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COMPACT REvERsED-FIELDPINCH REACTORS (CRFPR):FUSION-POWER-CORE

by

INTEGRATIONSTUDY

C. Copenhaver,R. A. Krakowski,N. M. Schnurr,R. L. Miller,
C. G. Bathke, R. L. Hagenson, C. R. Mynard, A. D. Chaffee,

C. Cappiello,J. W. Davidson

ABSTRACT

Using detailed two-dimensionalneutronicsstudies based

on the results of a previous frameworkstudy (LA-102OO-MS),

the fusion-power-core (FPC) integration, maintenance, and

radio-activity/afterheatcontrol are examined for the Compact

Reversed-FieldPinch Reactor (CRFPR). While maintainingas a

base case the nominal 20-MW/m2neutron first-wallloading

design, CRFPR(20),the cost and technologyimpact of lower-

wall-loading designs are also examined. The additional

detail developedas part of this follow-onstudy also allows

the cost estimates to be refined. The cost impact of

multiplexinglower-wall-loadingFPCS into a - 1000-MWe(net)

plant is also examined. The CRFPR(20)design remains based

on a PbLi-cooledFPC with pressurized-waterused as a coolant

for first-wall, pumped-limiter, and structural-shield

systems. Single-pieceFPC maintenanceof this steady-state

power plant is envisaged and evaluatedon the basis of a

preliminarylayout of the reactor building. This follow-on

study also develops the groundwork for assessing the

feasibilityand impact of impurity/ash control by magnetic

divertors as an alternativeto previouslyconsideredpumped-

limiter systems. Lastly, directions for future, more-

detailed power-plant designs based on the Reversed-Field

Pinch are suggested.
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1. INTRODUCTION

1.1. Background

Recent studies1S2 of the principal fusion concepts as electric power

plants indicatecosts of electricityICOE(mills/kWeh)]that are at least 1.5-2.0

times greater than alternativenuclear energy sources. Since a majority of the

total direct cost for these designs is projectedto lie in the Reactor Plant

Equipment cost account (i.e., Account 22., 56% of total direct cost for

STARFIRE1 and 64% for MARS2), compared to 25-30% for a light-waterfission

reactor,3 the most significantand direct reductionsin cost can be made by

reducing the size (mass) and complexityof the fusion power core (FPC, i.e.,

plasma chamber,first wall, blanket, shield,magnets, and structure)and related

support equipment. Typically, the FPC “mass utilization” (e.g.,FPC mass

divided by gross thermalpower) for STARFIREand MARS is, respectively,5.7 and

6.8 tonne/MWt, compared to - 0.3-0.4 for Pressurized-WaterFission Reactors

(PWRS),and reductionsin this figure of merit by at least a factor of 2-3 for a

1000-MWe(net)-class device are deemed necessary for competitive fusion

power.b95

A recent investigation Into the role of FPC power density, mass

utilizationor “mass power density,”has concludedthat for the latter parameter

a value aboveN 100 kWe(net)/tonnewould give fusion a competitivepositionwith

respect to PWRS, where the latter ratio of net electric power to FPC mass has

recently been suggested6 as a measure of FPC performance. Both “mass

utilization”and “mass power density”are used in this report,with a preference

for the former because of a decoupling from quantities such as thermal-

conversion efficiency and recirculatingpower fraction,which are not entirely

related to the FPC. Within limits,nevertheless, both quantities are useful

indicatorsof device performance.6

The reductionin developmentcost and the enhancedprobabilityfor success

because of a more flexible, affordable development path have also been

suggested6 as reasons for pursuing low-mass-utilizationor high-mass-power-

density systems,particularlyif such systems can be developed at low unit

powers. Although these benefits are not easily quantifiedat present, the

capabilityto extend learningcurves for both physics and technology and to

build rapidly and less expensivelyan operationaldatabasewith which to assess

the criticalissue of plant availabilityalso are strong reasons for emphasizing

low-unit-power,high-mass-power-densityapproaches.

2
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A number of preconceptualand frameworkstudies of high-mass-power-density

fusion systems have been reported.7-10 Because of an ability to confine stable,

high-beta plasma by self-generated poloidal fields, the Reversed-FieldPinch

(RFP) offers a route to improvedFPCmass power density,mass utilization, and

cost based on an encouragingbut developingphysics database.l”~llThe Ref. 10

CompactRFP Reactor (CRFPR)designs used each of two relatively independent
.

elements in the prescriptionfor low-mass-utilizationor high-mass-power-density

FPCS: a) increasedplasma power density or fusion-neutron first-wall loading,

and b) reduced blanket, shield, and coil mass (and volume) allowed by the use of

resistive (copper-alloy)coils. The potentialfor significantshrinkageof the

FPC physical size, mass, and cost by using resistivecopper coils without

recirculatinga large fraction of the gross electricpower generated to supply

ohmic losses in those coils is generallycharacteristicof poloidal-field-

dominated confinementsystems12like the RFF.

The qualities of the RFP that permit efficient plasma confinement by

resistive coils positioned outside a thin tritium-breeding,heat-recovering

blanket and (nominal)shield also allow high engineering beta (i.e., plasma

pressure normalized to the magnetic field pressure at the confiningcoils).

Central to maintainingthis high engineeringbeta throughoutthe DT burn is the

postulate of a low-frequency(- 10s Hz) oscillating-fielddrive for sustaining

the large plasma currentsagainst ohmic dissipation; the close coupling of

toroidal and poloidal circuits through the plasma projects a unique current-

drive mechanism for the RFP, called “F-(3pumping”after the F = BO(rp)/<BO> and

Q = B6(rp)/<BO> parameters commonly used to define the Taylor near-minimum-

ener= state013,14 In these expressions,the toroidal field is B@, the poloidal

field is Be, rp is the plasma minor radius, and <> denotes an average over the

plasma volume. Although partial tests of F+ pumping are encouraging,ll~15

clear demonstration of this non-intrusive current drive must await improved

(i.e.,higher-current,hotter, less-resistive)RFPs. Lastly, the plasma current

density in RFPs is sufficient to give ohmic heating to DT ignition, thereby

eliminatingthe need for auxiliaryheating.

The RF??characteristicsthat give high+, plasma-physics-decoupledaspect

ratio, F-Q pumping current drive, ignitionby ohmic heating alone, and low-

field/low-currentcoils combine to offer a potential for improved FPC design

that, if needed, can far exceed the thresholdfor improvementsuggestedin

Refs. 4 and 6. Figure 1-1 summarizesthese RFP characteristicsin the form of a

3
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Fig. 1-1. Comparison of magnetic-fIeld and q = (BO/Be)(rp/RT)profiles in the
minor radial dimensionfor the RPP and the tokamak. Shown also is an
illustration of” the natural tendencyof B to decay resistivelyto

$B@(r > rp) being counteractedby the RFP dynamo.

comparisonof field profileswith the tokamak. As noted previously, many of

these characteristics are shared with or are positive extensionsof other

poloidal-field-dominatedsystems,12 such as the spheromakcompact torus.16
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1.2. Scope

The compact,higher-power-densityoptions for fusion power may have to

accommodate higher heat fluxes, increasedfusion-neutroncurrents,increased

blanket power density,and in some cases7-9high magnetic fields in order that

reduced FPC mass utilization (< 1-2 tonne/MWt),increasedFPC power density

(> 5 MWt/m3 compared to 0.3-0.5 MWt/m3 for MARS and STARFIRE),or increased FPC

mass power density [> 100 kWe(net)/tonne]4$6 are achieved in systems that

generate no more than- 1000 MWe(net) and ideally less. The CRFPR framework

study reported in Ref. 10 addressedkey design issues for this- 1100-tonne,

1000-MWe(net)FPC that would operate with a fusion-neutronfirst-wallloading of

Iw = 20 MW/m2. Although only a - 15% cost-of-electricity(COE) reduction is

projected in increasingIw from 5 MW/m2 to the minimum-COEIw = 20 MW/m2 design

value, the higher-wall-loading case was selectedas a base case in Ref. 10 in

order a) to maintain physical compactnessfrom the viewpoints of single-piece

(batch) FPC maintenanceand reduced nuclear envelopewithin the power plant and

b) to quantify the technologyneeds and COE tradeoffs for the higher-wall-

loading case. From the viewpoint of heat-transport and stress, the

Iw = 20 MW/m2 design, termed CRFPR(20), was estimated at the onset of the

Ref. 10 study as representing a maximum limit while preservingacceptable

engineeringdesign safetymargins. The COE tradeoffsanticipatedfor the low-

mass-utilization FPC are directly related to a balance between a significant

reductionin capital cost compared to the possibility of somewhat reduced

thermal conversion efficiency (i.e., lower coolant/structuraltemperatures),

increasedrecirculatingpower, and a yet-to-be-determinedtradeoff between power

density and overall availability.

As addressed in Ref. 10, the CRFPR(20) framework study and the FPC

integrationthat ensued were based on a one-dimensional neutronics model

requiring modification to accommodatetwo-dimensionaleffects that emerged as

the FPC design detail evolved (i.e., coolant headers and manifolds,vacuum gaps,

pumped limiters,finite coils, fluid ducts, etc.). The required two-dimensional

neutronicscalculationswere conducted and reported at the closure of the

Ref. 10 framework study with indications being that the changes required to

achieve two-dimensionaltritium-breedingratios (TBRs)above unity were modest

perturbations to the original Ref. 10 design. These results are given in

Sec. 2.1., with the updated models used to perform the FPC integration also

being described inSec. 2. Section 3. updates and extends the FPC integration

5



originallyreported in Sec. 111.L. of Ref. 10. The present follow-on report

extends the CRFPR(20)framework study to include in Sec. 4. a better resolution

of the FPC maintenanceapproach and in Sec. 5. a quantifiedassessment of the

radioactivity-disposal and afterheat-control issues anticipated for these

higher-wall-loading,high-power-densitysystems. Although the focus of these

studies remains on the CRFPR(20)design, the impact beyond increasedcost and

difficultyof single-piecemaintenanceas the neutron first-wall loading is

decreased to Iw= 5 MW/m2 [i.e.,CRFPR(5)]is also examined. Modificationsto

the costingprocedureand database that resultedfrom this follow-on study are

also implemented in the RFP parametric codel” and used in Sec. 6. to re-

examine cost tradeoffs,includingmultiplexinglower-wall-loadingdesigns into a

nominal 1000-MWe(net) power plant. Lastly, Sec. 7. gives a feasibilitystudy

of magnetic divertersand the impact on the Ref. 10 frameworkdesign of adopting

this impurity-control scheme. The directions for a more detailed,multi-

institutionalconceptionaldesign study of an RFP fusion reactor plant are

suggested in Sec. 8., which also summarizeskey physics issues related to the

RFP reactor.

1.3. Fusion-Power-Core(FPC) Configurationand Standard Conditions

This section gives a brief descriptionof the Ref. 10 CRFPR(20) design.

The FPC depicted in Fig. 1-2 consists of the limiters,first wall, secondwall,

blanket, shield, all coils, and structure. The reactor torus (first wall,

blanket, shield, and toroidal-fieldcoils) is comprisedof 24 such segments,and

a plan layout of these components for a half toroidal sector is shown in

Fig. 1-3. The blanket uses a flowing eutecticmixture of 83% lead and 17%

lithium, termed hereinafteras “PbLi,”as both the tritiumbreeder and blanket

coolant. In addition to the limiter and first wall, the second wall (i.e.,

first structuralwall of the blanket)and shield are also cooled by pressurized

water. The 316-stainless-steelshield also serves a major structuralfunction

for the FPC. The ohmic and nuclear heating deposited into the toroidal-field

coils (TFCS) and poloidal-fieldcoils (l?FCs),”withthe inner PFCS being ohmic-

heating coils (OHCS)and the outer PFCS being equilibrium-fieldcoils (EFCS), is

removed as waste heat by low-temperature,low-pressurewater coolant. Energy

from the PbLi and the pressurized-watercoolant is transferred directly to a

steam power cycle througha steam generator for ele~tricalenergy production.

Table 1-1 summarizesthe Ref. 10 plasma conditions, and Table l-II gives a

6
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quantitative overview of the Ref. 10 FPC characteristics. Where possible,

modificationsincurredin the Ref. 10 design resultingfrom the follow-on study

are also given.

As discussed in Sec. 6., the parametricsystems model used to identify

cost-optimizedreactor designs specifiesan ignition condition (i.e., n~E for a

given plasma temperature and profiles). For a specificnet-power output,

therefore,the global plasma confinementtime required to assure a minimum-COE

design, TE(OPT), is dictated. A physics confinementtime based on theory17 or

experiment,11 ZE(PHYS), is required to assess the margin for DT ignition [e.g.,

~E(PHYS)/TE(OPT)] and, hence, the physical credibilityof achievinga given

minimum-COEdesign. For an ohmicallyheated plasma, ZE(PHYS) = 3nkBTVp/(I@V~)~,

where V
P = 2m2rp2RT iS the plasma volume and (IOVO)Q is the resistivepower

deposited into the plasma. With v = V@/I@ being a plasma resistivity, and

expressing pressure balance in terms of the poloidal beta

(2nkBT= @~~2/2po = ~eI$/r~), it fOllows that %E(PHYS) = ~er~/q. The

definition of plasma resistivity in an RFP depends on whether an energy or

magnetic flux (helicity)basis is adopted.18The temperature scaling of q is

reported to be classical (q = l/T312).11

Relating the -CE(P~S) a @er~/q scaling to plasma current, 1~, or ‘0 an

average current density, j. = 1O/nr~, is made ambiguous by the limited data,

although the existingdatabase has been advanced significantlyover the past few

years by a number of groups.11$19-22 For both constant beta and ratio I@/N,

where N = p is the plasma line density, pressure balance predicts T= Innrz

which for q c l/T3’2 gives TE(PHYS) = 1$/2r~ and n’CE= 1~’2. The dependence ~~

both ‘CE(p~S) and n’CEOnI@ for the ZT-40M experimentalis shown in Fig. 1-4.

It is emphasizedthat the dependenceof ~E on rp, as well as the constancy of

1O/N, is uncertain. For the purposes of this study, ZE(pnS) = clf(@O)r~I~is

adopted, where for a givenv the data given in Fig. 1-4 are used to determine

the fitting constant,Cl. The empiricalrelationshipbetween v and Cl is given

in Table l-III. The function, f(pe) = (~ec/~e)2, decreases ~E(p~S) if

~e > ~ec = 0.13 and is otherwise unity. These data fits are used to compare

‘CE(PHYS)with the confinementtime required for the minimum-COE confinement

time, ZE(OPT). Generally,TE(PHYS) is equated to an electron energy confinement

time, Zce, with the ion confinementtaken as Zpi = 4zceS in estimatinga global

energy confinement time with which to compare ZE(OPT) and assess ignition

margins.

9



TABLE 1-1

SAMPLE COMPACT RFP REACTOR DESIGN POINTS
FOR THE MINIMUF-COE1000-MWe(net)CASE AND

A CASE OF LOWER FUSION NEUTRON FIRST-WALLLOADING

DEVICE CRFPR(20)(a) CRFPR(5)

Neutron first-wallloading,Iw(MW/m2)
Net electricalpower, PE(MWe)
Total thermal power, p~(MWt)
Recirculatingpower fraction, I/QE
plasma minor radiusj rp(m)
Plasma major radius,
plasma VOlume,V (m3)

~(m)(b)

Plasma power den~ity,PF/Vp(MW/m3)
Plasma temperature,T(keV)
Plasma density,n(1020/m3)
Average beta, @e(c)
Plasma energy confinementtime,z (s)
Plasma thermal diffusivity,(d)XE~m2/s)
Field at plasma, Be(T)
Peak field at coil, B C(T)
Plasma current,I (MA!

tplasma current de sity, jO(MA/m2)
FPC volume, VFPC(e)(m3)
FPC mass, MFpc(tonne) .
FPC power density,pTH/VFpC(MWt/m3)
FPC mass utilization,MF /P~(tonne/MWt)
FPC mass power density,!~OO P /MFpC(kWe/(~~ne)

2FPC cost as fraction of total irect cost
Unit Direct Cost, UDC ($/kWe)(g)
Cost of Electricity,COE(mills/kWeh)(g)

19.5
1,000.
3,365.

0.185
0.71
3.8

37.8
72.4
10.0

6.3
0.23
0.23
0.41
5.2
4.5

18.4
11.2

285.
1,105.

11.8
0.33

905.0
0.045

1,007.
48.4

5.0
1,000.
3,609.

0.208
1.42
7.6

302.5

1::8
2.3
0.23
0.70
0.54
3.0
2.6

21.6
3.41

1,042.
2,000.

3.5
0.55

500.0
-0.05

1,169.
55.5

(a)valuesreportedare derived froma parametricsystems code and differ somewhat

from final design values derived from conceptualsubsystemdesign and plasma
simulations,as reportedin Ref. 10 and subsequentlymodified by this follow-on
study (see Appendix B and Sec. 6.3.3.).

(b)Plasma aspect ratio preserved at A= RT/r
1?
= 5.35, which is a minimum-COE

value, but this minimum is very shallow. Blan et design adjustmentsdriven by
this follow-onstudy increasedA to 5.5 (see Sec. 6.3.3.).

‘c)Includes - 0.03 for steady-state alpha-particle pressure, total (volume-
average)beta is - 0.12.

(d)Takenas ~ (3/16)r~/~Efor a parabolictemperature

‘e)Fusionpower

and flat density profile.

core, includes plasma chamber, first-wall/limiters,blanket,
shield,and coils; excludes coolants.

‘f)Comparedto 0.255 for STARFIRE1and 0.201 for MARS.2
(g)lgao dollar., ~th COE given as ~ “then-current” value and Ref. 10 cost

databaseused (see Appendix B and Sec. 6.1. for impact of cost database
refinements).

10
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TABLE l-II

KEY CRFPR ENGINEERINGPARAMETERS
FOR THE Iw = 19.5 Mw/m2, CRFPR(2(3)

Net/gross electricalpower, pE(MWe)/PET(MWe)
Total thermal power, pTH(MWt)
Gross power-conversionefficiency,Tl~
Recirculationpower fraction,e
Overall plant availability,p

5Major/minorplasma radius,~ rp(m)
Plasma volume, V (m3)
First-wallarea,pA (m2)

‘YNeutron first-wall oading, Iw(MW/m2)
Number of toroidalsectors,N

AND CHARACTERISTICS
DESIGN FROM REF. 10(a)

1000./1227.[1000./1256.]
3365.[3473.]

0.365[0.369]
0.185[0.204]
0.75 (15 MWyr/m2 FPC life)
3.8[3.9]/0.71
37.8[38.8]
112.[115.]
19.5[19.0]
24.(b)

Maximum field at magnet, B T)
‘~ ~O)/Be(p

4.5(C)
Field at plasma axis/edge, r )(T) 9.5/5.2
Average poloidal/totalbeta,”~ /$

f
0.23/0.12

Average DT ion density/temperaure, n(1020/m3)/T(keV) 6.6/10.0
Plasma burn mode Continuous/ignited(d)
Plasma heating method (startup) Ohmic (246 V-s total, 26 V-s, ohmic)
Plasma current/ohmicpower (MA/MW) 18.4/25.3
Plasma impurity-controlmethod Poloidal pumped limiter (24, 38% first wall)
First-wall/limitermaterials MZC copper alloy (water-cooled)
Blanket/shieldstructuralmaterial HT-9 steel (water-cooledsecond wall)
Tritium-breedingmedium PbLi(35 MW/m3 average),TBR = 1.06
Primary coolant PbLi (poloidalflow, 0.5[0.6]-m-thick)
Shield Tungsten/B4C[stainlesssteel]

(0.1-m-thick,water-cooled)
Thermal-conversionmethod Dual-medium (-40% H O, -60% PbLi) steam
FPC Masses (tonne; 306 m3, 3.34 tonne/m3,11.0 MWt/m3, O.?ltonne/MWt)

. Limiters(e) 7.64[8.4]
● First wall 2.88[1.8]
● Second wall(e) 8.39[9.9]
● Blanket(f) 72.41[48.2]
. Shield 50.60[159.6]
. TFC (Subtotal) 77.4 (190.3)[76.2(304.)]
● OHC 411. [400.]
● EFC 421. [413.]

Total 1022. [1117.]

(a)Valuesin brackets correspondto changesmade during this follow-onstudy.
(b)For off-site fabricationpurposes only, single-pieceor batch FPC maintenance

is envisagedfor this system that weighs - 190[304] tonne (first wall,
blanket, shield, toroidal-field coils), to which is added a separate
832[813]-tonnepoloidal-fieldcoil set and N 925[943] tonne of PbLi coolant.

(c)At the OHC during the bur~, 9.2 T during startup. Peak field at the TFC is
0.7 T, with the plasma dynamo providinga major part of the toroidal flux
during startup. TFC/OHC/EFCpower consumption is 12.6/73.0/53.5MWe, with
the OHC power going to zero upon initiationof “F+ pumping” current drive.

