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Abstract

STARFIRE is 2 conceptual design for a commercial
tokamak powsr plaat based ou the deuterium/tritium/
fithium fuel cycle. STARFIRE operates in a steady
state mode with the plasma current driven by lower
hybrid rf. The plasma impurity control and exhaust
system is based on the limiter/vacuum concept. The
reactor has a 7-m major radius and produces 4000 MW
of therzal power with an average neutron wall load
of 3.6 Md/m“. The first wall/blanket structure is
PCA stainless steel, A solid neutron multiplier
(ZrsPb3) and a solid tririum breeder (LiAl0p) are
utilized, The primary coolant is pressurized water
{15.2 MPa) with inlet and outlet temperatures of
280°C and 320°C, respectively. N

1.9 Introduction

The basic purpese of the STARFIRE studyl is te

‘develop a design concept for a commercial tokamak

fusion electric power plant based on the deuterium/
tritium/lithium-fuel cycle. This paper summarizes
the major features of the reference reactar concept
ard describes in detail the energy conversion sys-—
rets of the reactor and power plant. The basic de-
sign guidelines for STARFIRE assume the successful
operation of a tokamak engineering test facility
and a demonstratlon power plant. STARFIRE is con-
sidered to be the tenth plant in a series of commer—
cial reactors. 1t is, therefore, assumed that a
well-established vendor industry exists and that
utilities have gained experience with the operation
pf fusion plants.

Safety has played a major role in considering
various blanket options. Solid tritium breeders
instead of liquid lithium have been emphasized in
this study. In additiom, efforts have been made
to minimize the tritium inventory in the plasma
exhaust processing systems and the radicactivity
induced in the materials in the magnets and shield.

reactor concept while increasing the attractiveness
of the reactor with respect to safety and environ~
mental features.

Availability goals have been established as 85%
for the reactor and 75% for the complete plaant

' including the reactor. These goals provide a basis

for design of maintenance equipment. The maintenance
scenaric incorporates the current utility practice
of shutting down annually for cne month and a four-
month shutdown approximately every five to ten

years.

2.0 Overview of the STARFIRE Coucept

The major parameters of STARFIRE are summarized
in Table 1. An isometric view of the reference de-
sign is shown in Fig. 1. This section provides an
overview of the reactor concept. The reactor and
plant energy conversion systems are described in
more detail in Sec. 3 and 4, respectively.

Past and ongoing research in plasma physics
indicates the possibility that torcidal plasoa
currents may be maintalned in tokamaks with nonia-
ductive external momentum sources to the electroms.
This suggests that steady state may be an achievable
mode of operation for tokamaks. Steady-state oper—
ation offers many technological and engineering
benefits in commercial reactors. Among these are
that component and system reliablility is increased,
material fatigue is eliminated as a serious concern,
higher neutron wall loads are acceptable, thermal
energy storage is not required, the need for an
intermediate coolant loop is reduced, electrical
energy storage is significantly reduced or elimi-
nated, a full-size ohmic heating solenoid is mot
needed, and external placement of the EF coils is
simplified.,

The lower hybrid wave has reéeived the most ex-
tensive study for current drive in tokamaks, and on
this basis it was selected for the STARFIRE design.

The major features for STARFIRE. include a steady- A plasma equilibrium was selected with a total

state operating mode based on a continuous rf lower-
hybrid current drive and auxiliary heating, solid
tricium breeder material with no liquid lichium,
pressurized water cooling, limiter/vacuum system

for jmpurity control, all superconducting EF coils
cutside the TF superconducting coils, fully remote
maintenance, and a low-activation shield. These
features have resulted in a simplified tokamak

*
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current of only 10 MA. For the aspect ratio’
(A = 3.6) and elongition (x = L.6) characterizing
the. D-shaped plasma cross section of STARFIRE, the

plasma was found to be stable to at least the design

value of 8¢ = 0.067 against interchange, ballooning,
and low-mode mumber kink plasma MHD instabilities.
For STARFIRE, the antenna must deliver 63 MW at L.4
GHz. Enough power is lost to the sidebands that a
total of 90 MW must be absorbed in the plasma. The
total electrical power requirement for the rf sys-—
tem is 150 MW.
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. .2lectrical power, MW
Gross electrical power, M
Fusion power, MW
'mermal pover, MW

Gross rurbine cycle
efficiency, %

gverall availability, %
Average neutron wall load,
/st .
Major radius, @
flasua half-width, m
plasma elongatien (bfa)
plasma current, Ma
Average roroidal beta
roroidal field on axis, T
Kaximun toroidal field, T
Ho. of iF coils
IF coils material

Blanket structural material

Tritium breeding medium

Heutron multiplier

First wall/blanket coo lant

1200
1440
3490

" 4000

36

75
3.6

7.0

1.94

1.6

10.1

0.067

5.8

1.1

12

Kb 35n/Nb1‘iICuISS

Austenitic steel
(modified, PCA)

a-L1iA10,

ZrsPby (solid)
ot Be

Pressurized Hz0

i ‘
A 5 MW electron cyclotron resonant heating (ECRH)

system, inducing 1-2 MA of plasma current with 0H
coils and building up and sustaining the 10-MA
plasma current using an rf system. Plasma fueling
is accomplished via gas puffing or possibly peliet
or plasma gun injection.

An important design consideration is the choice
of the plasma impurity and alpha-particle removal
concept. Investigations in this study indicate that
modest pumping of helium with a limiter/pumping sys—
tem (v 25% of the alpha-particle flux) coupled with
ahout a 1.5-T margin in the maximum toroidal field
should eliminate the need for a divertor. This re—
sult is based on the provision that a significant -
portion of the alpha—particle'heating power can be
radiated to the first wall rather than be deposited
on the limiter. -In general, a non~divertor cption
is greatly preferred from an overall reactor engl-
neering point of view.

~ During plagma operation the plasma impurities,
including alpha particles, are removed using 2
limiter system and continuous vacyut pumping. The
limiter consists of tantalum segments which form a
continuous toroidal ring at the reactor guter mid-
plane. The limjter is subjected to a peak heat flux
of 4 MW/m? and is cooled with 150°C water which is
used for feedwater heating. As particles impinge
on the limiter, ~ 25% are directed into a slot be—
hind the limiter. These particles are then pumped
through a vacuum plenum region between the blanket
and shield into 24 vacoum ducts at the tep and
bottom of the reactoX. Forty—~eight exryesorption/
cryocondensation pumps are used. Twenty-four of the
pumps are operated while the remaining twenty-four

WATER COOLANT
INLET & QUTLET

 SEGMENTED" .
COPPEREF COWS i~

Fig. 1. STARFIRE reference design - isometric view.
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The limiter/vacuum system achieves a very high
fuel wutilization efficiency, having a tritfum
‘fraction burnup of 35%. As a result, tritium flow
rates in the fuel cycle are very low, about 1 kgfday
or 250 g/CWth-day. By comparison, most previous
reactor designs have 2 much lower fractional burnup,
1-10%, and the corresponding fuel cycles have to
process 1-10 kg/GWth-day. The tritium inventory
considered to be vulnerable to accidental release
is < 400 grams,

Another key design consideration is the location
of the equilibrium field (EF) coils. The basic de-
sign approach is to locate almost all the EF coils
outside of the toroidal field (TF) coils. All such
EF coils would be superconducting. A limited number
of segmented copper colls are located inslde the
TF coils, but outside of the blanket and shield.

