrated in a fos
breeding blanket wodules. In the calculations wnd
as shown im Figure 4, natural lithiun is used as the
breeding material. The total breeding in the veference
design is 1.213 tritium nuclei per incident necutron.
The contributions to the total treudine from ‘Li and
7Li in the several zones arc summarized in Table III.

/

Table 11X

Tritivm Breeding Ratic

Tritium Nuclei
Incident Neutron

Zone Description ReLi R7Li Total
S  25-cm Absorber  (.619 0.434 1,053
9  2.5-cm Absorber 0.111 0.007 0.]18
11 0.5-cm Absorber 0,016 0.001 0.017
13 0.5-cm Absorber 0.013 0.0005 0.014
15 G.5-cm Absorber 0.012 0.0003 0.012

Total 0.443 1.213

Since the EPR is being designed to produce clec-
trical power, the blanket nust absorb a sufficicnt
fraction of the fusion neutrons and sccondary garia
rays so that the hlanket coolant temperature can he
raised high crough to permit efficient conversion to
electrical power. The energy-deposition rate as a
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function of radial distance from the plaswma center is
shown in Figure 5.
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Figure 5

Notc that the abscissa is offset by 200 cm. The solid
curve shows the radial dependence ef the heating due
to neutrons and pamma rays and the curve bearing the
tick marks shows the radial dependence of the heating
from neutrons only. The heat deposition occurs pre-
dominantly in the blanket follewed by a somewhat
rapid reduction in the heating through the shield.
The effectiveness of the iron and the lead layers

in the shield in attenuating gamma rays gencrated

in both the blarlet and the shicld and converting
them to  heat in the shicld rather than in the
cryogenic TF coil is shown clearly in the large
differences between the two curves for these
materials. The structure in the two curves in the

1F coil recion shows the contributicns to local
ticating freir the copper coil windings and their iron
enclosures.,

The total fruction of ciergy deposited in the
blanket assembly is £9.8%, which is consistent with
the design specification for Y0% encrgy deposition
in the blanket. Jhe graphite curtain and the shield
absorb 10.1% of the total heat, and the remainder
(<< 0.1%) is absorbed in the TF coil assenbly.

Estimates of the radiation damage in the first
irou wall and in the first copper winding in the TF
coil are given in Table IV,

Table IV

Estirates of Radiation Damage

Hydro§en Atoms Helium Atoms

dpa/year cm’® year cm’® year
First lron Wall
1.89 4.73 x 10'® 1.47 x 10'®

(56 appm) (18 appm)

First Copper Windirg
in 1F Coil

8.71 x 10%!

4.20 x 1078

3.75 x 10'?

These results are continuous operation for one year at
a source neutron wall loading of 0,168 ME/u?.  The
displacement cross sections uscd in arriving at these
values have thresholds of 40 ¢V for iron and 30 ¢V for
copper. At the zssumed power ievel, the atomic-
displacement rate and the gas-producticn rate are low
and do not represent a significant level of damage to
either the first iron wall and, most certainly, to
the copper windings in the TF coil.

1f these data arc extrapolated to a wall loading
of 1.0 Mi/m?, the atomic-displacement rate is 11.25
dpa/y, a value that is consistent with the rates
predicted by Kulcinski, Doran, and Abdou!? and by
Williams, Santoro, and Gabriel.!? It should be noted
that in both Rcferences 11 and 12 stainless-steel ailoys
rather than just iron were used in calculating the Zpa
rates. Correspondingly, the hydrogen- and helium-
production rates in the first iron wall increase to
2.82 x 10"° hydrogen and 8.80 x 10*° helium atums per
year, respectively. These values correspond to 334
and 104 appm per ycar, respectively, and are_consis-
tent with values obtained by Abdcu and Comn’® in their
comparison of radiation damage in several firsi-wail
materials. At the higher wall loading, the dpa and
gas-production rates are still low in the TF-coil
windings.

Conclusions

The energy production and cemversion systeas
aspects of the ORNL-EPR descriked in the text were
developed from a broud scoping study performed pre-
viously. Detailed physics and engimcering design lie
ahead. The effort thus far has been to jocate ihe EFP
in a very complex multi-dimensional pzremeter spocce.
This task is complete. The EPR as described will be
capable of produzing several hundred thermal necpawaits.
¥ith scaling marginally irproved beyond that presently
predicted, a demonstration of breakeven will be
achieved. The blanket, shield snd cooling systens are
sufficient to make the heat avaiiable at a high temper-
ature datum and to shield the cryogenic systems riom
excessive inputs as well as provide suitable bhiological
protection.
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Figure Captions

Figure 1. lusion power outpuls, toenrersatar
amd nmeutron wall loading us u function of
time.

Figurc 2. lon temperature vs. burn time
(sputtering case).

Figurc 3. C(alculated temperatore distri-
bution in the refercence design, at 5
azimuth locations. [Driven system - 400
MW (th)].

Figure 4. A schematic diagram of the EPR
refercence design used 1n the onc-disension:)

calculutions.

Figure S.
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