(d)Based on “F-Q pumping” at 50 Hz with &D/@ < 0.01 toroidal flux swing,

~e)~~~~~~~~~a~i~~~~sb~~~1~e~d~~~~42plasma current swing.

(f)Includesinlet/outletducts, but not 925-tonnePbLi coolant.



N

m
a
,

8
J- 0

I’t’’ln
’

l“’’’”
l“’’’”

l“lrall
I

1“’!’”
I!I1l))l

I

.1r

‘Y
t

-
1y

,
1111,1,1

!
1,,,,

,,1
h

,,,
,,

6
Il,,,ll!

1
k,,l!lt

t-
1,,,,,,

0
N

0)
a

m
*-

0
‘o

%
-0

“O
F

F
-0

‘o
-0

L,.
.
~
,

1
.,,.

1.,
,,

II,
0,

,
1

1
1

I
o.

Y
F

F
.

0
0

0
0

0

(#W
)

;J
/

J.
3

‘tH
131N

V
kiV

d
lN

3h
13N

14N
00°

12

-9-

i-l

u

l-l

IIIIIIIIIIIIIII1III



I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
[
I
I
I

TAELE l-III

FITTINGPARAMETERSFOR THE CONFINEMENT-TIMEDATA GIVEN IN FIG. 1-4

Current exponent,v Cl(s/m2/MAv)= ‘cE(PHYS)/r~I~

0.90 0.040

1.00 0.050

1.10 0.062

1.25 0.082

1.50 0.140

As ummary of size (rp), neutron-wall-loading(Iw), COE, and physics [i.e.,

Tce ccf(@e)I~rf$ ~pi = 4~ce] scalings and tradeoffs,as reportedin Ref. 10, iS

depicted in Fig. 1-5, which shows the CRFPR(20)minimum-COE1000-MWe(net)design

point. The constant-v curves depicted in Fig. 1-5 correspondto an ignited

margin of unity ITE(OPT)= Clf(~e)r~I~/(l+ ~ce/~pi)swith Tce/%pi = 1/4]. The

COE and scaling impacts of the CRFPR(5) design are depicted in Fig. 1-5 as two

extrema: a) fixed PE = 1000-MWe(net)doubles the FPC size (mass) and increases

cost by - 15%; b) fixed FPC size decreasesnet electricpower to pE = 250 MWe

and increasesCOE by a factor of - 2.5 unless N= 3-4 such FPC units are

multiplexed to drive a nominal pE = looo-~e”plant. The COE for this N = 4

multiplexedcase is estimated in Sec. 6.3.2. to be 30-40% more than the

CRFPR(20)base case.

Generally, the size-invariant CRFPR(20) FPC is used to describe

thermal/hydraulicaspects of the CRFPR(5) in subsequentsections because blanket

and magnet redesign for the single-unit1000-MWe(net)CRFPR(5) case is beyond

the scope of this follow-onstudy. Although the latter case is larger than the

minimum-COE CRFPR(20) core, the system neverthelessremains one of low mass

utilizationor high mass power density.
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loading,Iw.
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2. FUSION-POWER-COREMODELS

2.1. Two-DimensionalNeutronics

The neutronicsperformanceof the first wall, second wall, blanket, and

shield used to evaluate the Ref. 10 design was based on the results of a one-

dimensional, discrete-ordinates code, ONEDANT.23 A 30-neutron/12gamma-ray

group library based on ENDF/B-IV cross-sectiondata was used. Inclusionof the

limiter,vacuum ducts, manifolds,and headers that evolve% from the Ref. 10

design, however, gave significant two-dimensionalcharacteristicsto the FPC

model.” A two-dimensionalanalysis, therefore,was performedafter completionof

the Ref. 10 study. These two-dimensionaleffects on the blanket performance

serve as a basis for this follow-onstudy.

Of particularinterest is the tritium-breeding ratio (TBR); the one-

dimensional calculation for the Ref. 10 FPC model predicteda TBR value of

1.108. The two-dimensionalneutronicsmodel adapted to the Fig. 1-3 layout is

shown in Fig. 2-1, which also gives geometricdetails for the limiter, the

first-wall/second-wall,and associatedmanifold regions. The manifold regions

and the first-wall/second-wallregions were homogenizedinto zones composed of

metal, water, and void. The two-dimensional neutronics calculations were

performed with a combinationof computer codes: the two-dimensional,discrete-

ordinate codes TRIDENT-CTR,24TWODANT,25the Monte Carlo code MCNP,26 and the

one-dimensional discrete-ordinates code ONEDANT.23 This combinationof codes

was needed both to benchmark the various calculations27against each other and

to utilize the particular assets of each (i.e., spatial resolutionversus

running time).

A TRIDENT-CTRcalculationapplied to the referenceFPCmodel1° yielded a

TBR of 0.785 compared to the value of 1.108 for the ONEDANT model and the highly

homogenized“canonical”blanket used to initiate the Ref. 10 study. The effects

of various design and material changes were subsequentlyexamined10$27with a

series of TWODANT calculations, which were selectively benchmarked with

TRIDENT-CTRcalculations.

The effect of thickening the blanket was examined by replacing the

50-mm-thickvacuum region behind the blanket with PbLi. The 20-mm-thickcopper-

alloy first wall used inRef. 10 was decreased to 3 mm (2-mm-thickcopper-alloy

and water region followedby l-mm-thickcopper alloy). The effect of relocating

the first-wall/second-wallcoolantmanifold (Fig. 2-1) was estimatedby shifting

the homogenizedmaterial representingthis manifold to the rear of the blanket.

15
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Fig. 2-1A. First-wall/second-wall/limiter/bla&et/shield/coilmodel used in
two-dimensional TRIDENT-CTR24neutronicsre-assessmentof CRFPR(20)
fusion power core, including pressurized-water coolant
manifolds/headers. Values given in parenthesesindicateupdates
resultingfrom neutronicsreoptimizationdescribed in Ref. 10 and
summarizedin Sec. 2.1.
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The regionpreviouslyoccupiedby the manifoldwas then replacedby PbLi, while

the volume of the regionswas conserved. In addition, the effects of using D20

as a first-wall/second-walland limiter coolant and increasing the 6Li

enrichmentfrom 60% to 80% were investigated. The values for the TBR calculated

by the TRIDENT-CTRand TWODANT codes for these design changesare summarized in

Table 2-I. All cases reportedcorrespondto the first-wall/second-wallcoolant

manifolds located near the first wall.

A 5-mm-thickfirst wall (4-mm-thickcopper and water followedby a region

of l-mm-thickcopper)was adopted as part of the modified referencedesign. The

TRIDENT-CTRcalculationof the 5-mm-thickfirst wall gave a TBR of 0.899, while

a value of 0.892 was calculatedby TWODANT. The MCNP calculationswere also

performedfor this model and yielded a TBR of 0.870 tO.010, which agrees with

the discrete-ordinatescalculations.

In order to assess the effects of 6Li enrichment,TWODANT calculationswere

made for 80% and 90% 6Li enrichments. Calculationswere also performedwith D20

coolant for a range of 6Li enrichments. The resultingTBRs are plotted in

Fig. 2-2. An approximatelylinear variationin TBR with 6Li enrichmentfor both

H20 and D20 coolants is observed. The H20/90%-6Licase was also calculatedwith

MCNP, which gave a TBR of 0.939 f 0.005.

The O.10-m-thick shield adopted in Ref. 10 consisted of alternating

25-mm-thick layers of 80% tungstenand 80% B4C; each layer also contains 10%

structure [primarycandidate alloy, stainless steel (PCASS)] and 7.9% H20

coolant. Replacement of this shield with a good reflectorwas expected to

improve the TBR. Calculationswere performedwith 90%-enriched6Li in which all

four shield layers were a) taken as the W/PCASS/H20mixture describedabove, b)

replacedwith pure tungsten,or c) replacedwith 90% PCASS and 10% H20. The TBR

values calculatedusing TWODANT for these three cases are 0.979, 0.992 and 1.006

respectively. AnMCNP calculationwas made for the 90% PCASS/10%H20 case and

gave a TBR value of 0.978 tO.009. Hence, added enhancementof TBR can be

achieved by emphasizingthe reflectingnature of this thin shield rather than

the absorbingnature.

To investigate the possibilityof providinga TBR margin with a slightly

thicker blanket,TWODANT calculations were performed for the 90%-enriched,

PCASS-reflected model with 50-mm and 100-mm thicknessesof additionalPbLi in

the blanket region. Radii of all regions and boundariesbehind the blanketwere

correspondingly increased. These calculationsyielded TBR values of 1.033 and

18
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TABLE 2-I

TRITIUM-BREEDINGlU4TIOSCALCULATEDFOR DESIGN
AND MATERIAL VARIATIONSON THE REF. 10 MODEL

Coolant 6Li Enrichment (%) Design Variation
TBR

TWODANT TRIDENT-CTR

H20 60 Reference 0.786

H20 60 Add 50 mm 0.818
to PbLi blanket

H20 60 Relocatemanifold 1.033
to rear of blanket

H20 60 Reduce first-wallthickness 0.898
from 20 mm to 3 mm

H20 80 Reference 0.842

H20 80 Reduce first-wallthickness 0.955
from 20 mm to 3 mm

D20 60 Reference 0.989

D20 60 Reduce first-wallthickness 1.125
from 20 mm to 3 mm

1.058, respectively,and are plotted in Fig. 2-3. The latter

calculated with the MCNP code, giving a TBR of 1.035 f 0.008

with previous results.

0.785

0.901

0.959

1.113

case was also

and consistency

In summary, the effects of the two-dimensionalneutronicsanalysis resulted

in an FPC design that is modified somewhat from the ONEDANT-baseddesign

presented in Ref. 10. The principalchanges in the modified design are listed

as follows and representthe starting point for this follow-onstudy:

Decreasingfirst-wallthicknessfrom 20 mm to 5

Increasing6Li enrichmentfrom 60% to 90% gives

mm gives a TBR = 0.899.

TBR = 0.939 *0.005.

Reoptimizing neutron-absorbingshield (W/PCASS/H20/B4C)to functionmore as
a reflector (PCASS/H20)gives TBR = 0.978 fO.009.

Adding 100 mm of PbLi thicknessto the blanket gives TBR = 1.058.
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Fig. 2-2. Dependenceof TBR on 6Li enrichmentfor both D O and H20 coolants
6when the first-wall thicknessis reduced from 2 mm to 5 mm.

These design changes are also representedin Fig. 2-1 and are minor. The major

changes upon which this follow-onstudy is based are embodied in a better

resolution of the distributionof the local heating rates, FPC energy balance,

and magnetic-field profiles,all of which are used to perform an improved

thermal-hydraulicand thermal-mechanicalreoptimizationof the FPC.

An alternative or supplementalapproach towards improvedTBR values would

relocate the first-wall/second-wallcoolant manifold to the rear of the blanket

but inboard of the shield region. This option provides large TBR margins and

allows 6Li enrichmentssignificantlybelow 90%, should a lithium-enrichmentcost

issue arise. Moving the manifoldsaway from the first-wallregion would also

increase the plant thermalefficiencysomewhat,since the fraction of neutron

energy delivered to PbLi relative to water is increased. Lastly, as indicated

in Fig. 2-2, use of D20 coolant in the first-wall/second-walland limiter

regions would give a strong increase in TBR margin although the complexityand

added expense of a heavy-water coolant loop remains unknown. Major design
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Fig. 2-3. Dependence of TBR on increased PbLi blanket thicknessfor 90%-
enriched 6Li, a reduced 5-mm first-wall thickness, and H20-cooled
first-wall,second-wall,and limiter systems.

changes that replace the pumped limiters with magnetic diverters,and/or

decrease the neutron first-wallloading (i.e., eliminate a separately cooled

first wall) would generally improve the TBR margin, although the amount of

blanket lost to the divertersremains to be fully assessed (Sec. 7.). “

The TRIDENT-CTRedits for fluxes, heating rates, dpa, gas production, and

radioactivity production(includingafterheat)were used as an updated database

with which to reoptimizeand integrate the FPC. Figure 2-4 gives the spatial

distributionof neutron and gamma-rayheating rates along the three radial bands

identifiedin Fig. 2-1, these results being averaged in the toroidal direction

for use in the thermal-hydraulicanalyses (Sec. 3.2.3.). The TRIDENT-CTRfluxes

were also used to estimate radioactivityand afterheat effects in Sec. 5.
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2.2. FPC Thermal-HydraulicsModel

The thermal-hydraulicdesign of the FPC performedin Ref. 10 was based on

the results of a one-dimensionalneutronicsanalysis. That analysis could not

include the effects of limiter and first-wallmanifolds positioned inside the

blanket. When calculating the heat transferred from thePbLi in the first

blanket coolant channel (Fig. 2-1) to the second-wallcoolant, laminar flow and

conduction-dominated transport in the flowingPbLi were assumed. Furthermore,

only a limited number of design configurationswere consideredfor the blanket

channels. The number of configurations consideredto model thermal contact

between the blanket and secondwall was also limited. This follow-on study

extends and refines the FPC thermal-hydraulicdesign model used in Ref. 10 and

Fig. 2-4.
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re-evaluatesthe

two-dimensional

CRFPR(20)thermal-hydraulicsdesign based on the more exact

neutronicsresults. The most significantchanges in the models

are listed as follows:

●

●

●

o

The results froma two-dimensionalneutronics calculation that includes
separately and distinctlythe first-wall/second-walland limiter coolant
manifoldsare used (Sec. 2.1.).

A detailed numerical analysis has been used for analyzing thermal
convection in the poloidal and radial (inlet)blanket channels. Both
laminar and turbulentflow can be analyzed.

Additionalsecond-wall/blanketinterracialconfigurations are considered
to examine the impact on maximum structuraltemperaturein the PbLi-cooled
blanket.

Restrictionson the geometry of the blanket channelsare relaxed to allow
of options.

adopted in the Ref. 10 design must be

schematicFig. 2-5. The limiter, first

each cooled by separate, single-pass

considerationof a wider variety

The dual-media coolant system

retained,as is depicted in the highly

wall, second wall, and shield are

pressurized-watercircuits that share common input and output headers but have

separatemanifolds. The first structuralwall of the PbLi-cooledblanket serves

as the return leg for the first-wallwater coolant and, as previouslynoted, is

termed the “second wall.” A mechanical separationbetween the second wall and

the containingstructurefor the PbLi may be possible,depending on achievable

contact thermal resistances. Separate cooling of the inside structuralwall is

necessary for the CRFPR(20)design in order to hold 450-500°C corrosion-related

temperature limits28 at the PbLi/structuralinterface. The conditionswhere a

mechanical separationcan be maintainedbetween this second-wall water coolant

and the inner-blanketPbLi coolant are describedin Sec. 2.2.1. The conditions

under which separate cooling of the blanket structureby pressurized water can

be eliminated are addressedin Sec. 3.5. The followingsubsectionsseparately

describe the thermal hydraulicmodels and conditionsfor the first-wall/second-

wall, limiter, and blanket, paralleling Sees. 111.D.2.a., 111.D.2.b., and

111.E. of Ref. 10. Section 3. then presents a power, thermal-hydraulic, and

mechanical integration of the separateFPC components,parallelingSec. 111.L.

of the Ref. 10 frameworkdesign.
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Schematic diagram of dual-media, pressurized-water/flowing-PbLi
coolant system for each half of N = 24 CRFPR(20)toroidal sectors.
Key notationused throughoutthe thermal-hydraulicanalysis is also
shown.

2.2.1. First-Wall/Second-WallModels

A possible first-wall/second-wallsystem is shown in Fig. 2-6. The first

wall consists of copper-alloytubes aligned in the toroidal direction. One

possible option for the second wall is a 5-mm-thickHT-9 wall containing

pressurized-watercoolant channels. The chemical composition and selected

thermal and mechanicalpropertiesfor these materialsare given in Table 2-II.

Other second-walloptions are discussedin Sec. 2.2.3.3.

The energy absorptionrate for the first wall includes radiation and

particle fluxes from the plasma and neutron/gamma-rayvolumetricheating. The

second-wallenergy absorptionincludesheat conduction from the PbLi in the

blanket (possibly through a separating metal/metal interface) and from

neutron/gamma-rayvolumetricheating. The first and secondwalls are cooled by

high-pressure, subcooled (- 10 K) water flowing through the first-wallD-tubes

and returningthrough the second-wallchannels.
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Fig. 2-6. First-wall/second-wallconfigurationused in thermal analyses, where
flow directions are toroidal. Depending on thermal contact
resistance,a third structuralwall may be placed between flowing
PbLi coolant and the HT-9 second wall.

TABLE 2-II

SELECTEDPROPERTIES

Composition 0.06% Mg,

Density (kg/m3)

Melting point (°C)

Specificheat (J/kg K)(a)

Thermal conductivity(W/m K)(a)

Emissivity(b)

Young’s modulus (GPa)

Poisson’s ratio

Thermal-expansion

Yield strengthat

(a) At 400°C.

(b) Values quoted

coefficient(10-6/K)

500°C (MPa)

OF STRUCTURALMATERIALS

MZC Copper Alloy HT-9 Ferritic Steel

0.15% Zr, 0.4% Cr 12% Cr, 1% Mo

8880. 7800.

1075. 1420.

394. 680.

324. 29.5

0.4 0.5

138. 170.

0.33 0.27

18.4 12.7

416.4 200.

for nominally roughenedsurfaces.
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The design parametersfor the first-wall/second-wallcooling system include

the water pressure,inlet and exit temperatures,and the geometry/dimensions of

the coolant passages. The optimum design ultimatelygives the maximum net

electricalpower output from the reactor. Achieving this optimum requires the

maximum temperatures for all coolantswithout exceedingstress and temperature

limits of the materials. Generally,the exit conditions for the pressurized-

water coolant limit the overall plant efficiency.

2.2.1.1. First-WallStructuralAnalysis

A detailed structural analysis for the first wall (and limiter)would

require a two-dimensionalfinite-elementmodel that includes the effects of

fatigue, creep, sputteringerosion at the surface, and possiblynon-uniformheat

loads. Because of the scoping nature of the CRFPR design, a simpler approach

was adopted that uses a steady-stateone-dimensionalstress calculationand

applies a large factor of safety. The total stress for a thin-walled tube is

given by

~ = pwdi/(2~)+ aEq#/[2k(l - ‘)1 ‘ (1)

where Pw is the coolant pressure (w for water versus p for PbLi), di is the

inside tube diameter,6 is the tube-wallthickness,a is the thermal expansion

coefficient, E is Young’s modulus, qw is the wall heat flux, k is the thermal

conductivity,and v is Poisson’s ratio. The two terms on the right side of

Eq. (1) correspondto the pressure (primary)stress and the thermal (secondary)

stress, respectively. The stress is required to be less than a design value,

aD, which is taken to be the yield strength (Table 2-II) reduced by a factor of

safety of 5. The wall thicknessfor a given tube diameter may be calculated

from Eq. (1) for a = aD, giving

b+ s C1/2 f [c: - 4C211’2/2 , (2)

where Cl = 2aDk(l -v)/(aEqw)s C2 = P#ik(l - v)/(aEqw),and the plus(minus)

sign gives the thick(thin)-wallsolutions.
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(3)

A solution to Eq. (2) exists only if

di < diW = GD2k(l - ~)/(p~qwE).

This conditionprovidesan upper limit on di. For a given value of di, a wall

thicknessexists that gives the minimum stress. This wall thicknessis obtained

by setting the derivativeof a with respect to 6 equal to zero, and is given by

60pT = [pwk(l- V)di/(aEqw)]lJ2. (4)

The final selectionof 6 and di also depends on the results of a the~al

analysis, the safety factor selected, and constraints imposed on coolant

velocity and exit coolant conditions(Sec. 3.2.2). Figure 2-7 plots Eq. (1) for

conditions that are close to the optimum design developedin Sec. 3.2.2. Also

shown is the variation of coolant bulk velocity,V(m/s), and number of coolant

tubes per sector, NT. The minimum-stress thickness is chosen for further

optimization.

A stress analysis for the pressurizedrectangularcoolant channels in the

second wall gives

a= (5)(Pw/2)(w/5)2 + pww/(2a) ,

where w is the channel width and 6 is the wall thickness. The terms on the

right side of Eq. (5) represent the bending and shear

Thermal stress is negligible in the second wall

fluxes. The minimum allowablevalue of 6 is estimated

value of w by settinga = ~D.

stresses, respectively.

because of the lower heat

fromEq. (5) for a given

2.2.1.2. First-WallThermal-HydraulicAnalysis

A numericalanalysiswas used for the thermal-hydraulicdesign of the first

and secondwalls. The inside diameter of the first-wallD-tubes (Fig. 2-6), di,

the inlet water temperature,Twi, and the inlet water pressure,Pwi, are treated

27



b>

Fig. 2-7.

as design

used

from

15

10

5

0

I I I I I
FACTOR OF SAFETY = 5.0

/

8.
MAXIMUM

ALLOWABLE STRESS

————

MAXIMUM
ALLOWABLE

A

VELOCITY

COOLANT
VELOCITY

Twi = 170°C

T-o = 3oo ”c

dl = 4.Omm

I I I I I
0.5 1.0 1.5 2.0 2.5 3.0

TUBE WALI- THICKNESS, ~(mm)

Dependenceof first-wallstress, coolant velocity,
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variables. The stress calculationsdescribedin

to determinean appropriatetube-wallthickness,6.