The reactor magnet system consists of 12 TF
coils, 8 superconducting EF coils, 4 normal conduct-
ing EF coils, and 6 OH coils. Two of the OH coils
are corbined wich the EF coils to simplify assewmbly.
No intertwined superconductors are used and the
normal coils are segmented to permit maintenance,
The TF coils have a common vacuum dewar at the inner
coil leg and separate vacuum dewars on the outer
leg. TF coil overturning moments are reacted
through the 4°K center post and room temperature
shear panels between adjaceant TF coll outer legs.
The roonm temperature TF coil case also supports
the EF colls and the shield assembly. The vacuum
pumps utilize an additional support frame.

The first wall is an integral part of the blan-
ket structure (see Sec. 3.0). The blanket is seg-—
mented toroidally into 24 sectors to permit Wwemoval
between TF coils. Two different sector sizes are
used to permit location of the high-pressure coolant
line disconpects outside the vacuum chamber. The
firgt-wall and structural material is PCA stainless
steel that operates at A 423°C maximum temperature
when sub%ected to an average neutron wall load of
3.6 MW/m*. The first-wall blanket is cooled by
water with inlet and outlet temperatures at 280°C
and 320°C, respectively, This permits cperation
of LiAl02 solid breeder material within a proper
temperature range to enhance tritium release without
sintering. A helium purge stream is used to extract
the tritium,

The first-wall/blanket sectors also provide
mounting for the 12 ECRH and 12 lower-hybrid wave-
guides, the fueling ports, and the limiter system.
The waveguides and fueling ports are located on
the sector between TF coils. The first wall,
limiter, and waveguides are coated with beryllium
to minimize the effects of sputtered impurities on
the plasma. The first wall/blanket, limiter, and
waveguide assembly ave designed for a 16 MW—yr/m?
life. Blanket sectors are manifolded segaraaely to
permit 1eak detection and isolation.

The shigld.provides neutrTon andqgamma-rayff\ .

- attenuation end serves as the primary vacuum bound-
-ary for the plasma.. The outer shield is composed.

of titanium, lead, By4C and Hy0, which offers
significant environmental advantages with respect
to minimum radicactive waste considerations., The
shield is assembled from 12 sectors and 12 shield
rings. Dielectric breaks are located in six of the
shield rings near the outer surface of the shield
to limit the radiation dose to 1010 rads. The
Kapton dielectric seal is factory installed and
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designed for life-of-plant coperation. Removable
shield doors? are located between TF coils to ermit
blanket sector removal. The shielding is » 10° rads
s0 that elastomer door seals can be used. Redundant
seals and dielectric breaks are used to permit leak
detection and isolation.

A steam power conversion system {Sec. 4.0) with~
out an intermediate heat exchanger is utilized to
convert the reactor thermal energy to electrical
power. Two separate heat removal circuits are
utilized, one for the first wall/blanket and the
other for the limiter. The power deposited in the
limiter (200 MW) is used for feedwater heating while
the recoverable power (3800 MW) from the first wall
and blanket is used to produce steam at 299°C and
6.3 MPa. The steam is then used in a turbine-
generator unit for producing 1440 MW of electric
power. The net electrical power is 1200 MW with
240 MW recirculating power for the rf system,
coolant pumps, and other reactor subsystems.

3.0 Primary Enerpy Conversion System

The 4000 MW of thermal power in the STARFIRE
power plant is recovered from two components, The
first wall/blanket component produces 3800 MW, which
is transported into the steam generator by pressur-
ized water at 320°C, Approximately 200 MW is pro-
duced in the limiter and is removed by a low pressure
{~ 2.8 MPa) water coolant at 165°C., This low tempera-
ture heat is utilized for feed-water heating in the
turbine cycle. In addition to the 4000 MW of re-
coverable energy, low-grade heat (< 100°C) is pro-
duced in other reactor components such as the shield
and lower~-hybrid rf grills.

This section presents the key aspects of the
primary energy conversion system in STARFIRE.
Section 3.1 is devoted to the first wall and blanket
while Sec. 3.2 describes the limiter component.

3.1 First Wall/Blanket

The selection of the first wall/blanket design
for STARFIRE evolved from a detailed examination of
promising material options and design concepts.
Major emphasis has been placed on safety and environ-
mental acceptability, with primary goals that io-
clude minimal stored chemical energy and lew tritium
inventory in the blanket. The primary focus in the
study has been on concepts that utilize solid lithium
compounds for the tritium breeding material.

3.1,1 VNeutron Wall Load

A key parameter in characterizing the opera—
tional environment for the first wall and blanket is
the neutron wall load, Another very important and
related parameter is. the surface heat load on the

First wall.r

The maximum value of the surface heat load is

' 257 of the neutron-wall load. In.the—presence of - .
. a plasma. impurity control and exhaust sysStem, the - .
surface heat load can be- significautly reduced as the - .-
. plasma radiation decreases. and.the charged partfcles.: .=

diffusing out of the plasma are diverted avay from

_the first wall. While this reduces the surface heal.

lcad, and hence therual stresses, on the: first ‘walk,’
the heat load becomes intolerably high-on the small
surface area of the collector plate of the divertor
or limiter. The STARFIRE strategy is to radiate

most of the alpha-heating power te the iarge surface
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arza of the first wall by injecting a small amount
of aenon along with the deuterjum—tritium fuel

stream. Since STARFIRE is operated in a steady-—
state mode, a modarately-high surface heat load on
rpe first wall can be tolerated. ;

A higher neutron wall load permits a smaller
size reactor and lower capital cost. On the other
pand, there are limitations on the maximum neutron
wall load. There are constraints on the maximum
power density producible in the plasma. Further-
pors, importaat considerations in the design of the
first wall, such as the maximum structural material
tezperature, structure lifetime and coolant pumping
power liait the maximum allowable neutron wall load.
prade-off studies” to minimize the cost of energy
in STARFIRE resulted in selecting an average neu—
troa wall load of 3.6 MW/m?. These results assumed
1€ Hﬁ-yrimz for the stainless steel structure and a
total cuoulative downtime for replacement of the
first wall and blanket structure of 125 days. The
gverage surface heat load is 0.9 MW /m?2. A peak-to-
gverage ratio of ~ 1.2 is estimated for the

reference desiga.