The number of first-wall(and second-wall)tubes, NT, is

the followingexpression:

NT = 2N[2~rw/(di + 26)] ,

and coolant-tube

Sec. 2.2.1.1. are

then determined

(6)

where rw is the minor radius of the first wall. The factor 2N = 48 corresponds

to N = 24 toroidalsectors that comprise the reactor torus, each sector having

manifolds at the sector center and coolant tubes at both sides (Fig. 1-3).
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Given values for the inlet and exit coolant-watertemperatures, the mass flow

rate for a single tube is computedfrom

iwlsw%7=N@i ‘

where P~w/sw is the total cooling rate

(excludesmanifolds, includessurface plus

change in coolant-waterspecificenthalpy.

v= 8fiw/(mdi2pw) ,

where pw is the

The inside

TSi = Two

(7)

for the first-wall/second-wallsystem

volumetricheating) and Ai is the

The average fluid velocity is

density of the coolantwater and ~ is the mass flow rate.

tube-walltemperatureat the tube exit is

+qw/h ,

(8)

(9)

where qw is the heat flux at the inner surface of the tube wall and h is the

local film coefficient. The heat flux is determinedby dividing total cooling

rate for the first wall (excludingmanifolds),p~w, by the total effectivearea

of the inside surface of the tubes. The film coefficientis calculatedfrom the

followingexpression:

h= o.0155(kw/dH)pr0 *5R@.83 ~ (lo)

where ~ is the thermal conductivityof water, dH is the hydraulic diameter,Pr

is the Prandtl number, and Re is the Reynolds number. The temperature at the

outside surface of the tubes (maximummaterial temperature)is calculatedby a

one-dimensionalsteady-stateconductionanalysis according to
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Ts. = T~i +&#j/h+~2/(2k)] +qW(l/h+ a/k) s (11)

where ~~ is the volumetricheating from neutrons and gamma rays and k is the

thermal conductivityof the tube material.

The following criteria are selected to define a satisfactoryfirst-

walllsecond-wallthermal-hydraulicdesign.

s

●

●

The bulk fluid velocitymust not be so large as to cause excessive
erosion. A value of 10 m/s is selectedas the nominal upper limit.

The maximum temperatureat the inside surface of the coolant tubes must be
less than the saturationtemperatureof water by a specified amount. A
differenceof 10 K is selectedfor design purposes.

The maximum
One-half the

The hydraulic

estimatedfrom

material temperature must be less thana specifiedvalue.
melting temperatureis selectedas the upper limit.

pressuredrop for the first-wallcoolant tubes of length1 is

AP = fF(A/dH)pwV2/2,

where the frictionfactor is computedfrom

‘F = 0.184/Re0e2 .

(12)

(13)

The procedures used to calculate thermal-hydraulic conditionsfor the

second wall are the same as those used for the first wall except for differences

in channel geometry and heating rates. The cooling rates are significantly

lower in the secondwall because of the absence of the radiativeand convective

energy fluxes from the plasma. Conductionfrom the PbLi in the blanket to the

second-wallcoolant is included, however, thereby coupling the second-wall

analysis to the blanket analysis (Sec. 2.2.3.).

The thermal-hydraulic calculations for the first and second walls are

performed by a numericalmarching procedure that solves the equationsin finite-

difference form. Calculation of the heat transferand pressuredrops in the

inlet and exit manifolds are also included.
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2.2.2. Limiter

The Ref. 10 edge-plasmaconditionsassume fW = 0.9 of the total energy

shed by the plasma (25.3MW of ohmic dissipationand 546.5 MW of alpha-particle

heating) is radiated uniformly over the first-wall and limiter surfaces

[AFW = (2n)r~RTl, with the N = 24 polQidal limiters occupying- 38% of AFW in

order to assure that the peak heat load of qD = 6 MW/m2 is not exceeded. Hence,

the cooling requirements for the pumped limiter are similar to those for the

first wall. Copper alloy is also proposed for use for the pumped-limiter

surfaces facing the plasma. As seen from Figs. 1-2 and 1-3, as well as the more

detailed view given in Fig. 2-8, the orientationof the limiter relative to the

first wall is poloidal. The shape of the outer surface of the limiterwas

determinedby an edge-plasmamodel similar to that used for tokamaks29 and

discussed in Ref. 10. The limiter radial thicknessis made as small as possible

consistentwith the inclusionof coolant-waterchannelsof sufficient size to

provide adequate cooling at acceptable coolantvelocitiesand pumping power

while maximizing the limiter-slotarea for purposes of particle pumping.

A thermal-hydraulicanalysis similar to that used for the first-wall

coolant tubes was used along with a structuralanalysis to determine suitable

coolant-channeldimensionsfor the pumped limiter. As seen from Fig. 2-8,

pressurized-water coolant is supplied to each limiter by concentricpoloidal

manifolds that direct coolant to the limiter in the toroidal direction. The key

design parameters are coolant inlet and exit temperature,channel height and

width, thicknessof material between the channelsand the limiter surface, and

spacing between coolant channels. An optimal design requires the highest

coolant temperaturesthat are compatiblewith maintaining the limiter at an

acceptable operating temperature. The coolant channel configurationproposed

for the limiter is shown in Fig. 2-9, which gives both heat fluxes and steady-

state temperature distribution. It is noted that, although both neutronicand

thermal-hydraulicanalyses assumed the limiter to be copper alloy, in principle

only the high-heat-flux surface need be this material, with the bulk being a

steel alloy. Cooling rates, heat fluxes, and geometric parameters for the

limiters are summarizedin Table 2-III.

The limiter coolant in each of 24 toroidal sectors flows in series with the

shield/reflector coolant (86.5 MW). The thermal-hydraulic analysts is

incorporated into a computer code which analyzes a total coolant circuit

31



COOLANTFLOW

\\

\ # ““
\

,/” \
.< \

i 423

INLET/OUTLETMANIFOLDSd

o 0.2 0.4 0.6 0.8 1.0

ISOMETRIC SCALE (m)

Fig. 2-8. Detailed view of one of N= 24 pumped poloidal limiters and
accompanyingpressurized-watercoolant circuits (see Fig. 1-3).

containing the inlet manifold, limiter outletmanifold,and shield coolants.

That code is used in the integratedFPC design discussedin Sec. 3.2.

A critical cooling problem occurs at the limiter tip. The surface of the

limiter facing the plasma receives both a radiationflux and a (unresolved)

particle flux. The surface is shaped so that the combinedenergy flux incident
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Fig. 2-9. Limiter-tip temperature and heat-fluxdistributionbased on design
developedin Ref. 10.

on the limiter surface is uniform

qD=6~/m2. The point where

and does not exceed a nominal design limit of

the scrapeoff particle energy flux in the

toroidal or z-directionfalls below qD (Fig. 2-9) determines the toroidal extent

of the limiter, z = t 1/2, which in turn determinesthe radial extent, x = 6’.

The x-z coordinatesystem is defined by the limiter leading edge (plasma

radius, rp)forx = O and the toroidalcenter, z = O. The distance rw- rp - ~“

determines the

the fraction,

limiter slot.

sufficient tg

limiter-slot(radial)thicknessavailable for pumping as well as

fp, of the particles diffusingin the scrapeoff that enter the

The resulting thickness 6’, as seen from Fig. 2-9, is not

support cooling channels,and structurematerial of thickness&3-

is added to the underside of the limiter.l”

The pressurized-watercoolant leaves,the limiter at 257°C and 10 m/s, which

gives a local film coefficientof 100,000 W/m2 K.30 These coolant properties,

the heat fluxes in Fig. 2-9, the thermal-physicalpropertiesin Table 2-II, and

the volumetric heat generation of 324.8 MW/m3 were used to calculate the

temperaturedistributionin Fig. 2-9. The temperature at the limiter tip

(378°C) is within the creep limits for this alloy.31 The slight increase in

temperaturefrom that reported in Ref. 10 (378°Cversus 371°C) reflects the much

larger volumetric heat generation (327.8MW/m3 versus 222 MW/m3), this

.
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TABLE 2-III

PUMPED-LIMITERTHERMOHYDRAULICDESIGN PARAMETERS

Heat Flux and Total Power

. Heat flux‘a) (MW/m2)

. Neutron energy absorption(MW)

● power absorbedby limiter coolant(b) (w)

. percent of total thermal output(b)

c Design stress safety factor,fly/~D

Geometry

. Number of limiters

. Number of channelsper limiter side

. Channel length (m)

. Channelwidth (mm)

. Channel height (mm)

. Wall thickness(mm)

6.2

110.6

363.4

10.5

6.3(C)

24.

942.

0.38

4.0

0.8

1OO(d)

(a)The plasma side of the limiterwould be shaped to maintain a nominally
constantplasma heat flux.

(b)In addition,204.8 MW of neutron and gamma-rayheating is depositedinto the
inlet/outletmanifolds,giving a total of 568.0 MWor 16.4% of the total
thermalpower.

(c)Based only on pressurestress applied to a beam-likegeometry. Preliminary
estimatesindicate that the thermal stress is small by comparison.

(d)Althoughsatisfactoryfrom a stress viewpoint, this thickness allows no
sputteringmargin. Graphite tiles or Be coatingswould be used.

difference resulting largely from the two-dimensional limiter-specific

neutronicscalculations compared to the Ref. 10 one-dimensional estimates.

Nuclear heating within the limiter now accounts for 22% of the total energy

received by the limiter blade. The temperaturecontours at the limiter edge

(top) reflect the qD = 6 MW/m2 design heat flux, while the contoursat the

bottom of the limiter show flow from the limiter tip toroidally to the bulk

limiter material, since the heat flux at the limiterunderside is nearly zero

for the scrapeoffmodel used.l”

Although the limiter temperaturesare well within the acceptablerange set

by creep for the configuration shown, the relativelythin sections required

allow little design margin for significant net sputter erosion. The

improvements needed to analyze better these importantplasma-wallinteractions,
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includingself-consistentcalculationof sputtering rates, redeposition, and

radiationfractions,representan importantarea of futurework.

2.2.3. Blanket

The CRFPR(20) blanket consists of liquid PbLi flowing poloidallythrough

channels constructedof HT-9 ferritic steel. The PbLi serves as both the

breeding material and coolant. Neutron and gamma-rayheating in the blanketwas

computedby the TRIDENT-CTRcode24 in two dimensionsfor the half segment shown

in Fig. 2-1. Variations of energy in the toroidaldirectionare small compared

to radialvariations. Averaged values of energy absorption given in Fig. 2-4

were

Fig.

Two

calculated for each radial location.These averaged results are shown in

2-10 and are used in the blanket thermalanalysis.

Several concepts for coolant-channeldesignwere originally considered.l”

variations of the design adopted in Ref. 10 are shown in Fig. 2-11. The

thicknessesof the ith poloidal channel,wei, are uniform in both cases. Option

A depicted on Fig. 2-11 has radial channels that vary in thicknessfromwei at

the inside to wRi at the outside. The radial channels in Option B have uniform

thickness, wRi. The blanket design is based on thermal,hydraulic,and one-

dimensionalMHD analyses of the PbLi flow in each individualchannel.

2.2.3.1. BlanketHydraulicAnalysis

Eddy currents are induced when an electrically conducting fluid of

viscosity ~ and electrical conductivity a flows between parallel plates of

separation2a with a velocityV perpendicularto a magnetic field. .These eddy

currents interactwith

by 32

the magnetic field and produce a pressure gradient given

dPM/dx = - TV/a2[(H2tanh(H))/(H- tanh(H))+ H2C/(1 + c)] ,

where H = aB(o/T)l/2is

magnetic field, and C

products of the channel

(14)

the Hartmann number, B is the strength of the transverse

= (cwtw)/(aa) is the ratio of conductivity-thickness

walls and the flowing fluid.
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Fig. 2-10. Toroidal averages of the neutron and gamma-rayheating rates shown
in Fig. 2-4 for the TRIDENT-CTRcalculationsand used in all blanket
thermalhydraulicsanalyses. Remanentheating peaks at channel-wall
positions were averaged. Channelwalls were shifted somewhat from
the positionsused in the TRIDENT-CTR calculations by subsequent
thermal-hydraulicanalyses (Sec. 3.2.3.).

The thermal power deposited in the PbLi blanket,PBLK, is computedby

numericalintegrationof the power distribution obtained from the neutronics

analysis (Fig. 2-10) over the radial extent of a given channel. If inlet and

exit PbLi temperatures,Tpo and Tpi, are specified,the PbLi mass flow rate can

be calculatedfrom ~ = PBLK/ICP(TPO- Tpi)]●

Equation (14) is then integratedfor specifiedchannel geometry,flow rate,

and fluid propertiesto give the MHD pressure drop, ApM. The spatialvariations

of the poloidal and toroidal fields, Be and B@, within the blanket and coil

regions are approximatedl”by the followingexpressions:
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Two variationson the parallel poloidal-channel concept suggested
for the PbLi blanket in Ref. 10, both being based on inlet/outlet
coolant access at the outboardequatorialplane of the FPC. The
radial channel thickness,w
of the ith coolant

Ris and poloidal channel thickness,wei,
channel are noted. The design of w.:

important, in that the majority of the MHD pressure-dropocc&
that location.

is
at
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B@(T) = 1.52/R= 1.52/(RT+ r cos f3)

B@(T) = O

and

Be (T) =4.25 /r-0.8 r-0.2 ,

(inside the TFC), (15A)

(outsidethe TFC), (15B)

(16)

where RT is a major radius and r is a minor radius. The viscous or frictional

pressure drop, APF= (f~v2)/(8a), is added to the magnetic pressure drop to

obtain the total pressuredrop, AP ‘APM+APF. The pumping power is then

computed from

PPmp = &# P/(ppTlpmp) , (17)

where qpmp is the pump efficiency, which is taken as 75%. This power

dissipationis not assumed to enter the coolant stream as added thermalpower.

The pressure drop calculatedfromEq. (14) does not include local losses

that may occur in regions where the flow direction, velocity, channel

dimensions,or magnetic fields are rapidly changing. Inaccurate determination

of those losseswould require the simultaneoussolutionof the Navier-Stokesand

Maxwell equationsin three dimensionsand was not within the scope of this

study. When properly taken into account, the actual pressure drop and pumping

power are thereforeexpected to be somewhathigher than those computedhere when

these effects are properly taken into account.ssSpecifically,the blanket

designs consideredin this study require the fluid to turn from a direction

normal to a large magnetic field to a parallel direction. When MHD affects are

present, the pressure drop will depend on the detailedmanifoldinggeometry, the

presence of insulators, and wall-thicknessdistributions. The semi-empirical

correlationfor a single conduit32 with a bend may not give an accurate

description of the actual pressure drop; the latterwill depend on the details

of the actual configurationand needs to be calculated using three-dimensional
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MD effects.ssIn most

is generallyassumed.

PbLi blanket designs, the flow is laminar

The relevant transitionnumbers are ReT =

and slug flow

500H1 = 390,000

and ReT . 60Hu = 463,000 for this study; since Re > 106 for the present design,

the flow is expected to be turbulent.

2.2.3.2. Blanket Thermal Analysis

The temperature distribution within the PbLi in the blanket channels is

determinedby a numericalsolution of the energy equation

(18)

where x is the poloidal distance, ‘eff is the effective PbLi thermal

conductivity,and v is the local velocity. The total energy generationrate for

the channel,~W, is obtained by numerical integration of the neutron and

gamma-rayabsorptionresults given in Fig. 2-10. The mass flow rate and average

velocity in the channel are then computed for specified values of bulk PbLi

inlet and exit temperature,Tpi and Tpo, respectively.

The flow regime depends on the Reynolds number and the Hartmann number.

The magnetic field tends to suppress turbulence,with the transition Reynolds

nmber given bysz ReT .

velocity distributioncan be

V=Vw(y/a)l/n ,

500H. Neglecting fluid propertyvariations,the

approximatedby

(19)

where n is 2 for laminar flow and 7 for turbulentflow, y is the distance from

the nearest wall, a is the channel half-thickness, and VW is the centerline

velocity. The effectivethermal conductivityfor turbulent flow includes the

molecular thermal conductivity of the PbLi and an eddy conductivityresulting

from turbulentmixing. The effectiveconductivityis related to the effective

viscosity by keff = ~effcp/preff,where the effectivePrandtl number, Preff, is

approximately0.9 for confinedflows. The effectiveviscosity,‘rleff,is based
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on the Prandtl mixing length theory, with the VanDriest hypothesis34 being

assumed to apply at the wall. Specifically,

‘eff = T +p(Ky)2 [1 - exp(-y(zp)l/2/(qA+))121dv./dyl, (20)

where K = 0.435 and A+ = 26 are empiricalconstants. The shear stress is

approximatedby z = ~(dv/dy) evaluatedat the wall.

The thermal boundary conditionat the inside structuralwall of the blanket

depends on the second-wall configuration. The four configurationsshown in

Fig. 2-12 were consideredand are summarizedas follows:

. Option A: Single barrierbetween second-wallwater coolant and PbLi coolant
(Ref. 10 case).

. Option B: Double barrierbetween second-wallwater coolant and PbLi coolant
with no thermal contact resistance(oxide layers).

. Option C: Same as Option B with infinite thermal contact resistance (only
radiation).

. Option D: No water-cooledfirst-wall/second-wallsystem.

The boundaryconditionat the secondwall is obtainedby combiningan algebraic

solution of the one-dimensionalheat-conduction equation for the second-wall

material (including neutron and gamma-ray heatingwithin the wall) with the

energy equationat the blanket nodes near the second wall. The coolant-water

temperature and film coefficient calculated in the first-wall/second-wall

analysis are used in the boundary conditionfor the blanket analysis;the first-

wall/second-walland blanket analyses,therefore,are coupled.

Temperature distributions in the flowing PbLi coolant predictedat the

downstreamend of a poloidalsection of inner-blanket channel are shown in

Fig. 2-13 for a wel = 0.2-m channel and inlet and exit PbLi bulk temperaturesof

Tpi = 350°C and Tpo = 5000C, respectively. A corrosionconstraintplaced on the

Ref. 10 blanket design requires that the PbLi temperaturein contactwith HT-9

steel structureshould be less than 500°C. Option A is preferredfrom a thermal

standpoint. Option B may be satisfactoryif the PbLi outlet temperature,the

channel thickness,or both are reduced. Options C and D are not feasibleunless

a) the neutron first-wall loading is reduced by a factor of ~ 3-4 from
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Fig. 2-12. Four inner-blanket-wall/second-wall/first-wall configurations
consideredin modeling the heat back-leakage boundary conditions
between the PbLi coolant and first-wall/second-wall
pressurized-watercoolant.

Iw = 20 MW/m2, or b) the channelwidth is reoptimizedfor operation at higher

PbLi pressurewhile acceptingreduced overall plant efficiency. Directionsfor

Option D (i.e., no first-wall water coolant) are explored further in

Sec. 2.2.3.3. and are examinedquantitativelyin Sec. 3.5.
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Fig. 2-13. Radial temperaturedistributionsin PbLi coolant for the four first-
walllsecond-wallboundaryoptions depicted in Fig. 2-12.

2.2.3.3. Channel Design

The hydraulicand thermal calculations discussed in Sees. 2.2.3.1.and

2.2.3.2. are combined to perform an integratedblanket optimizationand design.

Design parametersinclude the inlet and exit PbLi temperatures, Tpi and Tpo,

radial channel configuration (Fig. 2-11), and second-wall/inner-blanket

configuration(Fig. 2-12). The thickness of the poloidal section of all

channels and the thicknessof the first radial (blanket-exit)channelmust also

be specified. The thermalanalysis ts used to compute the average velocity and

temperature distributionin the first coolant channel,and the pressuredrop is

calculatedusing the hydraulicanalysis. Flow rates for the remaining channels

are calculatedusing the overall energy balance in conjunctionwith the thermal
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analysis. The thicknessesof the

determined while assuring that

(i.e.,a continuitycondition).

The sensitivityof key design

radial channels at the blanket exit are

the pressure drops for all channels are equal

parametersto system performancewas examined

first. Specifically, the effects of the various second-wall/inner-blanket

boundary conditionsand design optionswere investigated. From the standpoint

of reliability, the pressurized cooling water required for high-heat-flux

surfaces should be well separatedfrom the PbLi coolant. Option B (Fig. 2-12)

iS preferable in this respect because two layers of metal separate the

respectivecoolants. Option D is safest because no water resides near the PbLi

system, except as required to cool the limiter. Option A is best from a thermal

and corrosionstandpoint,however, because the PbLi temperature at the HT-9

surface is held to a lower level by the coolingwater (Fig. 2-13).