3.1.2 Choice of Coolant

The choice of coolant has a substantial impact
on the design, operation, maintenance, safety, and
economics of a fusion power plant. The promising
coclant types are liquid metals, molten salts,
kelium, and water. Liquid lithium offers unique
advaatages. It can simultaneously perform the
fucctions of tritium productiom, heat deposition,
and heat transport resulting in a simple low
pressure systen. It is also compatible with most
structural materials. However, the potentialksafety
problems associated with the relatively large stored
chezical energy in liquid lithium systems provide an
incentive for seriously examining other options.

A promising system is a non-mobile solid lithium
cozpound blanket with helium, watex, or 2 molten
salt as 2 coolant. The advantage of low operating
pressure with molten salts is outweighed by the
disadvantages of higher melting temperature,
inconpatibility with many structural materials and
induced radicactivity problems. Therefore, helium
and water are the only two attractive candidates for
cocling solid-breeder blankets. A comparative study
of the two coolants was performed. The study

proved to be rather complex as there are approxi-~
mately 13 technical areas of the reactor affected

by the coolaat choice, Nevertheless, the study
showed clear advantages for the choice of water for
the corditions of STARFIRE, Key points from the
study are summarized below.

Helium cooling is an advanced technology with
potentially higher coaversion efficiency than
pressurized water, However, a key problem that
fust be clearly recognized is that there is no
structural material identified at presemt that can
operate at high temperature, iIs compatible with
practical levels of impurities in helium, and has
good resistance to radiation damage.  Structural
paterial temperatures < 500°C are not capable of
utilizing the full potential of helium. Vith
modified austenitic stainless steel, the maximua
coolant exit temperature is 475°C with helium and
320°C with water. The obtainable thermodynamic -
efficiency depends on the steam temperature which
in turn depends on the pinch-point temperature
differcace in the steam generator. To keep the

cost of the steam genmerator reasonable, a picch
point of ~ 10°C is normally maiatained with water
and ~ 50-100°C with helium. The gress therwo-
dynamic efficiency, n, is in .the racge of 36-39Z
for helium coolant and 34-36% for pressurized water.

Another major difference betwaen the two
coolants is the pumping power requiremests. These
are low with pressurized water, typicaliy % 0.3%
of the thermal power. The pumping power for heliu=
is generally large and is approxinately inversely
proportional te the square of the heliuz pressure
and coolant temperature rise. Helium ccolant
pressures much in excess of 1000 psi reguire
extrapolation in technology. The ragnjitude of the
coolant temperature rise is severely lizited by the
constraint on the maximum coclant exit temperature
discussed above. It was estimated that the pumping
power for helium at 1500 psi is ~ 3% of the thermal
power,

In STARFIRE, stipulation of a solid breeder
blanket is an important feature. All useful solid
breeders that satisfy the tritium rscovary and
material compatibility constraints {(with the possi~
ble exception of Liz0) require a nsutron pultiplier
and have much lower rritium breeding potential thaco
liguid lithium, The relatively large percentage
of the structural material required witk the heliuam
coolant does not permit development of blanket de-
signs with a reasonably conservative margin in the
tritium breeding ratic. It was coacluéed from the
neutronies analysis that a blanket breeding region
must be placed on the inner side of the terus. This
conclusion strongly impacts the helium/vater compari-
son in view of the negative effect of void space ia
the inner blanket on tokamak reactor performance
and economics. For a given plasma geomstry, beta,
and maximum roroidal field, the fusion power varies
with the imner blanket/shield thickness, Aﬁs, as

’ it
P E(R-a—AvFABS)
f r
R

where R is the major radius, a is the plasma half-
width, and 4, is the scrape—off thickness. For
STARFIRE, R = 7 m, a = 1,94 m, and 4y = 0.2 n.

The required blanket/shield thickness with water
coolant is &pg = 1.2 m.

Helium requires ﬂés =1,2 + 6§, wherza § is the
equlvalent thickness of the void space for the
helium coolant in the inner blanker. Salid breeder
blanket module designs were developed iz sufficient
detail to permit reasonable estimates of 6. The .
void space can be reduced by increasing the helium
pressure, Furthermore, clever routing of the
coolant manifolds and locating the headers further
away from the widplane substantially reduces §,
but also significantly increases the coolant pumping
power requirements. The minimum value obtaioed in
"acceptable designs is § = 0.18 n. - )

Table 2 shows a comparison of STARFIRE per-
formance with water and helium coolants, The void
space thickness with helium cooling is taken as
6.18 m and has a substantial impact on-the results
of the comparison. For the conditions considered
here, the net electrical power cutput is 1200 and
985 MW with pressurized water and heliuwn, respec-
tively. The cost of the primary coolant loops
{pipes, pumps, and sceamfgenerators) {is-much more
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Table 2. Summary of Key Pointa in the Water and

Helium Coolants Comparison for STARFIRE

(Reference parameters: R =7 m, a = 1.94 n,

b, =0.2m, By = 11.1 T, Bt = 0.067)
Water  Helium

Pressure, psi 2200 1500

i
Bpgs @ 1.20 1.38
Bo' T 5.80 5.52
Thermal power, MW 4000 3273
Coolant exit temperature, 320 475

L]
c :

Gross thermal efficiency, X 36 39
Gross electric power, MW 1440 1305
Coplant pumping power, MW 15 95
rf electric power, MW 150 150

ther auxiliary power, MW 75 75
Net electric power, MW 1200 985
Cost of primary coolant 45 102

loop, $M
$/kWe (relative) 1.0 1.2
expensive with helium than with water. The net

effect is that the cost per unit power is v 20%
higher with helium than with watexr for the typical
conditions in STARFIRE., Several other areas of
comparison between the two coolants were considered
bug they were found to be less important than the
areas discussed above.

This study concludes that for the reference
STARFIRE conditions the cost per unlt power is " 20%
higher with helium than with pressurized water
cooling, Helium has many attractive features but
it is pot -economically competitive if constraints
derived from present knowledge are imposed. Several
requirements for effective helium utilization can be
jdentified. The most important of these are the
developmeat of a high temperature (> 600°C} struc-
tural material compatible with practical levels of
impurities in helfum and resolving the problem of
vold space in the inner blanket,

Heavy water (D;0) has several advantages com-
pared to Ho0. Processing of tritium from the
water coolant is less difficult for Dp0 and deu-
terium leakage from the first-wall coolant into the
plasma chamber 1s less detrimental than hydrogen.
Another important advantage of D30 relates to the.
lithium burnup and energy distribution in the solid
breeder. As discussed in more detail in later
sections, the D0 gives a more uniform burnup.and
. g¢nergy distribution., The major disadvantage of -
D0 is its high cost. This led to the selection of
Hal. . B

1.1.3 Haterlals Selection

The development of the reference STARFIRE flrst-
wall/blanker design involved numerous tradeoffs in
the materials selection process for the breeding
material, coolant, structure, neutron multiplier,
and reflector. With the limited scope of the

present paper, only the major parameters and proper—
ties that impact materials selection and design
criteria are discussed, Additional details are
given in the STARFIRE design repart.l Table 3
summarizes the primary candidate materials consider—
ed for STARFIRE and indicates the materials se-
lected for the reference design.

Table 3. Candidate and Reference First-Wall/Blanmket
Materials
Neutron
- mul ti-
Breeder Coolant Structure plier Reflector
A, a-LiAX0s Pressur~ Austenitic ZrgPby  Carbom
ifzed S5 (adv.
water alloy)
B. v-LiAl0, Pressur- Ferritic Be D,0/55
ized steel
i 55
L12T103 water Zr Hzol
Lizs 10 3 Bel ZrxC
Ph-Bi
eut.,
€. LizPby  Helium  Ti alloey PbO
Lis0 V alloy Pb
Lip2t03 Ni alloy Bi

A. Reference material for STARFIRE.
B. Other primary candidate materials.

C. Materials assessed but not candidates for
STARFIRE.

TritiumBreeding Material

The STARFIRE study has focused oa the use of
solid tritium breeding materials; and hence, liquid
1ithium, liquid lithium alloys, and moltem salts
have not been considered. Important criteria con-
sidered in the selection of potentially wiable solid
breeding materials include chemical stability,
compatibility, neutronics properties, and tritium
release characteristics. The a-LiAl0; is selected
on the basis of the best combination of these |
materials requlrements. It is one of the most stable
compounds considered and compatibility should aot
be a major problem. Adequate breeding Is attain-
ghle with the aid of a neutron tmltiplier and the
tritivm release characteristics are mearly as gaod
as any of the candidate compounds, The primary

_advantapes of 0~-LiA}0; compared to y-LiAlO; relate

to the higher density, which will result in a:
thinner breeding zone, and the fact that a is the
stable phase at temperatures below % 900°C,  The .

. major disadvantage of Li,Ti0; is & lack of dara

base, A slight potential advantage of this com-

_ -pound is its lower long-tern activation coupared .to .
- the aluminate.

The silicate is similar to the
abovée coimpounds, but because of its lower melting
temperature, its chemical stability and compati-
bility characteristics are not as .good. "~~~
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Tahle & summarizes the allowable operating
remperaturs ranges for the candidate compounds
that have been predicted from available thermo-
dynaeic data. The low-temperature limits, which
are defined by tritium diffusion kinetics in the
solid, are based on very small (~ 1 um) grain size.
The upper temparature limits are based on sintering
characteristics of the solids which would clase
intarconnected porosity and inmcrease the diffusion
path. Allowances for radiation-induced trapping
of tritium at tne iower temperatures and radiation~
induced sintering at the higher temperatures are
jndicated.

Table 4. Predicred Temperature Limits for Adequate
*  Tritium Release from Solid Breeding

Materials
Unirradiated Irradiated

Melting

Teop., Tain? Toax? Tata? Taax?
Material °c °c °¢ °C °C
Li,0 1760 360 _1000 410 910
LiAld, 1610 450 1000 500 850
11,5103 1209 370 900 420 610°
Li,51 7€0 430 550 480 420
Lial 700 250 500 30 380
Li,Pb, 726 | 270 530 20 W0

2 :39°C if significant burnup of lithium eccurs.
&

The ceramics are preferred over the inter-—
retallic compounds for the reference solid breeding
material because of the larger allowable operating
temperature ranges. On the basis of this criterion,
Li;0 and LiAl0, appear Lo have an advantage. How-
ever, the calculated solubility of tritium in Lip0
at these temperatures and at reasonable T,0 partial
pressures in the tritium-processing stream {> 1071
Pa) is much greater than 100 wppm. Since this con—
centration translates to more than 35 kg of tritium
in the blanket, Li;0 was not selected for STARFIRE.

Selection of the Structural Material

Six classes of materilals generally considered
as candidates for the first-wall/blanket structure
are austenitic stainless steel, high-nickel alloys,
titanium alloys, vanadium alloys, niobium alloys,
and ferritic steels. Although the structural ma-
terials limitations were an important consideration
in the selection of other blanket materials, the
justification given here far the. structural material
choice is based on the specified coolant and breeder
waterial, Nickel alloys are eliminated primarily
.on the basis of poor radiation damage resistance
~(embrittlement), no physical property advantape
(*hermal stress factor), and ‘1imited mechanical
property advantage at temperatures required for .
water coolant. Titanium alloys are not considered "
viable candidates for the first-wall region because

of their affinity for hydrogen. Vanadium and niobium

alloys were eliminated because of their poor corro-
slon resistance in water and limited mechanical ad-
vantage at low operating temperatures.

The major focus has been on the tradecffs be-
tween austenitic stainless steels and the ferritic
steels, Table 5 sumnarizes the comparativa ad-
vantage of an advanced austenitic stainless stesl
and a ferritic steel for tha structural material.

Ta addition to the design specific censiderations
listed in Table 5, the major drivers iz the selec~
tion of the austenitic stainless steel relate to its
ease of welding, its nonmagnetic properties, and the
potential increase in the DBTT of ferritic steal
after. irradiation.

Neutron Multiplier

In order to achieve adequate tritium breeding
with the primary candidate breeding materials, a
neutron multiplier must be incorporatad in the blan—
ket. The most promising neutron multinlier materials
are listed in Table 3.

Table 5. Comparative Analysis of Advznced Austenitic
Stainless Steel versus Ferritic Steel

Advantages of austenitic stainless stael:
Ease of welding

-~ no post-weld heat treatment
~ higher reliability

Mechanical properties less sensitive to compo-=
sition and heat treatment

Lower BBTT

Lower corrosion mass transfer in water

Non~magnetic

Advantages of ferritic steel:

Lower radiation swelling
Lower radiation creep

Better physical properties — thermal
conductivity and thermal expansion

Moderately lower activation

Design specific considerations:

Steady-state operation tends to reduce physical
property (thermal stxess factor) advantage of
ferritic steel

Water coolant and lower structurz temperature
tends to reduce radiation damage advantage of
ferritic steel’ o o
Long—tetm-a:ti#a:ibn (> 30 yr) results pri-
marily from molybdenum (v 12 in ferritic steel;
2% in sustenitic steel) :

'Burﬁup of solid bfeedet poses additional blanket
lifetime limitation T .
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The lead and bismuth are acceptable in most re—
spects, but the lead-bismuth eutectic alloy is pre-—
ferred to either lead or bismuth. The lead-oxide
is less desirable because of its very low thermal
conductivity, high mass (relatively large thickness
required), and compatibility problems. The
beryllium oxide is considered the optimum multiplier
for concepts in which the multiplier is homogensous-—
ly mixed with the breeder. The primary concern

with zirconium is the marginal multiplication.

That for lead-bismuch is the fact that it is a liquid
liquid metal which has some compatibility problems

at high temperatures. Beryllium provides high
multiplication but is subject to radiation swelling
and relatively high burnup, produces significant

gas from transmetations, and produces relatively
high burnup gradients in the blanket, A major
advantage of beryllium is its light weight and
relatively thin mulciplier zone requirement. An
attenpt to find a material with the benefits of

lead but which is solid at anticipated operating
temperatures led to the consideration of the

compound ZrgPbi. Although the data base is limited,
this material reportedly melts at 1400°C and has
a calculated density of 8.9 gfemd. Beryllium is
identified as a backup for the neutron multiplier.