These preliminary calculationsindicatedthat Option D (Fig. 2-12) cannot

be used for the CRFPR(20)design because of the excessive temperatures at the

PbLi/HT-9 interface. A parametricstudy was performed to estimate the neutron

first-wallloadingsbelow which only PbLi coolant is needed to hold the - 500°C

temperature limit at the structuralwall. The results of that study are shown

in Fig. 2-14. The PbLi outlet temperaturefor the cases shown here is 400°C.

The inlet temperature is 150°C lower than outlet for the full-powercase

(Iw= 19.5 MW/m2) in order to maintain consistency with the Ref. 10 design,

which set this temperature difference on the basis of corrosion,blanket

pressure,and pumping-powerconstraints. The PbLi inlet bulk temperature is

adjusted for the lower-powercases to maintain a fixed ratio of pumping power to

reactor power, The PbLi coolant velocity under these constraints&pump”
decreases with neutron first-wall loading as Iw1t4, and the inlet coolant

temperature,Tpij is increased. In the limit of very low power, Tpi + Tpo, the

velocity approaches zero. Generally, the interfacetemperaturecannot be held

below 500°C, unless the PbLi exit bulk temperature is Well below 5000C.” In

addition, the first-wall loading must be reduced to- 25% of the CRFPR(20)

design level, and the width of the first PbLi-coolantchannel must be reduced.

Major consequencesof these choices are increasedcoolant pressuresand pumping

power (less important). It is possible for the overall thermal conversion

efficiency to increase, however, because a small fraction of the total fusion

power appears in the water coolant. No attempt has been made to optimize the

OptionD case examined in Fig. 2-14. The tradeoffbetween first-wallloading
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Fig. 2-14. Maximum PbLi temperature versus reduction in first-wallneutron
loading relative to the CRFPR(20)design (

?
= 19.5 MW/m2) for an

HT-9 first wall cooled by PbLi (OptionD, F g. 2-12) and a range of
thicknessesfor the first poloidal-flowchannel. For all cases, the
recirculating power fraction requiredby the coolant pump, ;pllql,
was held constant,and the magnetic fields were scaled as w ,
with the CRFPR(20)FPC geometry being maintained.

and overall plant efficiency (i.e., PbLi pressure, pumping power, thermal

efficiency,and channelwidth) for a given maximum structural temperature is

examined further in Sec. 3.5.

The results of calculations for first-wall/second-wallOptions A and B

(Fig. 2-12) are shown in Fig. 2-15 for PbLi inlet and exit bulk temperatures of

Tpi = 350°C and Tpo = 500°c. Option A gives HT-9/PbLi interfacetemperatures

less than 500°C for all channel thicknesses considered, with the larger

thicknesses being preferred because of lower coolant pressuresand pumping

power. The maximum PbLi/structureinterfacetemperaturesfor Option B are too
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Fig. 2-15.Dependence of maximum blanket structural temperatureand PbLi
coolantpressureon the thicknessof the innerpoioidalchannel for
first-wall/second-wallOptionsA and B (Fig.2-12).

high;thistemperaturecan be reducedto acceptablelevelsif the exitbulkPbLi

temperatureis lowered with a correspondingdecrease in plant efficiency.

Results were also calculatedfor OptionC, whichgive interfacetemperatures

aboveacceptablelevelsfor all practicalcombinationsof PbLi temperaturesand

channelthicknessesfor the CRFPR(20)design.
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The final selection of blanketthermal-hydraulicparametersrequiresan

integrateddesignof thecompleteFPC that includesself-consistentstudies of

tradeoffs between thermal efficiency,exit bulk PbLi temperature,blanket

pressure,PbLipump power,and energy split between water and PbLi coolant

streams. That design optimizationis discussedin Sec.3. and representsan

updateof Sec.111.L. in Ref. 10, as modified by a) the two-dimensional

neutronic results with plasmaand circuitsimulationssummarizedin Sec.2.1.,

and b) themore-completethermal-hydraulicmodels described in the present

section. Generally,OptionA or B (Fig.2-12)is preferredfroma viewpointof

efficiency,althoughthe tradeoffsnecessaryto achieve a water-freeOptionD

are alsoexplored.

46



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

3. FUSION-POWER-COREINTEGRATION

Thissectiondescribesthe integrationof the FPC subsystemsusing the

models and resultsdescribedin Sec.2. This integrationis performedat three

levels:a) power-plantenergy.balance(Sec.3.1.),b) thermal-hydraulicdesign

(Sec.3.2.), and c) mechanical design (Sec.3.3.). The magnetics design

reportedinRef. 10 remainsessentiallyunaltered except for a small radial

shiftof coilsrequiredto accommodatethe somewhatthickerblanketsuggestedby

the two-dimensionalneutronicscalculations(Sec.2.1.). Accommodationof these

changes by the magnet set has preserved the OHC set,leadingto a slight

increasein plasmaaspectratio. The revisedFPC designpointis summarized in

Sec.3.4, and derated (lower neutron wall loading) FPC designoptionsand

tradeoffsare examinedin Sec.3.5. The materialpresentedin thesesubsections

focuses on the thermal-hydraulicaspectand formsthe basisfor developinga

plantlayoutto an extent required to assess the single-piecemaintenance

approachin Sec.4.

3.1.Power-PlantEnergyBalance

The power distributionthroughout the FPC is obtainedby couplingthe

neutronicsresults(Sec.2.1.)with plasmaand circuit simulationsl”and with

preliminarydesigns of key components.The globalpower-plantenergybalance

depictedin Fig.3-1 results. Theseresults are summarizedand compared to

Ref. 10 values in Table 3-I. The power balance used to completethe FPC

integrationis basedon

Water-cooledpumpedlimiter

Water-cooledfirstand secondwalls (OptionA or B, Fig.2-12)

PbLi-cooledpoloidal-flowblanket(OptionB, Fig.2-11)

Water-cooledstructuralshield

Ohmicand nuclearheatingin the poloidal-fieldand toroidal-fieldcoils—
not usedby the thermal-conversioncycle.

.

The more detailed two-dimensionalTRIDENT-CTRneutronicsresultsgivea

finerbreakdownof nuclearheatingin variousFPC componentsthanwas available

for theRef. 10 design. Althoughthe blanket-thicknessincreaseofN 0.1 m also

increasesthe coilcurrentcdnterscorrespondingly,the Ref. 10 magnetics and

global coil parameterswere retained. Thesechangesare relativelyminor,and
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identicalcoillossescan be maintainedbetweentheRef. 10 caseand the minor

modificationgivenhereby simplyshiftingconductorswhilemaintainingsimilar

cross-sectionsand massesof the totalcoilset.

Underthe conditionslistedin Table3-I and Fig.3-1, 1607.5MW or 46.3%

of the total recoverablethermalpoweris deliveredthroughthe pressurized-

water coolant loop. The unrecoverableenergy deposited in the coils is

212.0MM, 66% of which (139.1MW) resultsfromohmicdissipation.Hence;11% of

the grosselectricpowermust be recirculatedto supplyresistivelossesin the

TFC and PFC sets,and 2.2%is recirculateddirectlyto the plasma,whichwhen

combinedwith an added7% recirculatedto coolant pumps for auxiliary plant

needs amounts to a totalrecirculatingpowerfractionof c = 0.204. The FPC

thermal-hydraulicdesignand optimizationdescribed in the following section

give an overallthermal-conversionefficiencyof q~ = 0.369for thisdual-media

thermalcycle,which when combined with c and a generator efficiency of

mGEN = 0.98 gives an overall plant efficiency of ~p ‘TGEN q$H(l- s) =

p@TH = 0.288.

3.2.Thermal-HydraulicDesign

The goalof theFPC designis to maximize the overall plant efficiency

subject to the designconstraintslistedfor the individualcomponents.Energy

is suppliedto the CRFPRenergy-conversioncycleby two distinct fluid streams

at different temperatures.A detaileddesignof the dual-mediasteamcycleis

not withinthe scopeof thisstudy. The approachtaken, therefore,calculates

the maximum (ideal) efficiency attainable fromsucha cycle,as depictedin

Fig.3-2. The expressionfor thisidealcycleefficiencyisl”

mI= 1 - TE[f#tn(Two/Twi)/(Two- Twi)+ (1 - fw)ln(Tpo/Tpi)/(Tpo- Tpi)l> (1)

heat is rejected,fw is

by the pressurized-water

whereTE is the temperatureof the environmentto which

the fraction of totalthermalpowerthatis supplied

coolant,and T designatesa bulk fluidtemperature.The subscriptsare w for

water,p for PbLi,and i and o for inletand outlet,respectively.

A comparison of thisequationwith predictedor measuredefficienciesof

otherdual-and single-mediathermalcyclesindicatesthatapproximately75% of

the Ideal efficiency can be achievedin a realsystem. Althoughuncertainty
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TABLE3-I

CRFPRBASELINEPOWER-BALANCESUMMARY

Parameter (Ref.10)

Major toroidalradius,~(m) 3.79

First-wallradius, rw(m) 0.75

First-wallarea,AFW(m2)= (2n)2rwRT 112.1

Majorcircumference,2m~(m) 23.80

Fusionneutronfirst-wallloading,Iw(MW/m2) 19.5

Fusionneutronpower,pN(MW) 2186.0

Alpha-particlepower,Pa(MW) 546.5

Plasmaohmicpower,‘b)pQ(MW) 25.3

First-wallnuclearheating,P~w(MW)= pFww+ pF~ 317.0

● firstwall,pFw’w(Mw)

● firstwallmanifold,pFw(MW)

Limiternuclearheating,P~(MW)= pLL + PLM 178.1

. limiter,PLL(MW)

. limitermanifold,PLM(MW)

First-walland limiternuclearheating,P#w+ P~(MW) 495.1(C)

Second-wallnuclearheating,PSW(MW)= Psw + Psw

● secondwall,PSW(MW)

● secondwall manifold,PSW(MW)

Blanketnuclearheating,PBLK(MW)= PBLB+ pBLS

. blanket,PBLB(MW)

● blanketstructure,pBLS(MW)

Shieldnuclearheating,pSLD(MW)

Recoverablenuclearheating,MNPN(MW)=

PNW +P:+PSW + ‘BLK+ ‘SLD
Energymultiplication,MN

Totalrecoverablethermalpower,

PTH(MW)= MNPN+ Pa + p~

Toroidal-fieldcoilheating,pTFC(MW)

● nuclearheating,P~Fc(MW)

● ohmicheating,(d)P~Fc(Mw)

Poloidal-fieldcoilheating,PPFC(MW)

● nuclearheating,p#Fc(MW)

● ohmicheating,‘d)p$FC(Mw)

50

97.1

2057.6

143.3(C)

2793.1

1.28

3364.9

42.6

30.O(C)

12.6

141.0

14.5(C)

126.5

UDdate(a)

3.79

0.75

112.1

23.80

19.5

2186.8

546.5

25.3

253.2

73.1

180.1

315.5

110.6

204.9

568.7

233.5

53.4

180.1

2012.1

1959.5

52.6

86.5

2900.8

1.33

3472.6

48.3

35.7

12.6

163.7

37.2

126.5
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.TABLE3-I (cent)

Fractiontransport10ss to limiter,fL

Fractionplasmapowerradiated,f*

Fractionallimitercoverage,!tL/(~L+Aw)

Limiterlength(N = 24)sAL(m)

Radiatedpower,PW(MW) = fW(Pa + PQ)

Transportpower,PTR(MW)= (1 - f~)(Pa + P~)

Powerto limiter,PL(MW)= fLpTR+ P! +

P~L/(AL+ lw)

Totalpowerto firstwall,PFW(MW)=

(1 - fL)pTR+ p~v + P~ ~w/(~L+ ~w)

Powerback-leakagefromblanketto SW,(e)PBL(MW)

Totalpowerto FW/SWsystem,

pFW/SW(MW)= PFW+ Psw + PBL

Totalpowerto water-cooledfirst-wallsystems,(f)

pTHw(MW)= ‘FW/SW+ ‘L
Totalpowerto PbLi,p~p = pBLK- pBL

Totalpowerto magnetcoolant,PTFC(~) + ‘PFC(N)

Estimatedthermal-conversionefficiency,V$H

Grosselectricpower,pET(MW)= TCE~~HpTH

Auxiliarypowerneeds,PAW(MW) = fAUXpET

Ohmicpowerto FPC,~(MW) = ~FC + ~FC + PQ

Recirculatingpower,PC(MW)= PAUX+ NC

Recirculatingpowerfraction,& = Pc/PET

plantefficiency,Tp = q~Nq~H (1 - &)

Net electricalpower,pE(~e) = PET(l- S)

-1.0

0.9

0.38

0.38

514.6

57.1

440.8

626.0

96.0

819.1

1259.9

1961.6

183.6

0.365(g)

1226.7(g)

62.6

164.4

227.o@)

0.185(g)

0.297(g)

looo.(g)

(a) The modifiedCRFPR(20)designpresentedherehas a

(b)
(c)
(d)

(e)

(f)
(g)

vs 20 mm), higher lithi~ ~nrichment (90% vs
(610mm vs 495 mm) relativeto theRef. 10 design.
Basedon peakedtemperatureprofile,T(r)= Jo(r).
Referto Table111.B-Vof Ref. 10.

-1.0
0.9

0.38

0.38

514.6

57.1

568.3

572.2

147.0

952.7

1607.5

1865.1

212.0

0.369(g)

1255.8(g)

62.8[91.30](g)

164.4

227.2[255.7](g)

0.181[0.204](g)

0.296[0.288](g)

1028.[1000.](g)

thinnerfirstwall (5mm
60%),and thickerblanket

For the~ and F values used in the systems code (BR =-O.68T), a
continuousTFC wouldgenerate17.6MW ohmicdissipation.!he more-detailed
plasma simulations (modified BFM, Q = 1.55, F = -0.12, Pe = 0.23,

‘w = 0.4 T) and the use of discretizedcoils give the value of

p~FC = 53.5MW and @oHc= 73.0,as describedin Sec. 111.F.2.d.of Ref. 10.

Estimated in Sec.111.E.of Ref. 10 as the penalty incurred when a
structuraltemperaturelimit of - 500°C set by PbLi corrosionlimitand
amountsto 4.66%of PBLK.
Amountsto 46.2%of Pm.
Values based on thermal-hydraulicsoptimizationand integrationstudy
described in Sec.111.L.2.of Ref. 10, and thisreport. Valuesin brackets
[] reflectan increasein fAuxfrom0.05 to 0.07 to forcenet electricpower
to equal 1000-MWe(net)as well as consistencywith the costingalgorithm
(!3ec.6.). 51
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existsin the absoluteaccuracyof thiscalculatedefficiency,Eq. (1) should

accurately reflect the change in cycle efficiency thatwouldbe causedby

changingfluidtemperaturesor the fractionof total energy carried by each

fluid. For the purposes of thisstudy,therefore,the actualthermodynamic

cycleefficiencyis approximatedas ~~H = 0.75~1.

The grosselectricalenergyoutputis PET = q~qGENP~= q~PTH, where PTH

iS the recoverablethermal power, qGEN is the generator efficiencyand

~TH ~ q’~GENo The net poweroutputis PE = PET - Pc, where the recirculating

power, Pc, includesmagnetand plasmapowerrequirement,the pumpingpower,and

otherauxiliarypowerneeds. AS indicatedin Table3-I and Fig.3-1,the magnet

and plasmapowerneedsrepresenta majorpartof the recirculatingpower(- 13%
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of PET),with other

goal of the FPC

needsestimatedto requirean additional 7% of P~~. The

thermal-hydraulicdesign integrationis to achievefluid

conditionsthatoptimizethe thermal efficiency [Eq.(1)] and minimize the

pumpingpower,whileholdingthe followingdesignconstraints:

Primaryand secondarystressfactorof safety,ay/aD> ~.

PbLi blanketpressure,< 100psi.

Pressurized-watercoolantvelocity,V < 10 m/s.

Maximumcopper-alloyhigh-heat-fluxtemperature,< 400°C.

MaximumHT-9 ferriticalloytemperaturein contactwithPbLi,< 500°C.

Critical-heat-fluxlimitsfor pressurized-watercoolant,ATSAT> 10 K.

Thermal-conversionefficiency,q~ = 0.75~GENql(qGEN= 0.95,fw = 0.46).

No structural sputteringmargin (coatings,tiles, cold/denseradiating—
plasmaedgerequired).

PbLi blanketMHD pressure modeled in one dimension with
insulators.

3.2.1.LimiterAnalysis

Equation(1) shows that the cycle efficiencyincreases

fluidtemperatures;both the inletand outletwater temperatures

high as possible. Calculationswere performedusingthe limiter

no sandwiched

with increasing

should be as

modeldescribed

in Sec.2.2.2.to determine the velocity and maximum local cQolant-water

temperaturein the limiterchannelsfor variousvaluesof inletand exit bulk

temperatures.For all cases considered,the limiter (568.3MU) and shield

(86.5MW) coolant circuits were operated in series to simplify the

manifolding/headeringsystems. The highest acceptable bulk temperatures

correspond to the case where both the velocity and maximum localwater

temperaturesin the limiter channel are equal to the specified limits of

v= 10 m/s and TSAT= 10

coolant-watertemperature

the shield of 288°C.

summarizedin Table3-II.

K, respectively.This conditioncorrespondsto a bulk

at the limiterexit of 256°Cand a temperatureleaving

Results for the limiter/shieldcoolant designare

I
I
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TABLE3-II

PUMPED-LIMITERTHERMAL-MECHANICALDESIGNPARAMETERS(a)

PARAMETER

Numberof limiters,N
Material
Overalldimensions

● toroidalextent,AL(m)
● maximumradialthickness,6’(mm)
. stand-offdistancefromfirstwall,6(mm)

Coolantconfiguration(toroidalflow)
. channelheight(mm)
. channelwidth (mm)
. wall thicknessto outsidesurface(mm)
. wall thicknessbetweenchannels(mm)
● numberof channelsper limiter

Limiterthermalrating
● totalcoolingratefor all limiters,PL(MW)
● manifolds,totalthermalpower(MW)
. shieldthermalpower(MW)
. totalpowerto limiter/shieldcircuit(MW)
● designheat flux,qD(Mw/m2)
● maximumlimitertemperature(°C)

Coolantproperties(pressurizedwater)
● inlettemperature,T .(OC)
● outlettemperature,l?o(oc)
● nominalcoolantvelocty,V(m/s)
● totalmass flowrate,

?
(kg/s)

. pressuredrop in channe (MPa)
Manifold/headerproperties

. inletmanifold,ID/OD(mm)
● outletmanifold,ID/OD(mm)
. inletheader(singleradialrun),ID/OD(mm)
e outletheader(singleradialrun),ID/OD(mm)
● totallimitercircuit ressuredrop (MPa)
● limiterpumpingpower(~) (Mw)
● totallimitercircuitpumpingpower‘b) (MW)

VALUE

24.
MZC Copper

0.38
11.5
40.

0.8
4.0
0.8
1.00

942.

363.4
204.9
86.5(a)
654.8
6.0

378.

170.
256.
10.0

1173.
0.10

83.7/84.7
122.7/163.8
83.7/112.0
89.5/119.5
0.30
0.18
0.52

(a)The limiterand shieldcoolantcircuitsare operatedin series, simplifying
themanifoldingand headeringschemerelativeto theRef. 10 design.

(b)Pump efficiencyis qpmp = 0.75.

3.2.2.First-Wall/Second-WallAnalvsis

The designof thefirst-wall/second-wallcoolantcircuitis coupledto the

blanketdesignbecauseof heat transferfrom the flowing PbLi in the inside

blanket coolant channel to the pressurized-watercoolant. The blanketmodel,

therefore,was evaluatedto determinethe rateof heat transferfrom the blanket

to the second wall. The result from thatanalysisis usedas inputto the
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first-wall/second-wallthermal-hydraulicanalysis. Design parameters include

the inlet and exit bulkcoolanttemperatures,first-wallcoolant-tubeinside

diameterand wall thickness,and second-wallconfiguration. Generally, first-

wall/second-wallinterfaceOptionA or B (Fig.2-12)was used,althoughpossible

conditionsfor a water-freefirst-wallsystemare examined in Sec.3.5. From

the viewpoint of the steam-power-cycledesign,it is convenientto combinethe

water flowsleavingthe limiter/shieldand first-wall/second-wallcircuits to

provide a single flow path to a steamgenerator,whileallowingfor someuse

directlyin feedwaterheating. The coolantwateralsoreturnsto the FPC as a

singlestream. The bulk inletwatertemperaturefor both the first-wall/second-

wall and limiter/shieldcircuits,therefore,was selected. The limiting water

temperatureis takenas the insidewall temperaturesubcooledby ATSAT= 10 K at

a pressureof 15.6MPa (2,200psi).

A parametricstudywas performedvaryingthe first-walltube diameter and

the outlet bulkcoolanttemperaturefor the first-wall/second-wallcircuitand

focusingon OptionA (Fig.2-12). The tube-wallthicknesswas computedfromEq.

(2) in Sec.2. Resultsare shownin Fig. 3-3. The solidlinesrepresentthe

maximumlocalwatertemperature,and the dashedcurvesrepresentthe fluid bulk

velocity. For lowvaluesof di (< 2 mm) the flowvelocityis sufficientfor the

regionof maximumtemperatureto move away fromthe firstwalland into the exit

coolant manifold/header. The verticalscaleson Fig. 3-3 are alignedso that

the limitingfluidvelocity(10m/s) and the limiting local water temperature

(3300C, boiling at 15.6MPa)are at the sameposition. Figure3-3 can be used

to definethe tube-diameterdesignwindowfor any given outlet bulk coolant

temperature. This design windowis definedas the rangeof di valuesbetween

the pointswherethe velocityand temperaturecurvescrossthe limitlinesshown

on Fig.3-3. The maximumacceptableoutletbulk temperatureis slightlyabove

TWo = 320°C. The tubediametercouldbe as smallas 3.25mm. The number of

tubes per torus sector (N= 24), however, would be more than 1,300. As a

practicaltradeoff,a nominalvalue of Two = 300°C and a tube diameter of

di = 4.0mm are selectedfor the canonicaldesign. The costin overallthermal

efficiency

value of

parameters

amountsto- 0.2%in selectingthe 300°C design point and higher

di. The values of all first-wall/second-wallcoolant-circuit

resultingfromthischoiceare givenin Table3-III.
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Design windows

whereV,< 1 m/s and Tsi < TBP are shownas a functionof Two.

3.2.3.BlanketAnalysis

The blanket design is

Thismodelmust be evaluated

model because the boundary

performedusingthemodeldescribedin Sec.2.2.3.

in conjunctionwith the first-wall/second-wall

condition for the innerblanketcoolantchannel

requiresknowledgeof thewatertemperatureand filmcoefficientin the second-

wall coolant tubes. The blanketand first-wall/second-walldesignmodelsare

evaluatediteratively.First,the blanketanalysisis performedusingestimated

second-wallcoolant temperaturesand filmcoefficients,and the resultingrate

of heat convectionto the second-wallcoolant is computed. The first-
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FIRST-WALL/SECOND-WALL

PARAMETER
Numberof segments,N
Material
Overalldimensionsof segments

THERMAL-MECHANICALDESIGNPARAMETERS

VALUE

● toroidalextent,2 (m)
Y

= 2zRT/N
● minor radius,rw(m
● majortoroidalradius,~(m)

Coolantconfiguration(toroidalflow)
● ‘&tube” ID/OD(mm)
● numberof D-tubesper half-segment(inletor
● tube-wallthickness,b(mm)
e FW/SWflowconfiguration

FW/SWthermalrating
. FWheat flux I
● FW heat-flux’poe~~~~)F
. FW volumetricnuclearheating(MW/m3)
. FW nuclear-heatingpower(MW)
● FW totalpower,pFw(MW)
● SW nuclear-heatingpower,PSW(MW)
c SW back leakagefromblanketspBL(MW)
● manifolds,totalpower(MW)
. totalpowerto FW/SW(MW)

Coolantproperties(pressurizedwater)
o coolantinlettemperature,T ~(°C)
● ? (Oc)coolantoutlettemperature,W.
● coolantvelocity,V(m/s)
● coolantmass flowrate, ~(kg/s)
● peak structuraltemperature(°C)

Manifold/headerProperties
● inletmanifold,ID/OD(mm)
● outletmanifold,ID/OD(mm)
. inletheader,ID/OD(mm)
. outletheader,ID/OD(mm)
. totalFW/SWcircuitpressuredrop (MPa)
● FW/SWpumpingpower(MW)
. totalFW/SWcircuitpumpingpower (MW)

24.
MZC Copper/HT-9

1.0
0.75
3.79

4.0/6.14
outlet) 767.

1.07
single-pass,series

4.55
319.1
260.4
73.1
392.1
53.4
147.0
360.2
952.7

197.(to firstwall)
278. (fromsecondwall)
9.0

1520.7
328.

47.8/56.2
52.5/61.7
67.6/79.5
74.2/87.3
0.38
0.174
0.80

wall/second-wallmodel is then evaluatedusingthe convectionratepredicted

from the blanketmodel,and improvedestimatesof the coolant temperatureand

film coefficientare obtained. This iterative process is continueduntil

convergenceis obtained for the blanket and first-wall/second-wallthermal

results. The designparametersfor the blanketincludethe inletand exitPbLi

temperatures,Tpi and Tpo, the channel geometry, Wel, the second-wall

configuration(OptionA, Fig.2-12),and the blanketinletchannelconfiguration

(Fig. 2-11).
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The PbLi temperaturesshouldbe as highas possible, subject to thermal,

structural,and corrosion constraints. The exit PbLi bulk temperatureis

limitedto 500°C because of the temperatureconstraintat the PbLi/HT-9
fnterface028calculationswere performedto determinethe effectof the inlet

bulk temperatureon plantthermal-cycleefficiency and net electricalpower

output.

Resultsof thosecalculationsare shownin Fig.3-4,whereVN = 0.75vGE~1

[Eq.(l)];only the fractionalpowerrecirculatedto the pumps,epump, is used

in this tradeoffstudyin orderto enhancethe sensitivityof resultsto changes

in coolantconditions.Althoughthe thermalefficiencyof the steampowercycle

continues to increase with increasingvalues of Tpi, the net efficiency,

m~(l - =Pump)> reaches a maximum at Tpi= 400°C because of the rapidly

increasingpumping power requirements,result:ng in the maximum shownin

Fig. 3-4. Generally,the blanket-coolantpressure, rather than the pumping

power, limits thedesignsconsidered.A preciseestimateof a blanket-coolant

pressurelimitwouldrequire a detailed structuralanalysis of the entire

blanket, including the designof wall/channelstiffeners.Suchan analysisis

beyondthe scopeof thisdestgn study. The parametricresults depicted in

Fig.3-4 show thatthe increasein net electricalpoweris relativelysmallas

inletbulkPbLi temperatureis increasedfrom350 to 400°C while the pressure

difference in the blanketincreasesrapidly. An inletPbLi bulk temperatureof

350°C,therefore, was selected,whichfor an innercoolantchannelof thickness

wel = 0.08m wouldpressurizethe blanketto 60-70psi.

The OptionA second-wallconfiguration(Fig.2-12) was chosenfor the

canonicaldesign. The preferred radial channel configurationcontinuously

changes the channel thickness(OptionA, Fig.2-11),sincethisconfiguration

producesa smootherflowpattern. The Option B inlet channel configuration

depicted on Fig. 2-11,however,giveslowerpumpingpowerfor the samemanifold

size.

A seriesof analyseswas made to determinethe effectsof channel geometry

on pumping power, pressure drop, and maximuminterfacetemperature.Design

variablesincludethe thicknessesof the poloidalsectionof all channels, wei~
and the thickness of the radial segment of the insidechannel,wR1. The

thicknessof the firstpoloidalchannelis a key parameter,because nuclear

heating is most severe in the firstchanneland thevaluehas a significant

effecton thePbLi/H!P9interfacetemperature.The radial channel thickness,
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Fig. 3-4.Results of parametric study showing effects of PbLi coolant
temperatureand inner poloidal coolant-channel thickness on
effectiveplantefficiencyand blanketpressuredrop.

‘RI , primarilycontrolsthe pressuredropand pumpingpower. The dimensionsof

the remaining channels are of secondary importanceto the overall FPC

performance.

A seriesof sensitivitystudieswas made for a rangeof wRl and wel values.

Interfacetemperatureswere less than500°Cfor wel < 0.20 m. The resulting

pressure drops are shownin Fig.3-5. The dimensionwRl is limitedto 0.4 m.

becauseof spacerestrictionson the manifoldsas theyleavethe FPC betweenthe

EFCS at the outboardequatorialplane.
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Fig.3-5. Blanket PbLi pressure drop shown as a
radialchannelwidths.

The results shown in Fig.3-4 indicate that

functionof poloidaland

rl~(l- cpump) depends

primarily on ‘heTpo and Tpi and not stronglyon channelgeometryfor the case

whereTpo = 500°Cand Tpi = 350°C. The selectionof geometric parameters is,

therefore,governed primarilyby the pressuredrop in the blanket. A valueof

wel = 0.2m is chosento minimizepressurelevelsin the blanket,and ml = 0.3

m is selectedas a compromisebetweenminimizingpressure

coolantmanifoldsas small as possible. A summary of

parametersis givenin Table3-IV.
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TABLE3-IV

BLANKETTHERMAL-MECHANICALDESIGNPAMMETERS

PARAMETER

Numberof segments
Material
Overalldimensions

● toroidalextent,.!w/2(m)
. radialextent,Ab(m)
. insideradius(m)

Coolantconfiguration(poloidalflow,Fig.2-11)
● channelthicknesseswith increasingradius,wei(m)
. channelthicknessesenteringmanifold,wRi(m)
. channelwall thickness(mm)

Blanketthermalrating
● totalcoolingrate,P

8
- PBL(MW)

● peak powerdensity(M :3)
. averagepowerdensity(MW/m3)
● maximumstructuraltemperature(°C)

Coolantproperties

“ ;::;:tt;::;:;:::;;,T~;:;:;)●

● nominalcoolantvelocty in channels,V.(m/s)
● nominalcoolantvelocityin manifold(m}s)

VALUE

48.
HT-9/PbLi

0.48
0.60
0.775

0.200/0.200/0.200
0.300/0.062/0.022
5.0

1865.1(a)
350.
21.5
500.

350.
500.
1.25/0.35/0.14
1.78

● totalmass flowrate,~-(kg/s)
E

74,765.
. pressuredrop in blanke/manifold(MPa) 0.55

pumpingpower(MW)(b) 5.8
Mani~old/headerproperties(c)

. radialextentbeyondblanket(m) 0.47
● height(m) 0.384

(a)Although pB ~
*

= 2012.1MW is depositedin the blanket,PBL = 147.0MW leaks
back to the irst-wall/second-wallwater coolant.

(b)Pump efficiencyis q
(c)Nominalvaluesas Pb~~~a~i~~~~~pass throughthePFC set; thereafter,the

PbLimainmanifoldsare sizedto maintaina nominal2-m/sflow speed.

3.2.4.ShieldAnalysis

The water-cooledO.I-m-thick316-stainless-steelshieldwouldserveas a

primarystructuralsupportfor each toroidalsector. Coolant water from the

limiterwouldbe used to removethe 86.5MW from the shield,whichoperatesat a

low powerdensity(3.9MW/m3)and has moderatecoolingrequirements.Figure3-6

illustratesthis coolant geometry, and Table3-V summarizes key thermal-

mechanicaldesignparameters.Pressurizedwaterfrom the limiter enters the

shield in the toroidaldirectionthrough10-mm-diametertubesthatare spaced

61



IUT

.
VACUUM PLENUM

Fig.3-6.Detailedviewof shieldcoolinggeometryand associatedmanifolding.

25 mm fromeachotheras well as fromthe edgeof the shield mass. The heat-

removalrequirementson thissubsystemare not demanding.

3.2.5.DesignSummary

Flow rates,temperatures,and coolingratesare shownin Fig. 3-7 for the

designthathas emergedfromthisstudy. Table3-I summarizes the key power-

handlingcharacteristicsof eachFPC component,key thermal-hydraulicparameters

are givenin Table3-VI,and important propertiesfor the overall CRFPR(20)

design are given in Table3-VII. The sensitivityof thissuggestedthermal-

hydraulicsdesignpointis bestdemonstratedby a plotof curves of Tpo - Tpi
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TABLE3-V

SHIELDTHERMAL-MECHANICALDESIGNPARAMETERS

PARAMETER VALUE

Numberof segments 24.
Material PCASS/H20
Overalldimensions

● toroidalextent,lw/2(m) 1.0
● radialextent,(m) 0.10
● insideradius(m) 1.42

Coolantconfiguration
● coolantchanneldiameter(mm) 10.
● coolantchannelspacing(mm) 25.
c numberof channelsper segment 371.

Shieldthermalrating
● totalcoolingrate,P
● peakpowerdensity(M~?#~)

86.5
4.7

. averagepowerdensity(MW/m3) 3.9
● maximumst cturaltemperature(“c)

?)
379.

Coolantpropertiesa

“ :::::tt:::;::::::;,Ty;:;:;) 274.
● 288.
● nominalcoolantvelocty in channels,V(m/s) 1.7
● totalmass flowrate,h (kg/s) 1173.
● pressuredrop in blanke~/manifold(MPa) 0.01
● pumpingpower(MW)(b) 0.01

(a)Watercoolantexitinglimiterat 256°Cincreasesin temperatureby 18 Kwhile
traversingmanifolding/headeringand entersthe shieldat 274°C.

(b)Pumpefficiencyisqpump= 0.75.

versusTP. thatare constrainedby a numberof physicallimitations.Figure3-8

shows the steam-generator(or IHX) “pinch-point”limitsfor a 10 K minimum

temperaturedifferencebetweenTpo and the steam-generatoroutlet; pinch-point

curves for two steam-generatorpressures are shown on Fig.3-8. Linesof

constantvaluesof ?’l~H~ q~(l - &p~) are also plotted on Fig.3-8 using

Eq. (l), q~= 0.75qGE~1, and TIGEN~0.98. When combinedwith PbLi pressure

(stress)and corrosion(temperature)limits,the pinch-pointand q~H constraints

define a globaldesignwindow. No attempthas beenmade to optimizethe steam

cycle,and the pinch-pointcurvesfor the respectivesteam-generatorpressures

should be viewed only as examples rather thanactualconstraints.A full

thermal-cycleoptimizationwould include the steam-generatordimensions and

pressure, and it is likely thatfirst-wall/second-walland blanketthermal-

hydraulicconditionsand dimensionsdifferentthanthoseselectedwould result.
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TABLE

KEY THERMALPROPERTIESFOR

PARAMETER

Totalrecoverablethermalpower,p~(Mw)
Pressurized-watercoolant

● power,pTHw(Mw)
● flowrate,~(kg/s)

“ ::;::tt::;;:::::;;,Ty::;::)
●

● pressure,Pw(MPa/psi)
● pumpingpower(MW)

PbLi coolant
. power,Pmp(MW)
● flowrate,&p(kg/s)

“ :::::tt;::;:;:;::;,Ty::;:;)
●

● pressure,P (MPa/psi)
~● pumpingpow r (MW)

Steam-power-cycleefficiency,q-m

3-VII

THE CRFPRCANONICALDESIGN

VALUE

3472.6

1607.5
2693.7
170.
295.
1:.;jg o

??
●

1865.1
74,765.

350.
500.
:.; ~ 9.8
. ?J
0.369

Thermal-conversionefficiency,fifi= TGE~”~
Grosselectricpower,pET(MW)= TIGE~”~PTH
Totalpump powerfraction,egumP
Ohmicpowerto coilsand pla ma (MWe)
Ohmicpowerfraction,CQ
Auxiliarypowerfraction

s ~AUX (1e5sPumPpower)

*m = ‘Am+ ‘F”?Recircuatingpowerf ac ion,& = fa ~ + CQ + CPwp
Net plantefficiency,qp = q~(l - sY
Net electricalpower,‘E(Mwe)

0.3
1255.8 E)

0.0 6(C)
?164.4 ‘)

0.131

0.0444 0.067(e)
0.050 0.073
0.181 0.204
0.296 0.288

1028.5 1000.0

(a) Basedonqpw = f).75.
(b)BasedonqGEN= 0.98.
(c)Basedonqpmp = 0.75for all pumps,withPbLipumpingconsuming83% of this

(d)!~~~~”2-11,PQ + @TFc+ @pFc.
(e)f~~ iS adjustedto givepE = 1000MWe(net)consideredhereinafter

as thebase casefor purposesof theAppendixA designtable.

The slopeof the constantpressurecurveson Fig. 3-8 resultsbecausea complete

optimizationwas not performedfor eachpointand the convectionfrom the PbLi

blanket to the second-wallpressurized-watercoolantwas assumedconstantfor

all cases. At largervaluesof Tpo the convectionof heat to the second wall

increases,and the resulting energy transportedby thePbLi coolantwould

thereby decrease. The coolant flow rate and pressure drop would be

correspondinglyless,and the constantpressurecurveswouldbe morehorizontal.
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Fig.3-8.Thermalhydraulic operating window for the
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PbLi-cooledblanket
showing pinch points for a rangeof steam-generatorconditions,
effectivecycleefficiency(only recirculatedpump power shown),
blanketpressure, and possiblecorrosionlimits.

Figure3-8 neverthelessprovidesa convenientsummaryof majorconstraintsand

the associatedmarginsthatdefinedesignwindowsand relatedtradeoffs.

The canonicaldesignpresentedabovesatisfiesall of the constraintsthat

can be readilyquantifiedand, therefore,representsan “optimized”preliminary

design. Severalareasin whichadditionalwork is required, however, can be

identified.The more importantof theseare listedas follows:
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Recent work35~36indicatesa relativelybenignreactionbetweenwaterand
hotPbLi,with the interactionmass coolingonce the relativelysmallheat
associatedwith the lithium oxidation is released.Nevertheless,the
safetyaspectsof the first-wall/second-wall/blanketconfigurationrequire
more-detailedconsideration.The separationof pressurized-watercoolant
fromflowingtritium-containingPbLi by a singlelayerof material is a
causeof concern. Alternativeconfigurationscan be considered,including
multiplebarriers(OptionsB or C, Fig.2-11)or a secondwall cooled by
an inert high-pressuregas. Variouskindsof safetysystemsshouldbe
investigated,and the effectsof variousfailuremodesshouldbe assessed.
For instance, leakage of either coolant system for OptionB (double
barrier)wouldbe sensedbeforeminglingof coolant systems occurs, and
appropriateactioncouldbe taken.

A more accurate analysis of PbLi flowin the blanketshouldbe carried
out. Thisanalysismay take the form of a two-dimensional(or even
three-dimensional)numerical analysis combining solutions of the
conservationof mass,energy,and momentumand including the effects of
the magnetic field. Two-dimensionaleffects associatedwith flow
directionalchangesmay be particularlyimportant.33 The possibilityof
usingceramic-coatedchannelwalls to reducethe pressuredropand pumping
powershouldbe investigated, althoughthe lowerfieldsin the RFP blanket
and the dominanceof parallel-fieldcoolantflowhave beenused to great
advantagein the presentdesign.

A structuralanalysisshouldbe made of the entire blanket, and this
analysis should include the effectsof (radiation)creepand corrosion.
Generally,blanketpressure rather than pump power presents the key
constraintin the presentdesign. Furthermore,the corrosionlimits28to
whichthisblankethas beendesignedhave beenset by flow-blockagerather
than structural-thinninglimits. The considerablereductionin blanket
surfacearea for the CRFPRblanket,as wellas the possibilityfor using
bettercold-trappingor corrosioninhibitorsmay allowthis- 500°C limit
to be raised.

A detaileddesignof a dual-mediasteampowercycleshouldbe carriedout.
This designsho~ldincludean economicanalysis-topermitthe systemto be
optimizedon the basisof net electricalenergyoutputper unit cost.

3.3.MechanicalDesign

The FPCmechanicaldesign described in Ref. 10 and Figs.1-2 and 1-3

remainslargelyunchangedby the two-dimensionalneutronicsanalysisand the FPC

thermal-hydraulicsre-optimizationsummarizedherein. Figures3-9 and 3-10give

a view of the FPC showing the spaceallottedin theEFC set to accommodate

servicepenetrations.All fluidlinesare positionedat or near the outboard

equatorialplaneto facilitatepumping>powerdistribution,FPC disconnects,and

verticalor horizontal single-piece

Table 3-VIII summarizes the FPC

resultedin minorPFC and TFC design
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component masses. The dimensionalchanges

changes,and the Ref. 10 parametersare
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Fig.3-9. Cross-sectionview of CRFPR(20) fusion powercoreshowingspace
allowedin EFCS to accommodatecoolantmanifolds.

retainedfor the purposes of this analysis. As part of the preliminary

evaluation of the FPC maintenance schemegivenin Sec.4, however,external

coolantmanifoldingand supportof theFPC are betterresolved,and as part of

that task minor changes in thePFC conductionarrangementweremade. It was
deemedunnecessary,however,to recompute the CRFPR(20) magnetics for this

follow-onstudy.