Reflector

Primary candidates for the reflector are Hy0
or D,0 contaimed in austenitic steel, graphite and
carbides such as SiC or ZrC. The H,0/stainless
steel provides the thinnest reflector region.
Graphite requires a thicker reflector zone but
results in miniwal activation products. With both
the water and graphite, an austenitic steel with
low molybdenum content is proposed to reduce long-
term activation. Stable carbides are considered
to mitigate the potential for carburizarion of the
steel at high tewmperatures.

FIRST WALL

NEUTRON
MULTIPLIER

BLANKET MODULE

@

Fig. 2y Schematic diagram of STARFIRE blanket concgept.

~Em - \_ﬂ 1
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3.1.4 Design of Blanket Modules

Several design concerts have been considered
for integrating the breeder, structure, coolant,
neutron multiplier, and reflector into an optinized
blanket design. The addition of each of these
compenents significantly impacts the design and
material compatibility problems that must be con-
sidered., Three blanket concepts were analyzed in
the selection of the réference design for STARFIRE.
The first concept utilizes a separate neutran
multiplier zone between the first wall and the
breeder region, The second comcept utilizes a
heterogeneous arrangement of several neutron multi-
plier and breeder regions behind the first wall
followed by a separate hreeder region. The third
concept utilizes a homogeneous neutron wmultiplier/
breeder region directly behind the first wall
followed by a separate breeder region. This last
concept requires compatible breeder/multiplier
materials, which probably iimits the multiplier to
beryliium oxide. Similar first-wall and reflector
designs are proposed for all- three concepts. Tae
second concept is more complex from a design point
of view and probably requires a larger structural
fraction to separate the breeder regions from the
multiplier regions. The first concept with the
separate multiplier region is selecrted for the
reference design, primarily because a wmore uniform
lithium burnup and energy generation rate can be
obtained in the blanket. This advantage allows
longer blanket life before changeout and simplifies
the heat transfer problems.

Figure 2 is a schematic diagram of the blanket
cross section showing the water—cooled austenitic
stainless steel first wall, the ZrgPby neutron
multiplier zone separated from the breeder region
by a water-cooled panel, the water—cooled LiAlQ;
breeder region, and a graphite reflector, First—
wall blanket design parameters are suzmarized in
Table 6.

TRITIUM PURGE CHANNELS

PELLETS

COOLANT
TUBES

Olm CHANNEL
SPACING

DETAIL — SEC:A-A

@
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throughout the first wall and blanket. For the
average neutron wall loading of 3.6 MW/=2, the
average surface heat flux on the first wall is

e — - 0.92 MW/m2 with a peak-to-average value of ~ 1.2.

The maximum structural temperature in a 1.5-mm

thick stainless steel wall is 450°C for the vefereamce

. Table 6, Summary of Blanket Design Parameters

rirst-wallfblanket parameters

Structural material Advanced austeunitic conditions. For these low temperatures, an esti-
stainless steel mated wall design life of ~ 16 Mi/m? is considered

Structural wall 1.5 ri:zznable for an advanced austenitic stainless

thicknesa, mm 8 *

Maxioum structural < 450 The proposed panel coil-type construction pro—

temperature, °C vides integral cooling of the blanket wall and avoids

Coating/cladding ’ Beryllium the necessity for a large number of tube welds in

the high radiation zome. Since fabrication by a
Coatingfcladding thick- - 1.0 roll-bonding process does not greatly affect the
ness, oo microstructure of the steel, radiation damage in
the weld region should not differ substantially from
1 ed
Coolant Pressurized water the bulk material. Also, the pamel coil structure
Coolant outlet tempera~ 320 is perceived to have less vibration problems than
ture, "C _an unsupported tube bank.
~ 28
g‘olzianscinlet rempers 0 A+ 1-mm thick beryllium coating or clad on
* the first wall serves to protect the plasma from
Coolant velocity, mfs 10 the high-Z wall material. This thickness will pro-
vide sufficient materfial to withstaad the surface
Breeding region erosion for the blanket lifetime of ~ 6 yr. A
Structural material Advanced austenitic 5118}“:1}.' thicker berylliom coating may ie 1_'aqu1-red
stainless steel on the inboard wall to accomodate the projected
number (v 10 per wall lifetime} of plasaa dis-
Maximum structural 425 ruptions.
temperature, °C
Breeder material a~LiAY0, Tritfum Breeding Zone
Theoretical density, g/cm3 3.4 The ~ 40-cm tritium-breeding zone consists of
" a packed bed of o-LiAl0; with l-cm diameter stalim-
Effective density, % 60 less steel coolant tubes spaced appropriately through-
Grain size, 1078 m 0.1 out the zone to maintain a maximm breeder temperxa-
, o ture of 850°C. The tube spacing increases from
Maximun temperature, °C 830 a 2 cm at the front of the breeder zone to 510 cm
Region thickness, m 0.4 at the back. The coolant inlet temperature is 280°C
_ : with an outlet temperature of 320°C. The relatively
Coolant Pressurized water low temperature of the austenitic stainless steel
Coolant imlet tempera— 280 tubes (< 400°C) and the oxide film on the water
ture, °C side of the tubes provide an adequate tritiwa
barrier for inleakage into the coolant. The LiAlOy
(;Egian’tcoutlet tempera e is perforated with v 2 mn diameter holes through
4 which low—pressure pressure {~ 1 atm} helium passes
to recover the tritium from the breeder. The LiAlOp
N
eutron multiplier is " 60% dense to facilitate percolation of tritium
Materfal ZrsPby (or Be) (as Ty0) to the helium purge chaonels. Tritium
. ° generated within LiAl0, grains diffuses to the
Maximum temperature, °C 900 - surface of the grains, desorbs from the grain
Thickness, m 0.07 surface as Ty0, migrates along interconnected grain
3 boundary porosity to the surfaces of the breader
Density, gl;m 8.9 particles, and finally percolates through the .
Reflector particle bed to the helium purge channels where
it is carried to the processor.
Material Graphite !