The relativelytight arrayof PFCS depictedin Figs.3-9 and 3-10allows

closeelectricalcouplingto the plasma,a minimumcoilmass,and minimumstored

energy, but it limits access to theunderlyingTFCS (76.2tonne)and FW/B/S

(220.5tonne,excludingthe- 935 tonneof PbLi coolant)to only the outboard

equatorial plane. The FW/B/S/TFC or reactor torus (304 tonne,excluding
coolantsbut includingmainmanifolds)underlyingthe 812-tonnePFC set wouldbe
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TABLE3-VIII

FUSION-POWER-COREMASS BREAKDOWN

Region Thickness Volume
~ (md)

Limiter
. manifold
● header

Firstwall
Secondwall

. manifold
● header

Blanket
. inlet/outletducting

Shield

0.008

0.005
0.005

0.600
0.600
0.10

TFC 0.075
PFC O.42(b)

● OHC variable
● EFC variable

Main PbLimanifolds
TotalFPC mass

FPC volume(m3)(c)
FPC smeardensity
FPC thermalpower(MWt)
FPC powerdensity(MWt/m3)
FPC mass utilization(tonne/MWt)

0.32
0.40
0.30
0.20
0.35
0.79
0.19
4.42
0.01
22.25

11.60
110.33
54.30
56.03

Composition

82% Cu, 18%H20
HT-9
HT-9
60% Cu, 40% H20
64% HT-9,36% H20
HT-9
HT-9
5% HT-9,95% PbLi
HT-9
90%

70%
10%

PCASS,10% H20

Cu, 10% PCASS

Mass
(tonne)

2.87
3.15
2.33
1.79
2.75
6.20

3~:~~(a)
5.80

159.60

76.20(296.65)

H20, 10%MgO(80%)400.00
412.60

8.
1,117.25

310.
3.58

3,472.6
11.20
0.32

(a)COntains- 860 tonnesof PbLi in blanketand- 75 tonnesof PbLi in ductsto
the outsideof the PFC. The primary loop (includingmain manifolds)
containsan additional- 4,525tonneof PbLi.

(b)Averageor smearthickness.
(c)Doesnot includemainPbLimanifolds.

installed and removed as a single unit after removal of the top twoPFC

quadrants. For purposesof off-sitefabricationand assembly,the reactortorus

is segmented into 24 toroidal sectors, each beingcenteredona TFC. The

- 1,239-tonnePbLi-filledreactortoruswould be supported from below by a

saddleor strongbackarrangementextendingthroughthe lowergap in the PFC set.

Detailsof the interrelationshipof FPC componentsdepictedin Figs.1-2 and 1-3

remain as described in Ref. 10. Alterationsin thisapproachthatreflecta

betterresolvedFPC maintenanceschemeare describedin Sec.4.
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3.4.Base-CaseDesignSummary

The flowrates,sizes, power ratings, masses, and overall engineering

characteristicsreflected in Tables3-VI through3-VIIIand Fig.3-7 give the

essentialelementsof the CRFPR(20)at the present le,velof framework study.

AppendixA gives majordesignparametersin a standardformatsuggestedby the

DOE/OFE. TheAppendixA designtablealsomakescomparisonswith the Ref. 10

design,showingminorchangesincurredwhileextendingthe CRFPR(20)definition.

Section3.5.describesthe impactof derated(lower-wall-loading)designson the

thermal-hydraulicrequirements.The designparameterslistedin AppendixA are

used in advancingtheFPC conceptto a levelwhereapproximatetimeestimatesof

the CRFPR(20) maintenanceapproaches can be made in Sec.4. and the updated

designcan be re-costedin Sec.6.3.3.

3.5.DeratedFPC DesignOptionsand Tradeoffs

A scopingstudywas conductedto predicttheperformanceof a systemhaving

a PbLi-cooledfirst wall (OptionD, Fig.2-12). As discussedin Sec.2.2.3.,

this optionrequiresbotha significantreductionin reactorpowerdensityand a

lower PbLi outletbulk temperature,Tpo. Equation(1)indicatesthatthe lower

‘a~ueof Tpo will decreasethe thermal-conversionefficiency.The fraction of

the fusion powerrecoveredby the lower-temperaturewatercoolantwill be less

(onlythe limiterwouldrequirewatercoolant),however,and the decreased fw

would increase the thermal-cycleefficiency.The magneticfieldswill also be

lowerfor the lowerpoweroptions,resultingin decreased pressure drops and

pumping power in the PbLi coolant circuit. For these reasons, the

thermal-hydraulicperformanceof the lower-power-densityFPC is further

examined.

In order to performan assessmentof the deratedFPC withoutan extensive

FPC redesign,particularlywith respectto neutronicsand magneticsaspects,the

design shown in Figs.1-2 and 1-3 is retained,and the neutronfirst-wall

loading is systematicallydecreased from the Iw = 19.5MW/m2 base case,

CRFPR(20). This approachresultsin a decreasein the totalFPC poweroutput,

with retentionof economicssimilarto the CRFPR(20)depictedin Table1-1 and

requiring the multiplexingof an increasingnumberof FPCS. Sincethe FPC for

the CRFPR(20)contributesless than4% of the totaldirectcost,the increasein

direct costfromtheaddedFPCS shouldrepresenta 10-15%effect. Althoughthe

deratedFPCs in principle should be identical to the CRFPR(20) designs,

I
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maintaining the recirculatingpowerfractionrequiredto supplyohmiclossesto

the magnetswill requiremore massivemagnetsand somewhatmore costly FPCS if

operatedat the lowervaluesof Iw. Hence,the lower-wall-loadingFPC used in a

multiplexed,PE = 1000-MWesystemrequiresa designreoptimizationof the kind

described in Ref. 10. (i.e., Fig. 1-5). Section6.3.2.gives a preliminary

estimateof thesereoptimized,multiplexedsystems. Generally,it is foundthat

in addition to requiringbetter.plasmaconfinement(e.g.,increaseddependence

of plasmaenergyconfinementtimeon current(Figs.1-5and 6-12)),theminimum-

COE multiplexeddesign operates with increased power recirculatedto the

magnets. Hence,theCOE may increaseby as much as 30-40% if, for instance,

four CRFPR(20) FPCS are multiplexedto generate.-1000-MWe(net)at a neutron

first-wallloadingof Iw = 5 w/m2. At somepoint,superconductingcoilsshould

becomemore attractiveas Iw is decreasedf:rther.

For the purposesof thisscopingassessmentof the thermal-hydraulicaspect

of the lower-wall-loadingdesign,however,the CRFPR(20)designgivenin Ref. 10

and updated hereinis simplyderatedin first-wallneutronloadingwithoutre-

optimizing neutronics,magnetics, or costing (multiplexing). The blanket

design, therefore,is identical to thatdescribedpreviously,exceptfor the

eliminationof thewater-cooledfirstwall and a modificationin the blanket

channel design to accommodatethe decreasingmagneticfieldsaccompanyingthe

lower-wall-loadingoptions. Channel-designOptionA (Fig.2-11) is preferred

because a more uniform PbLi flow field results. Consistentwith space

limitations,the radialse@nentof the insidechannelshouldbe made as largeas

possible to minimize pumping power. Balancingof thePbLi flow in the other

channelswithoutmakingthe radialse~ents of those channels unrealistically

small, however, becomes difficult. A variation of channel-designOptionB

(Fig.2-11),therefore,is chosen. In this variation,more practical (i.e.,

larger) values of wRi(i> 1) are selected, and additionalflow resistanceis

addedto thosechannelsin orderto balancethe systemflow rates.

A blanketdesignwas carriedout for a 75% reductionin neutron first-wall

loading, following the predictionsof Fig. 2-14. As far as plasmaperformance

is concerned,thisdesignwouldbe similarto the CRFPR(5) summary given in

Tablel-II. The FPC geometrywas assumedidenticalto thatused previously,but

the first-wallneutronand heat fluxes as well as the blanket neutronics

response were decreasedby a factorof 0.25 (Iw= 5 w/m2). SinceIWCCg4 and

the designvalueof beta (~g = 0.2)remainsunchanged,themagneticfields were
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decreased by a factorof two. The designprocedureis somewhatdifferentthan

thatused in Sec.3.2. because the value of PbLi outlet bulk temperature

required to ensure thatthePbLi/HT-9interfacetemperaturewill not exceeda

specifiedupperlimit,TPM, is not knownat the outsetand must be determined

duringthe designcalculation.

The most importantdesignvariablesare the thicknessof thepoloidaland

radialsegmentsof thefirstchannel,wel andwRl (Fig.2-11)and the inlet and

exit PbLi bulk temperatures,Tpi and Tpo, respectively. Based on space

considerations,wRl = ().4m is chosen. For a selected value of Wel, the

temperaturesTpo and Tpi can be foundthatyielda specifiedvalueof TPM and a

specifiedpressuredrop. A trialand errorprocedureis used in the blanket

designmodel. An additionalresultof thatcalculationis the interimnet cycle

efficiency,q~(l - epump)”
The effectof poloidalchannelsizeon q*~= q~(l - ~pump) is shown in

Fig.3-11 for a maximumPbLi pressure,Pp, of 0.689MPa (100psi)and a rangeof

maximuminterfacetemperatures,TPM. A maximumefficiencyis predicted for a

given valueof Wel. The PbLi velocityfor smallervaluesof wel must be low to

limitthe pressuredropbelowa designconstraint(100psi or - 0.7 MPa). The

pumping-powerfraction, Cpwp, is smallin thiscase, and (Tpo- Tpi)must be

large;a low value of Tpi and low thermal-conversionefficiency result.

IncreasingWel causes an increasein Tpi and qw, resultingin an increasein

Tl*moEventually,however,thevelocityand pumpingpowerincrease to a level

where ‘pump Increases rapidly, and q*~ thendecreases.The~*~ versuswel

curve,therefore, showsa maximum value. The optimum efficiency shown on

Fig.3-11 is plotted in Fig.3-12 for a rangeof PPM and TpM values. If a

corrosionlimitof TPM = 500°Cis imposed,the optimumdesigncorrespondsto a

pressuredropof 0.7 MPa.

The scoping calculationsdescribed aboveare intendedto exploredesign

optionsfor a lower-wall-loadingCRFPR rather than to present an optimized

design. Hence,when the previouslydescribedparametricstudyis focusedontoa

specificexample,theFPC magneticsand plasmaphysicsremainunalteredfrom the

CRFPR(20) case,exceptfor a decreasedmagneticfield. Generally,theCRFPR(5)

optionwill costmore becauseof the increased recirculatingpower fraction

required by the coils, increased cost related to economy of scale if

pE < 1000MWe(net)is considered,and increased FPC costs related to more

massive coils or multiplexing. Hence, a completere-optimizationusingthe
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Fig. 3-11.Effectof widthof firstpoloidal channel on q~ = q~( 1 - cp~ )
for the CRFPR(5) case with fixed radialchannelwidthandPb~i
pressuredrop. The maximumstructuraltemperaturesTpMare shown.

techniquesdescribedin Ref. 10 is required. The followingexamplesserve only

to give direction in the thermal-hydraulicsarea for a lower-wall-loading,

CRFPR(5)option.

The blanketparametersfor the reduced-powerCRFPR(5)designare given in

Table3-IX, where the powerdensitiesand heat fluxesare 25% of the levelof

the CRFPR(20)base case. The totalcoolingratefor the blanketalso includesa

comparable reduction in the first-wall/second-wallcoolingrate. The magnetic

fieldsare lowerfor the reduced-powerCRFPR(5) cases, allowing larger PbLi

velocities without exceeding blanket pressurelimits. Althoughthe pumping-

powerfractionis largerfor theCRFPR(5)designthanfor the CRFPR(20) case,

TITHiS increasedto an extentwhereq% showsa net increase.
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A redesignof the limiterwas also carriedout for the reduced-powercase.

The reductionin coolingratefor the limiterby a factorof fourallows higher

water temperaturesthanwere possiblein the previousdesign;by maintainingthe

samemaximumvelocitylimit(V = 10 m/s),lowervaluesof Two - Twi are allowed,

and for similar film coefficientsand degreeof subcooling,ATSAT,the lower

heat fluxesgivehighervaluesfor Two. Additionalimprovementsto the thermal

conversion efficiencyresult. Table3-X summarizeskey designparametersfor

the reduced-powerlimiter.

Overall design parametersfor the reduced-powercase are given in

Table3-XI. The thermal-conversionefficiencyis higherthanfor the CRFPR(20)

design. The net plant efficiencycannot be accurately computed because a
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PARAMETER

TABLE3-IX

BLANKETTHERMAL-MECHANICALDESIGNPARAMETERS
FOR THE REDUCED-POWERCRFPR(5)CASE

Numberof segments
Material
Overalldimensions

● toroidalextent,.lw/2(m)
o radialextent,Ab(m)
● insideradius(m)

Coolantconfiguration(poloidalflow,Fig.
. channelthicknesseswith

increasingradius,wei(m)
. channelthicknessesentering

manifold,wRi(m)
. channelwall thickness(m)

Blanketthermalrating
. totalcoolingrate,P ~ - PBL (MW)
. peak powerdensity(~}ms)
● averagepowerdensity(MW/m3)
● maximumstructuraltemperature(°C)

Coolantproperties
●

●

●

●

●

o
●

inlet-temperature,T (°C)
outlettemperature,Q~n(oc)

VALUE
CRFPR(20) CRFPR(5)

48.
HT-9/PbLi

0.48
0.60
0.775

2-11)

0.200/0.200/0.200

0.300/0.062/0.022
5.0

1865.1(a)
350.
21.5
500.

350.
500.

nominalcoolantveloc!?yin channels,
Vi(m/s) 1.25/0.35/0.14

nominalcoolantvelocityin manifold,
V(m/s) 1.78

totalmass flowrate,h (kg/s) 74,765.

t
pressuredrop in b anket/manifold(MPa) 0.55
pumpingpower(MW)b, 5.8

Manifold/headerproperties
● radialextentbeyondblanket(m) 0.47
. height(m) 0.40

48.
HT-9/PbLi

0.48
0.60
0.775

0.200/0.200/0.200

0.400/0.050/0.050
5.0

704.4
87.5

5.4
500.

350.
378.

2.5/0.70/0.28

1.78
147,765.

0.69
21.3

0.47
0.40

(a) Although pB ~
1

= 2012.1MW is depositedin the blanket,PBL = 147.0MW leaks
back to the irst-wall/second-wallwatercoolant.

(b)Pump efficiencyis qpmp = 0.75.

redesignof theTFCS and PFCS has not been carriedout, and the ohmicpowerloss

is unknown. The partialresultsobtainedfor the reduced-powercase,however,

indicateimprovedthermalefficiency.Overalltradeoffsand addedunit costsof

a smallerlower-power-densityFPC,however(i.e.,Sec.6.3.2.),generallyresult

in increasedcostsand a recirculatingpowerfraction

benefits of improvedthermalconversionefficiency.

thattendsto overridethe

As the neutronfirst-wall
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PARAMETER

TAELE3-X

PUMPER-LIMITERTHERMAL-MECHANICALDESIGNPARAMETERS
FOR THE REDUCED-POWERCRFPR(5)CASE

Numberof limiters,N
Material
Overalldimensions

● toroidalextent,!?(m)
\. maximumradialthicness,b“(mm)

. stand-offdistancefromfirstwall,~(mm)
Coolantconfiguration(toroidalflow)

● channelheight(mm)
. channelwidth (mm)
● wall thicknessto outsidesurface(mm)
. numberof channelsper limiter

Limiterthermalrating
. totalcoolingrateof all limiters(MW)
. manifolds,totalthermalpower(MW)
● shieldthermalpower(MW)
● totalpowerto limiter/shieldcircuit(MW)
● designheat flux,qD(Mw/m2)
● maximumlimitertemperature(°C)

Coolantproperties(pressurizedwater)
iniet-temperature(°C)
outlettemperature(°C)
nominalcoolantvelocity,V(m/s)
totalmass flowrate (kg/s)
pressuredrop in channel(MPa)

Manifold/headerproperties
. inletmanifold,ID/OD(mm)
. outletmanifold,ID/OD(mm)
. inletheader(singleradialrun),ID/OD(mm)
● outletheader(singleradialrun),ID/OD(mm)
● totallimitercircuit ressuredrop (MPa)
. limiterpumpingpower~a) (MW)
● totallimitercircuitpumpingpower(a)(MW)

(a)Pump efficiencyis rlpump= 0.75.

loadingis furtherdiminishedfor a fixed

increasing COE iS expected where

blanket/shieldsbecomepreferable.These

VALUE
CRFPR(20) CRFPR(5)

24.
MZC Copper

0.38
11.5
40.

0.8
4.0
0.8

942.

363.4
204.9
86.5
654.8
6.0

378.

170.
256.
10.0

1173.
0.10

83.7/84.7
122.7/163.8
83.7/112.0
89.5/119.5
0.30
0.18
0.52

24.
MZC Copper

0.38
11.5
40.

0.8
4.0
0.8

942.

90.8
51.2
21.6
163.7
1.5

340.

291
307.
10.0
975.
<0.1

83.9/84.9
120.6/161.1
83.9/112.3
86.5/115.5
0.27
0.12
0.40

poweroutput,a breakpointin the ever

superconducting coils and thicker

tradeoffs,alongwith the impact of

changing plant reliability and plant factor require a more extensive

investigation.
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TABLE3-XI

KEY THERMALPROPERTIESFOR THE CRFPRREDUCED-POWERCRFPR(5)DESIGN

PARAMETER VALUE
CRFPR(20) CRFPR(5)

Totalrecoverablethermalpower,pTH(MW) 3472.6 868.1
Pressurized-watercoolant

● power,P
● flowrat~H~i~~2)

1607.5 163.7
2693.7 975.2

● inlettemperature(°C) 170 286
● outlettemperature(°C) 295
● Pressure(MPa/psi)

340

● PumPingpower(MW)
15.2/2200 15.2/2 0
1.32(a) ??0.40a

PbLi coolant
● power(MW) 1865.1 704.4
. flowrate (kg/s) 74,765. 147,765.
● inlettemperature(°C) 350 350
● outlettemperature(°C) 500
● pressure(MPa/psi)

378
0.55/79.8 0.69/100.

● Pumpingpower(MW) 508(a) 21.3
Steam-power-cycleefficiency,V~H 0.369 0.393
Thermal-conversionefficiency,Tm = qCE~~H

t)
0.3 2 0.385

GrosselectricpowerPET(MW)= TGE~~HpTH 1255.8a 334.3
Pump powerfraction,E 0.0 6(b) 0.063(b)
Ohmicpowerto coilsa~~~lasma (MWe) ?163.3c, (d)
Ohmicpowerfraction,eQ 0.131 (d)
Auxiliarypowerfraction,flux (lesspumppower) 0.044 (d)
Recirculatingpowerfraction,CR = f~

Y
+ ‘Q + ‘pump 0.181 (d)

Net plantefficiency,qp = q~ (1 - E 0.296 (d)
Net electricalpower,pE(MWe) 1028.5 (d)

(a) Basedon Vpump= o-75.

[:;;:;;:;:l:~= :“+:ca:d$:;: = 0“98”

(d)More extensivedes gn reoptmizationmust occurbefore
theseparameterscan be determined(Sec.6.3.2.).
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4. FPC MAINTENANCEAPPROACH

The CRFPR(20) scheduled (annual) maintenance approach envisages

removal/replacementof the FW/B/S/TFCor reactortorusas a singleunit. A

second- 304-tonnereactortorus(includingmainmanifolds)would be assembled

and subjectedto rigorous(ifnot overstressed)pressure,coolant-flow,vacuum,

and electricalcheckoutpriorto the substitutionfor service. Access to the

reactor torus is obtainedby decouplingand liftingthe upperinnerOHC shell

(149tonne)and theupperouterEFC shell(258tonne). Two approacheshave bee;

consideredfor the FPC torusremovaland replacement.Afterbeingdrainedof

coolantsand remotelydecoupledfromall electricalleads and primary coolant

lines,the reactortoruscouldtheneitherbe a) liftedas a unitverticallyout

of the saddleformedby the lowerPFC shell, which remains in place, or b)

removed horizontallyafter theupperand lowerhalvesof thePFC set had been

raisedand lowered,respectively.The reactor torus in either vertical- or

horizontal-replacementapproacheswould be transferredto a hot cellfor

disassemblyand refurbishment.The entireFPC for both maintenanceapproaches

is envisagedas beinglocatedin an evacuatedchamber, althoughattachingvacuum

pumpsdirectlyto theFPC and locating the vacuum boundary under the coil

annulusis alsopossible.

Before the FPC maintenanceapproach can be definedquantitatively,a

preliminaryplantlayoutis requiredto locateand sizeprimary pipes, coolant

pumps, tritium handling, dump tanks, cold traps, superheaters,and steam

generators.Once the proximityof thesereactor-plant-equipment(RPE) systems

is established,the accessto the FPC and themaintenanceapproachbecomebetter

defined. Preliminaryestimatesof maintenanceoperations,sequences,and times

can then be made. This

definitionof theCRFPR(20)

4.1.PlantLayoutOptions

The smallsizeof the

including the main PbLi

section begins, therefore,with an approximate

balance-of-plantlayout.

CRFPR fusion power core (1,117 tonne, 362 m3,

manifold)comparedto thatfor the STARFIREtokamakl

(- 23,200tonne,8,100m3) or MARS tandem-mirrorz(- 23,300 tonne, 11,650ms,

including end cells) reactors promises a reducedreactorbuilding. Several

plantlayoutswere consideredin quantifyingthis pro~se, with a single

preferred layout being adapted to bothvertical-and horizontal-replacement

maintenanceschemes. Figures4-1 and 4-2 show thisplantlayoutas adapted to
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eachmaintenancescheme. Figure4-3 showsan isometricview of the FPC, and

Figs.4-4 and 4-5 illustratemore detailof the coolantmanifoldingschemes

beingconsidered.

Estimatesweremade of the timeto replacethe FPC for both the vertical-

and horizontal-replacementschemes. The plantlayoutsdepictedin Figs.4-1 and

4-2 are basically identical,with four separate PbLi double-walledsteam

generators beingshownalongwith associatedpumps,pfpes,and tritiumclean-up

facilities.Two PbLi steam-generatorunitsare located on each side of the

reactor. Steam generatorsfor the pressurized-watercoolant circuit and

associatedpumpsare alsoshownin bothFigs.4-1 and 4-2. These latter two

units are locatedat the back sideof the reactorat the locationoppositethe

reactor-buildingaccessdoor. The remainingfrontsideof the reactor building

is open for horizontalaccessto theFPC eitherafter

removalfromthe reactorcavity. The pressurized-water

sized for 46.2%of the totalthermalpoweroutput(Table

the energycarriedin the pressurized-waterloop may be

verticalor horizontal

steam generatorsare

3-I),althoughsome of

used for feed-water

heatingin the otherpartsof the overallthermal-conversioncycle.

The turbinebuilding[110mx 50mx 44m = 2.42(10)5m3, not shown]would

be locatedto the rearof the reactorbuildingdepictedin Figs.4-1 or 4-2 and

would

would

(36m

tanks

house the superheated-steamturbines. The controlroom (30m x 20 m)

be in the upper rear, and the tritium recovery/reprocessingbuilding

x 36 m) would be in the rightrearof the reaetorbuilding.Accumulator

for emergency-cooling-system(ECS)afterheatcontrolin eventof a lossof

coolantto the limiters(Sec.5.) are not shownbutwouldbe locatedto the left

and rightof the reactor-roomentrance. The reactor building, including the

reactor torus, six steamgeneratorsand two accumulators,wouldbe constructed

from 1.25-m-thickconcretewalls. The concretewallsand roof of the reactor

room would be - 2.5-m thick and providebiologicalshielding.The combined

volumeof the steam-generatorrooms for the two pressurized-watercoolant

circuits is 2X 15mx 18mX 39m= 2.11(10)4m3, and thatfor the fourPbLi-

circuitsteam-generatorroomsis 4)( 20mx 25mx 39m = 7.80(10)4m3. The

30mx34mX39m = 3.98(10)4m3 reactor room and 30 mx 30 m x 39 m =

3.51(10)4m3 accessroomfor the horizontal-replacementscheme are less in

volume than the 30mX32mX54m = 5.18(10)4m3 reactor room and

29mX 30mX 54m= 4.70(10)4m3 access room for the vertical replacement

schemes, giving 1.86(10)5m3 and 2.10(10)5m3, respectively,for the total
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ISOMETRIC SCALE

Fig.4-4.Detailedisometricview of one of N= 24 reactor-torussectors
showingfirst-wall,blanket,shield,and coolantmanifolding.

reactor building volumes (each total volume includes 0.12(10)5m3 for ECS

accumulators).The vacuum-tankvolumefor the horizontal-replacementcase is

9,136m3 (2,737m2) comparedto 3,756m3 (2,217m2) for thevertical-replacement

scheme. Hence, althoughtheFPC volumeand mass for the CRFPR(20)are much less

than STARFIRE,l the total reactor-buildingvolumeis somewhatlessthanthat

projectedfor STARFIRE[2.55(10)5m3] and significantlylessthanthatprojected

for MARS2 [3.54(10)5m3].
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I Fig.4-5. Cross-sectionalview of FPC showingcoolantmanifoldlayout.

I The reactor,steam-turbine,and tritium-recoverybuildingswouldbe closely

coupledto minimizepipingruns (15-20k$/m)and totalbuildingvolume (300-500

I

$/m3). This arrangementalso minimizes the area and volumesof the plant

facilitythatmight be subjected to potential radioactivityrelease. The

I

reactor, steam-turbine,and tritium-recoverybuildings are maintained at

negativepressureto controltritiumleakageto the environment.

I
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4.2.PlantSubsystems

Vacuumis providedto the reactortorusby enclosingthe entireFPC within

a vacuumtank. The primaryPbLi coolantductsjoinintotwo separatemanifolds,

with 12 segmentsof the 24 thatcomprisetheFPC beingcooledby each manifold.

Each manifold thenwouldhave two separateheat-transferloopsconsistingof a

pump,steam-generatormodule,and a PbLi-cleanupand tritium-removalsystem.

The primary water-coolingpiping is also joinedinto two separatemanifolds.

Each watermanifoldsuppliesa singleheat-transferloop thatis similarto the

PbLi IOOpS. Removal of the reactortorusand associatedmanifoldsrequires

disconnecting12 main coolingpipes(8 PbLipipesand 4 water pipes) and the

PbLi drainlinefrom the drainmanifold. As shownin Figs.4-3 through4-5, the

manifoldsare removedwith the reactor torus as one piece, giving a total

(drained)mass of 1,117 tonne or 304 tonnewithoutthePFCS. The PbLimain

manifoldswouldbe designedto supportthe fullweightof the reactortorus(304

tonne), with loads transmittedthrough the blanketto the shieldstructure,

which in turnsupportsthe TFCS. These manifolds are designed for normal

operation to support 429-tonne of PbLi and the associated ducts. Under

operatingconditions,the reactortoruswould be supported on a strong-back

pedestal system throughthe lowerPFC set,with loadsbeingtransmittedto the

structurewithinthe vacuum tank. Each key component located immediately

outsidetheFPC is brieflydescribed.

4.2.1.PbLiPumps

One liquid-metal

pump has a flowrateof

low-head, high-flow

vertical, mixed-flow,

pump is providedin the hot leg of eachPbLi loop.

2 m3/s and a developedhead of 5.4 m. Because of

requirements,mixed-flow pumps are selected.37

4.7-m-highx 4 m-diameter pump weighs 20 tonne

requires1.5-MWedrivepower.

4.2.2.PbLi Superheater,SteamGenerator,Economizer

The PbLi superheater,steam generator,and economizerare based

double-wall-tubedesign.38 Theseunitsare counterflowsystemswith pbLi on

shell side and steam/wateron the

(153MWt) is 13.3m in height,2.3m in

area of 4,240m2, and weighs118 tonne.

is 9.8m in height,1.8m in diameter,

90

tube side. The PbLi superheater

Each

the

Each

and

on a

the

unit

diameter,has a heat-transfersurface

The PbLi steam-generatorunit (178MWt)

has a heat-transfersurface area of
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1,820m2, and weighs51 tonne. Lastly, the 8.0-m-highX 1.8-m-diameterPbLi

economizerunit (90MWt)has a heat-transfersurfacearea of 1,590m2 and weighs

44 tonnes. Duringmanufactureof thesedouble-wallunits,the gap between the

inner tube and outertubewill be exposedto heliumatmosphere

at approximately700°C. Thismoistureresultsin the buildupof

oxide which provides a tritium barrier within the double

permeationof tritiumfromthe shellside to the tubeside.

A calculationwas performedto verifythe sizing of the

with20 ppm H20

a thinlayerof

wall to reduce

PbLi expansion

loops depicted on Figs.4-1 and 4-2 to be locatedbetweenthe reactorroomand

PbLi primarypump. This calculationwas basedon a methodof sizing expansion

loops suggested in Ref. 39. Several assumptionswere requiredto make this

calculation.The firstassumptionwas that the pipe material would be an

average steel, and average valuesfor allowablestressand thermalexpansion

were taken. The secondassumptionwas that the weight of the lead lithium

coolant wouldnot increasethe stressin the planeof the expansionloops. The

finalassumptionwas thatthe pipewouldbe anchoredat the reactortorusand at

the pump or checkvalveswith no intermediateanchorsor guidesupportsbeing

present. This calculationconfirmsthe 1.3-mx 6-m expansionloopssuggestedin

Figs.4-1 and 4-2.

4.2.3.TritiumRemoval

Tritiummust be recoveredfromboth thePbLi and watercoolants,parameters

for whichare summarizedin Table3-VI. The PbLi tritium-removalsystem must

maintain a low tritium partialpressure. Table4-I givesan estimateof the

CRFPRtritiuminventoryand indicatesas a goal 9.5 grams of tritium for the

PbLi coolant. This estimateis basedon diverting20% of the PbLi coolantand a

50% removalefficiency.The resultanttritiumpartialpressure would be 10-5

torr, which is consistentwith an effectivebarrierin the double-walledheat

exchangerthatmaintainsa differencein tritium-partialby a factor of N 105.

Polonium-210is alsoremovedfrom the PbLi coolantalongwith tritiumat a rate

of 9 g/yr for the firstyearand 40 g/yr in the 30th year. The low tritium

inventory in the reactorroom (209g) is a directconsequenceof high tritium

partialpressureover thePbLi and the need to remove tritium from the PbLi

coolant. The largeportion(172g) of thisinventoryis estimatedto residein

the reactor vacuum-vesselcompound cryopumps,which are regeneratedevery

N 2 hrs. The largequantityof tritiumin storagewas estimatedon the basisof
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a one-dayfuelsupplyand is based on the vacuum and fuel

describedin Ref. 10.

The tritium concentrationin the primarywatercoolants

below1 kCi/m3if single-wallsteamgeneratorsare to be used.

recycle model

mustbe kept at

Achievementof

thisgoal requirestritiumdiffusionbarriers(oxides,coppertriplexlayers)at

PbLi/H20interfacesbothin the FPC and in steamgenerators.

4.2.4.SpecialMaintenanceToolsand Disconnects

Removalof the reactortoruswill requirea number of remote operations

involving disconnectionof coolant manifold and electricallines. Special

handlingtoolsqowill alsobe requiredto disengagethePFCS and to move the

reactor torus. Although thisimportantareahas receivedlittleattentionto

date,a number of approacheswith specific applicationt. the CRFpR are

suggestedin thissection.

TABLE4-I
ESTIMATEDTRITIUMINVENTORY

Reactorroom
PbLi coolant/breeder
Watercoolant(1 Ci/1)
Fuel-pelletinjector
CompoundVacuumcryo-pumps
Blanketstructural(HT-9,copperalloy)
Reactorplasma

Total

Tritiumprocessbuilding
Fuelcleanupunit
Isotopeseparationsystem

Total

Storagevault(l-daysupply)

Totalon-siteinventory

IN CRFPR(20)

Subsystem
Inventory

(g)

9.5
16.7
14.4
172.0
0.3
0.06

212.96

19.0
134.0
153.0

14,688.(a)

15,054.

(a)Based on edge-plasmarecyclingcoefficientof 0.8,and scrapeoffrecycling
coefficientof 0.68, and a limiter-slotreflectioncoefficientof 0.9
(p.236,Ref. 10).
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In orderto replacethe reactor torus, each coolant line must have a

remotely operateddisconnect.Threeconceptualdisconnectsare suggested.The

firstdisconnectwouldbe used for the main manifold coolant lines in the

vertical replacementscheme (Fig.4-1)and is shownin Fig.4-6A. This clamp

uses two taperedflangesattachedto the pipeand a clampwith a “V” groove to

force the two flanges togetherontoa gasketand effecta seal. To openthe

clamp,a motor-drivenscrewseparatesthe upper portion of the clamp. The

portion of the pipe thatremainswith the toruscan thenbe liftedvertically

out of the clamp. The replacementreactor torus will then be lowered into

position. The new flangeswill eachhave a replacementgasketheld in placeby

a retainer. The ‘V” groovein the clampwill assurethe precise alignment of

the new flange. Upon reversingthe drivermotor,the clamptightensand seals

the joint.

The seconddisconnectis suggestedfor separatingthePbLi drainlines and

also is based on a motorizedversionof a clampwith the taperedpipeflanges

and “V’’-grooveclamp. A schematicof thisclampis shown in Fig.4-6B. This

clampis alsoopenedby a motor-drivenscrew. When the clampis open,the drain

line can be pulledstraightout of the clamp. As described for the main-

manifold clampdisconnect,the replacementdrainlinewill have the appropriate

flangeand retainedgasket.

The thirddisconnectis suggestedfor use on themafn PbLiheaderlines in

the horizontal-replacementscheme(Fig.4-2). This designis a modificationof

headerconnectionsproposedfor MARS.2The advantageof thePbLi clampsshownin

Fig.4-6Cover the clampdepictedin Fig.4-6A is theabsenceof “O” rings. The

PbLi flanges,therefore,do not requirea head-onapproach,but can be slidinto

position at any angle,as is illustratedin Fig.4-2. This orientationallows

thePbLiheadersto retainrelativepositionsin the vertical-replacementcase

withoutsignificantlyincreasingthe headerlength.

The flanges attached to thePbLiheadersleadingfrom the externalPbLi

manifoldcontaintwo rectangulargroovesfor placementof twoPbLi rings which

act as soldered jointswhen the flangesare joined. Theseringsare in place

beforethe reactortorusis rolledthrough the vacuum door (Fig.4-2). The

matingflangesattachedto thePbLiheadersleadingto the steam-generatorrooms

have twohelium-coolingchannelsthatalign with the PbLi grooves when the

flanges are broughttogether.EachPbLi connectionhas a pneumaticallydriven
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Fig.4-6A,. Clampfor remotelydisconnectingmainPbLi

m0.16 mDlAMETER

DRAINPIPE CLAMP

headers.

—

I
——

Fig.4-6B.Clampfor remotelydisconnectingPbLidrainplug.
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1.
2.
3.

CLAMP
PbLi COOLANT PIPE

ACTUATOR A

II N 1 N II

SY ,

FLANGE<F;~~T

TO STEAM
GENERATORS /

FPC PbLi
MANIFOLD

HELIUM COOLANT CIRCUITS (TWO FOR REDUNDANCY)
SEAL-VERIFICATION AND LEAK-MONITORING CHANNEL
FROZEN PbLi ZONES

Fig.4-6c.Schematicdrawingof fusablePbLi jointfor remotely disconnecting
mainPbLiheader.

clamping mechanism that contains a floatingflangewithmountedleversthat

operatehingedbracketsfor clamping the seal flanges with a locking grip

(Fig.4-6c). After the flanges are clamped, the PbLi ringsare meltedby

circulatinghot heliumgas throughthe coolantchannels. AfterthePbLi spreads

between the flange surfaces, cool helium freezesthe solder,whichis kept

frozenby circulationof coldheliumgas throughthe coolingchannels. A groove

in the header flangelocatedbetweenthe heliumcoolantchannelscontainstwo

concentriccopperringsembeddedin a ceramicinsulator.In event of a PbLf

coolantleak the groovewill fillwith PbLi, shortingthe two rings,trippingan

alarm,and identifyingthe leakyjoint.



4.3. FPC ReplacementProcedures

Once each year the reactortorus,togetherwith all integralmanifolding,

must be replacedfor the CRFPR(20)designwith a nominal 15 MWyr/m2 radiation

lifetime. Several methods for accomplishingthischangeoutwere considered.

Each conceptis discussedbriefly.

required for each option,,along

actionand the totalchangeout.

4.3.1.VerticalReplacement

Table4-IIgivesa summary of the actions

with estimatesof the timerequiredfor each

The firstoptionis basedon the verticallift of the 304-tonne reactor

torus (FW/B/S/TFCand associatedmanifolds,Fig.4-l). The followingstepsare

suggested.Afterthe systemis shutdown,thePbLi is transferredby gravityto

the drain tanks through a manifoldat the bottomof the reactortorus. This

operationis accomplishedby openingisolationvalvesto allow the drain tank

and expansion tank atmospheresto communicate.Each of 21 keyblockconcrete

slabs(2

reactor

thewall

four of

x 25 x 2.5m, - 250 tonneeach)is thenremovedfrom the top of the

room with the overheadcraneand placedin a verticalstorageagainst

betweenthe reactorroomand the accessroom (Fig.4-l);the remaining

the25 (total)slabsremainin place. The vacuumtankis thenbrought

to atmosphericpressureafterisolationof the cryopumps,and the top of the

vacuum tank (200tonne) is removed with the overheadcraneand placedina

storagepit locatedbelowthe floorof theaccessroom. Eachof the upper two

sectionsof thePFC set (149-tonneOHC,258-tonneEFC) is thenremovedusingthe

overheadcraneand storedon a rack positionedabove the stored vacuum-tank

cover. The PbLi and pressurized-waterheaderclampsand electricalconnectors

are thendisengaged.The reactortorus(304tonne)is liftedfrom the reactor

cavity and placedina shippingdollylocatedon a maintenancerailroadin the

frontaccessroom;thisshippingdollyrideson tracksplaced over the stored

vacuum-tankcoverand tophalf of thePFC set. The reactortorusis transported

out of the reactorbuildingand replaced.withthepre-testedreactortorus. The

replacementtorus is liftedintoplace,the coolant-lineclampsand electrical

connectorsare reattached,and the upperPFC set is replaced in the reverse

order’ofdisassembly.The vacuum-tankcoveris thenreplaced,and the vacuumis

re-established,withRootesblowersbeingusedfor roughingpumps. The system

is refilled with PbLi from the draintankusinga smallelectromagneticpump.

Table4-IIAgivesthe timeestimatedfor eachof these steps. The estimated
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time

torus

rapid

of 310 hoursis basedon substantialoperationalpretestingof the reactor

priorto insertionintothe reactorroom to assure a high-probability,

restart.

4.3.2.HorizontalReplacement

A horizontal replacementoption was considered (Fig.4-2) thatmight

furtherreducethe torusreplacementtime, requires no overhead crane, and

thereby is anticipatedto reducethe sizeof th”ereactorbuilding. A larger

vacuumtankis required,however. The FPC is drainedof coolants,as previously

described,and the vacuumtankis broughtto atmosphericpressure,again,after

isolationof the cryopumps.A 27-m-longcylindricalvacuum tank is oriented

horizontallyand has two 22.5-m-diameterend caps,one of whichopensby means

of a hingeddoor. Thisvacuumdooruses inflatable(metal-bellows)sealsduring

operation.

The PbLi and pressurized-watercoolant-lineconnectionsare positionedto

allowhorizontalmovementof the reactor torus. The PbLi headers use PbLi

clamps (Fig.4-6c) instead of the clampsdepictedin Fig.4-6Aand are offset

from eachotherat an appropriateangle to allow horizontalsliding into

position. Once the PbLi has beendrainedfrom the blanket,theheadersare

disconnectedby meltingthe frozenPbLi layerwith hot heliumgas and releasing

the grip provided by the hinged bracket (Fig.4-6C). To minimizeflange

alignmentproblems,bellowscan be installedon the outboardsideof each PbLi

connectionto make possibleminorangularadjustmentsof theheaderflange.

The pressurized-waterheadersare locatedat rearof thevacuumtank,and

the connectingflangesare alignedfor directconnectionand disconnection;a

rectangularmanhole(s) in the top of thevacuumtankpermitseasyaccessto

theseflanges. Althoughthe lengthof the pressurized-waterheaders is now

substantiallyreduced, the externalpressurized-watermanifoldsare largerin

diameternear theheaderoutletsin orderto accommodatethe larger flows upon

entranceto themanifolds.

Once the coolant lines are disconnected,large screw jacksthatare

attachedto theupperand lowersupportingstructureswithinthe vacuumtankare

activated to spreadtheupperand lowersegmentsof thePFC set. The reactor-

torusmass is normallysupportedby a strong-backthat is integral with the

lower half of thePFC set. Upon loweringof thePFC the loadof torusmass is

transferredthroughthePbLimanifoldto a heavy-dutyrollerunit. The drained
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reactortorusand attachedmanifoldingweigh304 tonneand, throughtheseheavy-

duty rollerunits,are supportedby angled struts under the PbLi manifolds.

These two lines of rollers locatedon trackspositionedat eachsideof the

reactortorusallowthe torusto be rolledhorizontallyout of thevacuum tank.

The pre-testedreplacementtorus would then be similarly translatedinto

position. Afterthe coolantheaderand electricalcouplings are re-connected,

and the screw jacks repositionthe top and bottomhalvesof thePFC set, the

reactorsystemis refilledwith coolants,the vacuum-tankdooris closed,vacuum

is re-established,and the reactorrestartsequencebegins.