' p : Maximum lithium burnup in the blanket region will
Thickness, m 0.15 - be & 257 for a First-wall 1ifetime of 20 Mi-yr/u’.
Maxioum temperature, °C < 900 : In addition to. changing the stoichiometry of the
Structure LT Low rolybdenan ™ ‘breeder material, breeding characteristics and the '

‘ - ) tai ﬂegs steel enevgy generation profile in the blanket will be
’ e - B .  affected.. When a neutron multiplier is used,.the:
Structure temperature . < 450°C . tritivm breeding comes almost exclusively from "Li. .~ .-
: ‘ ' . . Therefore, highly enriched lithium (>.50% L) 1s . -
] . o : used to minimize the lithium and tritixa inven~ .
First Wall and Blanket Structure ° - | " tories. Although some tradeoffs are possible, a
: ’ j ) o limit of &~ 20 MW-yr/m? is reasoiable for the
The water-cooled austenitic stainless steel : breeder. This restriction tends to linit the value
first wall is a panel coil-type construction and is of a longer lifetime structure for a solid breeder

an integral part of the blanket module. The coolant blanket. I
temperature is maintained between 280 and 320°C S
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Neutron Multiplier

The proposed ZrsPby neutron multiplier provides
some of the benefits of a lead multiplier while
malntaining the design simplicity of the solid state
materials. These advantages include a more wniform-
burnup and enexgy generation rate im the blanket
region. The maximum lithium burnup in the blanket
region is ~ 50% higher with 2 beryllium multiplier.
Burnup of the multiplier is also reduced with the
heavier elements (zirconium and lead) since the
n,2a reaction simply leads to the formation of
another isotope of the same element in most cases.

A multiplier zome thickness of ~ 50% higher with a
beryllium multiplier. Burnup of. the multiplier

is also reduced with the heavier elements (zirconium
and lead) since the n,2n reaction simply leads to
the formation of another isotope of the same ele—
ment In most cases. A multiplier zone thickness of
% 7 ¢ is required to provide sufficlent multipli-
cation. The back side of the first wall and water—:
cooled panel between the multiplier and breeder
zones provides cooling for the 7-cm slab. Approxi-
mately 30Z of the neutron heating is deposited in
the multiplier zone with maximum temperatures of
tire Zr5Pby calculated to be » 900°C. Additional
blanket structure will be required to support the

" 5 x 103 kg (500 tons) of neutron multiplier,

Reflector, Magifold, and Structural Support

The reflector consists primarily of A 15 cm of
graphite. The 20-cm support structure to which the
blanket modules are attached also serves as the con-
tainment for the graphite reflector. In order to
conserve space, the manifolding for the blahket is
imbedded in the graphite reflector. The manifolding
with appropriate additional channels serves as the
coclant for the reflector region. A modified

" /SCRAPE-OFF
REGION

R S SR
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austenitic steel with low nolybdenum content is
used in this low~flux region to reduce the long-
term activation.

Total Module

The total blanket module, with a thickness of
68 cm, consists of a l-cm thick first wall, a 7-cm
thick neutron multiplier, a 40-cm thick breeding
zone, and a 20-cm thick reflector that contains the.
blanket support structure and the manifolding. The
modules are 2-3 m wide by ~ 3 m high depending on
the location within the reactor. The module wallsg
and all support structures in the high~radiation
zone are fabricated from an advanced low-swelling
austenitic stainless steel. All internal structurs
is integrally cooled to remove the nuclear heating
and maintain the structure below 400°C.

For plasma stability, an electrical conducting
path equivalent to 2 cm of stainless steel is re
quired near rhe first wall. The conductivity of
the first wall and the neutron multiplier meets this
requirement in the wodules. Between modules, a
conducting path in the wall of the module to the
back of the blanket and across a jumper to the next
module is provided to complete the electrical cir-
cuit,

3.2 Limiter Design

- The limiter/vacuum system uses a toroidal 1imi-
ter, 1 m high, centered at the midplane and located
at the outer periphery of the plasma {see Fig. 3).
The torcidal limiter consists of 96 sectors. FEach
sector has a wushroom-shaped cross sectior that con-
sists of symmetrical top and bottom flat ribbon
sections joined to the coolant inlet and outlet
headers.

e LIMITER AND VACUUM SLOT
® ENHANCED RADIATION

& TOROIDAL FIELD MARGIN

o LOW Z COATING

VACUUM
SLOT

40 cm

CHAMBER

: SANDWICH

ST

— v,
4 MW/m2 MAXIMUM
HEAT FLUX

Fig. 3. Schematic of the impurity control and exhaust system showing the limiter design.
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The heat load on the limiter consists of three

compoatats: (1) transpert power flux given by

%76 sins e */OF wi/w?, where 0 is the angle that
loidal field line makes with the limiter and
(2) heat flux from plasma radiation and
peutrals ™ 0.9 MW/uZ; and (3) volumetric nuclear
yeating of ~ 40 Md/m3. A maximum surface heat load
of & wii/m® occurs ab the two leading edges (one at
the top and one at the bottom) where 8 = 0, Moving
the leading edge closer to the first wall reduces
the peak heat load bur algo reduces the nusber of
zlpha and inpurity particles that can be pumped.
Tne location of the leading edge at x = 7 cm was
getermined from a tradeoff analysis.

the PO
fo = 5 cm;

A detailed assessment of material candidates that
included radiation effects, thermal-hydraulics, and
stress analysis was performed. The relatively high
gyrface heat load and the intense radiation environ—~
ment require a structural material with good thermo-—
pechanical properties and resistance to radiation
damage. The use of liquid metal coolants permits
geveral excellent structural materials, particularly
the refractory alloys, to be cousidered. Since
liquid metals were excluded because of perceived
safety problems, only water offers an attractive
{imiter coclani. The choice of water as a coolant
limits the structural material options somewhat.

A tantalum alloy is selected as the primary struc-
tural material with vanadium and copper alloys as
packup options. Both tantalum and vanadium permit
useful heat recovery for energy conversion, while
with copper the permissible coolant pressure and
temperature are so low that useful heat recovery
is not feasible.

The water coolant speed is taken as ™ 8 m/s ko
assure a heat transfer coefficient of ~ 10% Btu/hr-
¢c? °k. In addition, liquid subcooling of 55°C is
assumed to preveat transition from subcooled nucleate
sucleate boiling to film boiling at the leading
edge, The coolant temperature rise and pressure
drop per pass are 15°C and 0.2 MPa, respectively.
The design is based on a double pass {two sectors)
with coolant inlet temperature of 135°C into one
sector and a coolant exit temﬁerature from the
adjacent sector of 165°C. The maximum (inlet)
coolant pressure is 2.8 MPa., The 200-MW heat from
the limiter is used for feedwater heating in the
power conversion cycle. The critical area of the
liniter from a thermal stress standpoint Is the
leading edge which receives the highest surface heat
flux. The design of the leading edge must ensure
that stresses are low enough to preclude failure
over the lifetime of the limiter. Detailed stress
analysis shows that the maximun effective stress
due to combined temperature effects and coolant
pressure is ~ 315 MPa at the leading edge for a
limiter outer wall thickness of ~ 1-1.5 mm. This
is acceprable for the tantalum alloy. Table 7 shows
the major features of the limiter design. o

6.0 Po#er'Plant_Consideratiogg L

- 4,1 Hear Transport System

. The thermal energy deposited in the blanket,
first wall apnd Limirer is converted- to electricity
in the steam power conversion system. The primary
" fupction of the heat transport system is. to remove
this thermal energy from the reactor and deliver it
to the power conversion system while maintaining the
temperature of the first wall, blanket and limiter

table 7. Major Features of the Limiter Design

"+ -adopted for STARFIRE, water
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Structural material tantalum alloy

Low-7Z coating material beryllium
Coolant water
Coolant lulet temperature, °C 135
Coolant outlet temperature 165

(2 pass), °C
Maximum coolant pressure, 2.8 (&00)

MPa (Psia} :
Total heat removed from limiter, MW 200

(90 MW transport, 56 M radiation

plus neutrals and 54 MW nuclear)
Maximum heat load (at leading 4

edge) , MW/ m2

Coolant channel size 8 mm x & mm

Wall thickness, mm 1.5

Ratio of maximum effective stress 0.9
to the allowable

Maximum material temperature 235
{coolant side), °C

Maxjimum material temperature 350
{coating side}, °C

Maximum nuclear heating rate, 79
W im? -

Atomic displacements, dpa/yr 14

Helium production rate, appm/yr < 5

Hydrogen production rate, appm/yr 37

within specified limits. In addition, this system
has the capability to remove the low level of re—
sidual heat generation in the blanket when the
reactor is shut down.

Two separate heat remgval systems operaring at
different pressure and temperature levels are
utilized. The blanket/first wall primary loops
cool the breeding blanket and the first wall, an
operation simplified by the integral design of
these reactor components. Lhe power deposited in
the limiter, approximately 5 percent of the total
thermal power, is used for Feedwater heating in the
sion system and is removed by the
limiter/feedwater loop. Systems studies have indi-
cated that recovery and conversion of this limiter

thermal energy, even though it is at a lower tempera-—
ture than the primary locop, is economically attrac-
tive. Fusion thermal eneTgy removed from other
reactox components, (€.B.» shield, rf waveguldes, -
structure) is of such small quantities or at such
Jow temperature that its utilization in the power-
conversion system is. pot feasible.. For the par-
ticular materials and température constraiats .
] is the preferted coolant
and is utilized in both the blanket/First wall and .
limiter cooling circults. : :

steam power conver

4.1.1 Blanket/First-Wall Priuary Loops

The blankeé}first wall dual primary loops cou~
sigt of piping and valves, pumps, pressurizers,

D e b e it S AT
e AT

i ey e e

e b re oy e p bt ) Ao

e s

o5 Sy r e

Pt




steam generators, water conditioning equipment and
instrumentation and controls, The system is shown

" svhenatically in Fig. 4 and major parameters are

given in Table 8. Because STARFIRE operates steady-
state rather than in a pulsed wmode, a thermal- energy
storage system is not required, Moreover, it is be-
lieved feasible to keep the tritium concentration in
the primary coolant low enough such that an inter—
nediate loop is not needed.

Primary coolant leaves the blanket at 320°C and
is returned at 280°C., This 40°C AT, which is com-
patable to that in pressurized water fission reac-
tors, was selected to be compatible both with a
desirable feedwater temperature into the stean
generator and with blanket thermal design consider—
ations. The pressure threughout the primary logp
is maintained in the 14,6-15.2 MPa (2100-2200 psi)
range.,

AESEAYOIA
RESIOUAL HEAT
REMOVAL LOUP

PRESSURIZERS

HEAT
EXCHANGER

PUMP

STEAM
GENERATORS
PUMPS
- Ib@4:}-;v|
QUTLET
HEADERS
BLANKET sTEAM Y

GENERATGRS

SEETDAR WNLET
HEADERS PUMPS

Fig. 4. Schematic of primary loops with residual
heat removal loop.

Dual lines are utilized to coanect the primary
loop components. The piping, which is coanstructed
of stainless steel or carbon steel with stainless
steel internal cladding, is sized for a maximum
water velocity of 20 m/s. The distance between the’
reactor and the steam generators located inside the
reactor building is about 25 m, and the pressure
drop in this pipe run {and indeed throughout the
system) is relatively small.

Four steam generators rated at about 950 MW each
are utilized to provide 7.3 x 10% kg/hr of slightly
superheated steam at 299°C and 6.3 MPa (800°F,

910 psi) to the turbines. These units are conven~

tional, vertical, tube-and-shell units and arée.de-
signed with state-af-the-art PWR technology, incor- -
porating those modifications necessary to uake them’
compatible with a "total remote maintenance” |
philosophy.. The tube material {s Incenel. The
stean gemerators are approximately 24 m long by -
2.7 m dianeter with a mass of about 300,000 kg
each. : . -

s tebat

Table 8. Heat Transport System Paramerers

Blanket/First Wall Primary Loops

i

Coolant Water

Heat Load 3800 MW

Pressure’ . 15.2 MPa (2200 psi)
No. of Independent Two

Primary Loops

Pipe Size 0.93 m 1D

Maximum Velocity . 20 n/s

Pumping Power ‘ . .20 MY

Coolant Volume v 500 w3

No. of Steam Generators Four

No. of Pumps Two per loop

Limiter Feedwater Loop .

Copolant Water

Heat Load 200 MW

Pressure 2.8 MPa (400 psi)
Maximum Coolant Tempera- 165°C

ture

No. of Loops One

No. of Feedwater Heaters Three

No. of Pumps Two

The electric motor driven primary pumps circu-
late the water coolant at a rate of approximately
60 x 10° kp/hr, developing a head of about 60 m.
Two pumps are provided as shown in the schematic,
each with 50 percent capacity. In the event one
pump must be removed from service for maintenance,
this can be accomplished while the reactor operates
at reduced power with the other unit,

Appropriate pressure levels are maintained in
the system through the use of electrical heaters
and condensing water sprays in the pressurizer., A
water conditioning system maintains the proper water
purity and chemical concentrations, and is the sys-
tem from which a small bleed flow of water is
directed to the tritium facility for primary leocp
tritium control. Valving is provided so that aa
entire primary loep or its individual components
can be isolated as desired for inspection and serw
icing. With this arrangement it is possible, for
example, to isolate an individual steam generator
(1f it Jevelops a leak, for instance) and to run
the reactor at reduced power while repairs are made.

4.1,2 ‘Limiter Feedwater Loop N

heaters, The limiter feedwater loop shoin sche—
matically in Fig., 5 incorporates piping and valves,

' pumps, pressurizer, the feedwater heaters, a water :
conditioning system and instrumentation. As iadi~"
cated in Table 8, a single water loop operating at

a nominal pressure of 2.8 MPa (400 psi), with limi:
ter inlet and outlet temperatures of 135°C and 165°C,
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5. Limiter feedwater loop schematic.

Fig.

removes 200 MW of thermal power from
Piping approximately 30 em in diameter
velocity to about

respectively,
the limiter.
js utilized to limit the maximum

20 ofs.

The steam power conversion systenm described in
Sec, 4.2 incorporates three fesdwater trains, each
with eight feedwater heaters. Each train, in addi-
tion to the conventional heaters, a unit which
wtilizes limiter coolaat as the heat source.

4.1.3 Residual Heat Removal loop

Whea the reactor is shut down, the afterheat
generation rate in the blanket is large encugh to re-
quire active cooling. 1t is emphasized, however,
that while detailed calculations have not been done,
preliminary analysis indicates that the need for
cooling the blanket in the shutdown mode is mot a
safety consideration, but rather one of preventing
blanket damage to protect the capital investment.
Ar shutdown, the maximum local rate of temperature
rise without cooling is about 0.15°C/s, yielding
90°C rise im 10 minutes. Because the afrerheat
decays rapldly, this temperature rise rate is re—
duced significantly in a very short time.

Temediately after shutdown, the residual heat
rewoval function is performed by one of the primary
loops by keeping one stead generatox and gne pump
operating. However, when the heat load becomes
quite small, coutinued operation of a steam gepar-
ator may no lenger be feasible, and this function
would be performed by the residual heat removal
loop.

Tnis loop would normally operate with the pri—
pary loops isolated. As shown in Fig. &4, pumps,
valves, a heat exchanger aud a reservoir are
jucorporated into this systed. It is noted that
through proper valving, the Flow may be directed
through either ene or both of the blanket circuits.
Moreover, sumps are provided such that in the ung
likely event a leak develops in both primary loops
it is possible to maintain cooling water flow to.
the blaanket. :

4.,2,1 Systen Functlonﬁ

The power conversion systen, shovn schematically
in Fig. 6, it utilized to convert the reactor ther—
mal energy to electrical power. _The 4000 MW of
thermal energy generated by the reactor is traas-
ferred to the power conversion system by the Heat
Transport System, as described in Sec, 4.1, The
principal functions of the system are:

1. To convert the available thermal energy to
electrical energy, at the highest thermo-
dynamic efficiency ecconomically pessible.

2. To reject to the atmosphere the pon—recover=
able thermal energy.

Principal parameters of the pcwer conversion system

are presented in Table 9.

4.2.2 General Description

The power conversion system consists of conpo—
nents of conventional design for use in large cen—
tral generating stations. The thermodynamic cycle
itself and its components resemble the thermal
cycle of a pressurized water reactor plant.

Turbine plant equipment is selected for high
operating efficiency, to provide maximum generating
capability and reliabilicy. All equipmezt is de-
signed for continuous operation at 105 percent of
the rated steam flow. The subsysteds and/or compo-—
nents that comprise the power conversion system are:

1, The main steam supply systed,

2. The turbine-generator unit,

3. The moisture separator/reheaters,
4. The heat rejection system,

3. The condensate system,

6. The feedwater system.

4.2.3 Subsystew/Component pescription

Main Steam Supply System

The main steam supply system transports the
superheated stean from the four steam generators
to the high pressure stage of the wain steam
turbine's throttlefstop valves. Piping will
jnrerconnect the steam generators and svoply the
steam with the minimum economical pressure losses,
assuring uniform heat removal from each stean
generator, thus maintaining system balance. In
addition, this piping arrangement provides mixing
to ensure uniformity of steam condition at the inlet
to the high pressure turbine. Branches from the
main steam system are used to provide heat to the
moisture separator/reheater:

The main steam lines are designed with an iso-
lation valve and a check valve in each line outside
the reactor building. The igolation valves will
close automatically on high steam flowrate simul—
taneously with low temperature or low line pressure,
or on a high reactor building anbient pressure
‘signal, and can also.be operated remcte-uanual from
the control room or tocal panel. The check valves
prevent backflow of steam into the steax generator
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Fig. 6. Power conversion system.

Table 9. Power Conversilon System Parageters

Thermal Pawer 4000 Myth
‘Net Electrical Power 1440 MWe
Gross Turbine Cycle 6%

Efficiency
Steam Fleow Rate

Stean Temperature

7.25 x 10% kg/hr
299°C

Steam Pressure 6.3 MPa

and the reactor bulldiﬂg in the event that a loop
is not operating for either maintenance or emergency
Teasons.,

Turbine~Generator Unit

Turbine - The turbine consists of one double
flow high pressure stage in tandem with three double—
flow low pressure stages. The turbine is a four
casing 1800 rpm unit with tandem-compound six flow
exhaust, . L R -

- - . . - .

The unit is provided with two steam chest
assemblies, one’located on each side of the high
pressure turbine,  Each assembly consists of ‘two
throttle stop valves and two governing valves. Each.

valve 1s controlled by an electrehydraulic governing

system through an individually operated valve actua-
tor.

Generator -~ This equipment includes a hydrogen
inner cooled synchronous generator with a water
cooled stator and a shaft driven, air cooled brush-
less exciter. The unit has a power factor of 90
percent with output of 22,000 to 25,000 volts,
three~phase, 60 Hz.

Moisture Separator/Reheater

The moisture separator/reheater removes the
toisture of the wet steam exhausted by the high
pressure turbine and reheats the steam, providing
approximately 40°C (100°F) of superheat. The wet
Steam at about 8 percent moisture content, enters
the moisture removal section where 100 percent of
the moisture is removed and drained to the feedwater
system for heating. The dried steam then passes
through the two element reheater section, where it
is first heated by extraction steam from the high
pressure turbine and second, heated by main steam.
The condensed steam and the moisture removed are

used in the feedwater system for heating. The super-

heated steam from the reheater enters the low
pressure turbine and the feedwater pump turbine.

Heat Rejection sttem R ',; _‘,-' J;

A multi—pressure three stage condenser with a
5.6°C (10"F) xise for each stage is prnvided for |

 a total: rise of 16, 7°C {30°F). ‘The. .average back- -
‘pressure on the condensing steam will be 6.75 kPa

(2" HC). Each condenser stage will be located be- - °
low one of the low pressure turbine stages, taking
the exhausted steam directly from that particular
turbine stage.
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ircular cooling rowers have been se-

Three C

1pcted EO pinimize space requirements. The towers
-2 vher mechanical draft ox hyperbolic

i pe el
ﬂturﬂ draft or a combination of both. The tower

. aniguration will be determined by economics and
o liey. Approximately 63,100 1/s (1,000,000
Epg') will be circulated through the cooling towers

< and condenser.

Condensate System

The condensate pumps take suction from the con—
r hot well, tranaferring the condensate to the
jeedwater systed. The main function of the system
is to condition the condensate by deaeratiom,
polishiﬂgv chemical addition and condensate make-

up to provide feedwater at the purilty required for
tors and turbine optimum performance

dense

the steam genera
and reliability.

Feedwater System

The feedwater system supplies feedwater to the
steam gemerators at the required flow rate, tempera—
ture and pressure for optimum turbine ocutput and
thus optimum cycle efficiency. The system will
consist of three trains of heaters and pumps, each
erain designed for 35 percent of rated flow., There
are a total of eight sets of heaters, five low
pressure heatexs and three high pressure. One set
of low pressure heaters is heated by the 200 MW
available from the limiter.

The three normally operating feedwater pumps
are turbine driven. A fourth motor driven pump,
also designed at 35 percent of rated fiow, is pro~

vided as a spare and for startup.
. ¥

An aunxiliary feedwater system can be provided,
if required for capital investment protection.
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