An alternativehorizontal replacementoption would use transhaulers,

insteadof heavy-dutyrollerunits,in orderto maintainthe loadpoint at the

torus strong-backposition insteadof transferringthe torusmass to the PbLi

manifold. AfterthePFC set is separatedas previouslydescribed,transhauler

tracks attached to telescopingsteelstructuresare movedintopositionunder

the torus. Thesetrackassembliescan eitherbe initially located within the

vacuum tank near the tankwallsor slidintothe vacuumtankfromthe outside

and supportedby jacksfrom the floor. Four transhaulerssupportinga circular

strong-backwith pads identical to thosenormallyused to supportthe torus

duringnormaloperation(Fig.4-3)wouldmoveunderthe torus,raise the torus

off themanifoldsupports,and move the torusout of the reactorbuilding.

Removal of the PFC setwith the reactortorusand the pipingmanifolding

was also consideredas a variationof thehorizontalmaintenancescheme. This

option involveslessinitialequipmentbut wouldrequirean extraPFC set. The

horizontalFPC replacementundertheseconditionsproceeds exactly as before

except no screwjacksare neededto separatethePFC set. Afterdisconnecting

the pipesand electricalconnectorsusingtheautomaticclamps,the entire FPC

(1,117 tonne, includingPFCSand themain PbLimanifold)is rolledout of the

vacuumbuildingon themaintenancerailroadtracksand a complete replacement

FPC is rolledin and reconnected.Whileavoidingtheautomatedverticalupward

and downwardPFC movementneededto exposethe reactortorus,the replacementof

the entire FPC would require a spare PFC set (- 40 M$) and the horizontal

movementof a 1,117-tonnemass. Estimatesof the timesrequiredfor each step

required in the horizontalreplacementscheme are given in Table4-IIB.

Replacementtimesfor all maintenanceschemesare relativelyshort(10-13days),

with the differencesreported in Tables4-11A and 4-IIB not considered

significant.
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TABLE4-IIA

TORUSREPLACEMENTTIMEESTIMATEFOR VERTICALFPC REPLACEMENT

ACTION TIMEREQUIRED,(h)

Shutdownreactor

CirculatePbLiuntilthe decay
heat is sufficientlylow for torusremoval

Drainthe system

Bringthevacuumchamber
up to atmosphericpressure

Removeconcreteshieldfrom top
of reactorroom

Disconnectcoolantpiping,
electricalleads,and controls/diagnostics

Lift off the vacuum
chamberlid and store

Lift off tophalVesof
OHC and EFC and store

Lift out the reactortorus
and placein removalcask

Removecaskfromthe
reactorbuilding

Bringreplacementreactor
torusintothe reactorbuilding
and lowerintobottomhalf of PFCS

Replacetop halvesof OHC and EFC

Connectthe coolantpiping,
electricalleads,and controls/diagnostics

Replacethevacuumchamberlid

Replaceconcreteshieldatop
reactorroom

Evacuatethevacuumchamber
and refillthe FPC coolantsystems

Restartreactor

TOTAL

48

24

4

20

16

4

6

4

4

10

10

16

6

20

48

70

310 (12.9days)
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TABLE4-IIB

TORUSREPLACEMENTTIMEESTIMATEFOR HORIZONTALFPC REPLACEMENT

ACTION TIMEREQUIRED,(h)
Removalof Removalof
ReactorTorus EntireFPC
(PlusMain (ReactorTorus
Manifolds) PlusPFCS)

Shutdownthe reactor

CirculatePbLiuntilthe decay
heat is sufficientlylow for torus
removal

48 48

Drain

Bring
up to

the system 24

the vacuumchamber 4
atmosphericpressure

Disconnectcoolantpiping, 16
electricalleads,and controlsldiagnostfcs

Open the vacuum-chamber 1
sidedoor

Separatethe top and bottom 2
halvesof PFCSusingjacks

Removereactortorusfrom the 4
vacuumchamberand the reactor
building

Move replacementreactortorus 4
into the reactorbuildingand
vacuumchamber

Lower/raisehalvesof PFCS 2

Reconnectcoolantpiping, 16
electricalleads,and controls/diagnostics

Closethe vacuum-chamberdoor 1

Evacuatevacuumchamber 48
and refilltheFPC coolantsystems

Restartreactor 70

TOTAL 240 (9.9days)

24

4

16

1

4

4

16

1
J.

48

70

236 (9.8days)
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5. AFTERHEATAND RADIOACTIVITY

Radioisotopesare generatedduringreactoroperation throughoutthe FPC,

particularlyin the limiter,firstwall,secondwall,and blanket. The ~sotopes

presenta long-termstorageproblem,a shorter-termradiologicalhazardto plant

personnel, and a heat sourcethatdecayson a timescalelongcomparedto the

plasmarun-downtime(i.e.,afterheat).In event of a loss-of-flowaccident

(LOFA) or loss-of-coolantaccident(LOCA),theafterheatcan melt the reactor

componentsif adequatepassiveor activecoolingis not provided. Since the

afterheatpowerdensityis directlyproportionalto the operatingpowerdensity,

which in turnis proportionalto neutronfirst-wallloading,passivecontrol of

afterheat becomes more difficultfor high-wall-loadingdesigns. The afterheat

powerdensityalsodependson the short-termradioactivityof the alloy under

irradiation,with copperbeingparticularlyactivein thisrespect. Hencethe

Iw = 20 MW/m2,copper-alloyfirst-wall/limiterCRFPR(20)designpresentedherein

represents an interestinglimit to examine fromthe viewpointof afterheat

controland consequence. This section focuses primarily on the afterheat

problem and onlybrieflysummarizesthe radwasterequirementsexpectedfor the

CRFPR(20)design.

As contrastedwith a fissionpowercore, where core slumpage driven by

afterheat may rearrangea largefractionof the fissilefuelinto

mass with the possibilityfor vaporization,breaching of

containment,and a releaseof radioactiveproducts,the parallel

fusionpowercore (FPC)is to preventa localslumpageor melting

an uncoolable

the primary

concernfor a

of the FPC

structure. This issueis generallyone

to thepublicin thata majorityof the

volatile form, and, depending on FPC

radioactiveinventoryis at riskof phase

of plantinvestmentratherthansafety

activation products are in a less

geometry, a smallerfractionof the

change and release to the primary

containment. Furthermore,breachingof the primarycontainmentby uncontrolled

afterheatis substantiallyless likelyfor fusion.

The afterheatmodelingis describedin Sec.5.1.A rangeof possible LOCAS

is discussed in Sec.5.2.,whereit is shownthat the copper-alloyfirstwall

shouldremainsubstantiallybelowthemelting temperatureas long as either

water coolantor naturalcirculationof PbLi blanketcoolantis maintained.The

limiterwillnot meltunderLOCA conditionsif an emergencycoolingis provided

for a relativelyshorttime (l-2hrs),but meltingof the limiteris expected

for the CRFPR(20)designif emergencycooling Is not provided. Loss-of-flow

101



accidents (LOFAS) are not consideredhere for water-cooledcomponentsbecause

with highwatercoolantpressurean LOFA would result in rapid increases in

pressure thatmust be relievedinto the containmentsump;the emergencycooling

would thenalsobe usedin thiscasefor the limiter. Loss of flow is not

considered for the PbLi coolantin thatnaturalcirculationwouldcontinueto

providea strongcoolingmechanismfor theFPC if the (resistive)magnets are

de-energizedand the steamgenerators(i.e.,heat sink)are adequatelyelevated

above theFPC. The EmergencyCoolingSystem(ECS)designand operationfor the

limiter is consideredin Sec.5.3. Section5.4.summarizesthe long-term

problemof radioactivewasteand storage.

5.1.AfterheatModel

5.1.1.NeutronicsModel

The radioactivebuild-upand decayin the

three computer codes sequentially:a neutron

FPC is determinedby running

transportcodeto produceenergy

and spatiallyresolved neutron fluxes, a cross-sectioncollapsingcode to

produce flux-weightedenergyactivationcrosssections, and an activation/decay

code to solvethe coupledrateequationsas a function of time. ‘L’heneutron

flux as a function of position and energy was calculatedusingthe two-

dimensionalTRIDENT-CTRcode,24as discussedin Sec.2.1. The source of the

cross sections and kerma factorsused in the calculationswas a 30/12group,

coupledneutron/gamma-raylibrarygeneratedfromENDF/B-Vdatawith the NJO@l

and TRANSX42 codes. Region-averagedmultigroup fluxes were obtainedfrom

TRIDENT-CTRfor the regionsof interest. The afterheat computationsfocused

primarily on the limiter, first wall, second wall,and innerPbLi blanket

channeland associatedHT-9 steelstructure. Region-averagedvalues for the

prompt neutron and gamma-ray heating were also computed. Activationand

depletioncalculationswere performedwith the codeFORIG43 and the ORIGEN244

decay library. Cross sectionsfor FORIGwere generatedusingthe TRIDENT-CTR

region-averagedfluxes,the processingcode ORLIB, and the ACTL activation

cross-sectionllbrary.45

The FORIG code is an adaption of theORIGEN2codefor fusionreactor

problems. The basicchangesallow11 ratherthan6 standardreactionsand up to

15 rather than 7 pathwaysfor activationor decayof eachnuclideto be read.

The FORIGcodeproducesoutputin the same format as ORIGEN2: composition,

activity,thermalpower,inhalationbiologicalhazardpotential(BHP),ingestion
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BHP,chemicalingestionBHP, and gammaspectrumcan be printedas a function of

time for eachnuclideor element. Both the totaland fractionalvaluesof each

quantityare also generatedas a functionof time.

Recently,a comparisonof

D~,47 and RA&8) has been

differentparentisotopes.* The

copper isotopes 62CU and64CU

four standard decay codes (REAC,46 FORIG,43

made for the sameneutronspectrumand for 40

comparativeagreementfor the formation of the

and for 56Mn (dominantafterheatsourcein HT-9)

was good. The formationof theseisotopes is particularlysensitive to the

neutron spectrum, however, and varies substantiallywhetherthe respective

metalsare mixedwithwateror withPbLi coolants.

Afterheatcalculationswere performedfor 15 different FPC regions that

include the limiter, limiter manifold, first wall, second wall, first-

wall/second-wallmanifold,and PbLi coolant. The activity in these regions

saturated in about 5-10days for neutronfirst-wallloadingof Iw= 20 N/m2.

The decayheat followinga 10-dayirradiationwas computedfor 100 minutes in

two-minutedecay intervals. Time intervals of twominuteswere selectedto

accommodatethe transient,finite-elementheat-transfercalculations49. The

afterheat depositedin the structureis takenas thatfromthe alphaparticles,

betaparticles, and a fraction(20-25%)of the gammarays. The gamma-ray decay

heat in the variousregionswas calculatedusinga slabattenuationmodelfor

the variousregionsand different energy groups. Fortunately,the dominant

gamma-ray energy groups in the HT-9 and MZC copperalloyare similar. The

percentagesof gamma-rayenergyabsorbedin variousregions are limiter, 25%;

first wall, 23%; and second wall, 20%. The remaininggamma-rayenergyis

absorbedby thePbLi coolant. The afterheatabsorptionprofileclosely follows

the energy-absorptionprofileshownin Fig. 2-4. Sincethe saturatedafterheat

valueswere less than2% of thePbLiheat-generation.rates given in Fig.2-4,

theseafterheatvalueswere not includedin PbLi full-poweranalysis.

Figures5-1A and 5-lB illustrate the decayschemesfor copperand iron

alloys,and Fig. 5-2 givestheafterheatexpressedas a fractionof full power.

The average power densityin the limiterat shutdownis about29 MW/m3 (9%of

fullpower)if all gamma-rayheatingis included. This value decreases by a

factor of two within - 15 minutes after shutdown and thenapproachesan

*Informationprovidedby E. Cheng,
Study,NumericalResults,”General

“ActivationCrossSectionLibrary Comparison
AtomicTechnology,June 1984.
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asymptotic value of about2%. The averagepowerexpressedas a percentageof

fullpowerin the first-wallcopperat shutdownis about4.2%and approaches a

value of 1.2%. The decay in the first 15 minutes is dominatedby 62CU

(9.74-minutehalf life). The asymptoticvalueof 1.2% results primarily from

64cU (12.71-hourhalf-life).The short-termfirst-wallactivityis- 66% lower

than the limiter,thisdifferencein averageafterheat resulting from neutron

shieldingof a part of the firstwallby the thickerlimiter.

A comparisonwas made*of the relativeformationof 64CU in threedifferent

copper/coolantconfigurations:Cu and PbLi;Cu and H20; and the Cu-H20-pbLi.

The relativeformationof 64CU from63Cu(n,y)and 65Cu(n,2n)increasedfrom the

pbLi-containingto theH20-containingconfigurationsby a factor of 12; in

changing from PbLi to the~xed H20_/PbLiconfigurationcharacteristicof the

CRFPR(20) design the relative reaction-rate increase was six. The

thermalizationof the neutronspectrumcausedby watersubstantiallyincreases

the long-termafterheatgenerationin the copperalloy. Thisbehavior is also

true in the caseof HT-9 steel. The HT-9 in the secondwall at shutdownhas a

totalafterheatequalto 2.6%of operatingpower. About80% of this percentage

is. generatedby 56Mn (2.58-hourhalf-life).This isotopecontinuesto dominate

the second-wallafterheatat onehour aftershutdownwith a valueequalto 1.7%

of operating power. Included in Fig.5-2 are afterheatdecaycurvesfor the

HT-9 firstwall of MARS,2twoHT-9 first-wallcalculationsby Cheng,** and the

HT-9/PbLi blanketreportedfor theWITAMIRtandem-mirrorreactordesign.51Also

shownis a fission-productafterheatcurve.50

5.1.2.Thermal-HydraulicModel

Radiation,conduction,and convectionwere consideredas afterheat removal

mechanisms.For example,the largesurfacearea of the limiterand the relative

thinnessof thissystemleadto radiationtransferto the first wall being a

dominant cooling mechanism in eventof a limiterLOCA. The afterheatinPbLi

averagedover the blanketwas 0.01MW/m3and was relativelyconstant for the

LOCA times considered. Most of the heat depositedin thePbLi,therefore,

derivesfromthe firstwalland secondwall.

*Info~tion providedby E. Cheng,“ActivationCrossSectionLibrary Comparison
Study,NumericalResults,”Gener~lAtomicTechnology,June 1984. - -
**Informationprovidedby E. Cheng,GeneralAtomicTechnology,1985.
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The afterheatthermalcalculationsused the finite-elementheat-transfer

code, AYER,49whichsolvesthegeneraltwo-dimensionalheat-conductionequation

and includestransients,in-plane anisotropicconductivity,three-dimensional

velocity distributions,and interface thermal-contactresistance.Radiation

coolingwas addedas a time-dependentboundary condition. This adaptation

applied the following expression

functionof time.

aAl(T:- T;)
qlz= ~

-El 1+ (1 - E2)A1

‘1 ‘G E2A2

separately to each surfacenodeand as a

(1)

wherea is the Stefan-Boltzmannconstant[5.67(10)-8W/m2K41, Al iS the limiter

area, A2 is the first-wallarea,c1 and e2 are the respectiveemissivities,and

F12 is theview factoror fractionof energyleavingthe limiter,which arrives

at the firstwall. Sincethe backof the limiterdirectlyfacesthe firstwall,

F12 = 1.0,A~/A2= 1.0,and the relationshipfor infinite parallel planes is

obtained. For the front of the limiter, AIIA2= 0.4/0.6 and, therefore,

F12= 0.6. In all casesconsidered,&l = &2 = e, with a nominal value of

e = 0.4 for copperbeingused52; with initialmechanicalsurfacerougheningand

subsequentsputtering,c = 0.4 is regardedas conservative.The HT-9 emissivity

undercomparableconditionsis greaterthanthatof copper(Table2-II).

A time-dependentalgorithm for naturalcirculationof PbLiwas addedto

simulatethePbLi temperaturerisethroughthe innerchannelfor different PbLi

natural-circulationvelocitiesand as a function of timeas the afterheat

generationdecaysin the firstand secondwalls. This model is described in

Sec.5.1.3.

Computationswere made to

FPC regionsunder a range of

identifiedas follows:

determinethe temperatureresponseof different

LOCA conditions. The cases consideredare
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1)

2)

3)

4)

5)

6)

Loss of coolant to limiter, active water coolant maintainedin first
wall/secondwall,no PbLi coolantflow.

Loss of coolantto limiterand firstwall/secondwall,forcedor normalPbLi
flow.

Loss of coolantto limiterand firstwall/second
of PbLi.

Loss of coolantto limiter,naturalcirculationin
limiter.

wall,naturalcirculation

blanket,ECS cooling of

Loss of coolantin limiterand firstwall/secondwall,stagnantPbLi.

Loss of coolantin limiterand firstwall/secondwall,lossof PbLi coolant.

These cases are summarizedin Table5-I. The timevariationsof the afterheat

generationin the limiter,firstwall,and second wall were separately taken

intoaccountfor all afterheatcalculations.

5.1.3.Natural-CirculationModel

Natural circulationof thePbLi coolantpresentsa passivemeansto remove

afterheatif themagnetcoilscan be rapidlyde-energizedand theFPC is located

at a lower elevation thanthe steamgenerator. Duringnormaloperation,the
++

bulk of thePbLi pressuredrop resultsfrom VXB interactionin the outboard

coolant manifolds. Followingplasmashutdown,themagnetscan be de-energized

(theinductivetimeof the coppercoilsis about10 s, and the storedenergy is

1.7 GJ) and a substantialreduction inPbLi pressuredropoccurs. Natural-

circulationvelocitiesthatare comparableto the forced-circulationvelocities

(with fields present)result. This optionis not availableto fusionreactors

thatuse superconductingmagnetsand require days to dissipate much larger

amountsof energyin orderto avoidcoildamage.

Pressure balance under conditionsof natural circulationequatesthe

pressuredifferenceresultingfrombuoyancyforces,APB, to the hydraulic and

magneticpressuredrops,APF andAPM, respectively.The e~ression forAPB is

APB = gp~H(Tpo- Tpi) s (2)

where the differencein elevationof thehot and cold legsis theheightof the

steamgenerator,H = 20m, sincethe inletand outlet PbLi manifolds of the
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CASE

1

2

3

4

5

6

TABLE5-I

s~Y TO LOSS-OF-COOLANT

L—

LOC

LOC

LOC

ECS

LOC

LOC

L=

FW/SW =

B =

s =

LOC =

ECS =

LOF =

NC =

NA =

+=

FW/SW

+

LOC

LOC

LOC

LOC

LOC

CASESCONSIDERED

‘B s— —

LOF NA

+ NA

NC NA

NC NA

LOF NA

LOC NA

Limiter

Firstwall/secondwall

Blanket

Shield

Loss of coolant

Emergencycoolingsystem

Loss of flow

Naturalcirculation

Not analyzed

Activecoolantflowmaintained

torus are at the same nominal elevation(Fig.4-l). The

accelerationof gravity,p is PbLi density,@ is the thermal

otherparametersare listedin Table5-II.

The heat fluxthroughthe secondwall can be expressedas

(TPO - Tpi)PCp&
~w =

‘FW

so thatthe buoyancypressuredropbecomes
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PARAMETERSUSED FOR

Parameter

TABLE5-II

NATURAL-CIRCULATIONCALCULATION

pbLi inlettemperature,Tpi(oc)

Blanketpowerdensityat full-power,~v(MW/m3)

Gravityhead fromFPC to top of steamgenerator,H(m)

PbLi

PbLi

PbLi

PbLi

density,p(kg/m3)

thermalexpansivity,@(10-4/K)

heat capacity,cp(J/kgK)

thermalconductivity,k(W/Km)

Magneticfieldcausingmainpressuredrop,B(T)

Electricalconductivityof HT-9 channelwall,aw(106/ohmm)

Thicknessof channelwall, ~(mm)

PbLiviscosity,p(kg/ms)

Buoyancycoefficient,CB(kgm2/s3)
Magneticcoefficient,~(kg/m4 s)

Hydrauliccoefficient,CF(kg/m4S)

PbLi volumetricflowrate,Q(m3/s)

Widthof firstpoloidalchannel,wcl(m)

Combinedfirst-wall/second-wallthickness,b(mm)

EffectivePbLi flowarea,~(mz)

(a)Field ramped
pressure-drop

to zerofromoperatingvalueof - 4 T in- 10 s.

Value

350.

200.

20.

9,400.

1.4

168.

16.
o(a)

1.1

5.

0.0029

52,000.

<l*o(a)

250.

7.74 (full
power)

0.2

10.

14.0

The magnetic
parameterincreasesto 68,000kg/mqs at fullfield.

whereCB ~ g~Hq#FW/cp is definedas the buoyancycoefficient.

(4)
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The hydraulicand magnetic-fieldpressuredropsare expressedas

APH=CHQ108

and

APM=~Q ,

whereQ s pV is the volumetricflow rate. The parameter CH includes the

pressuredrop throughthePbLipipes,the blanket,and the steamgenerator.The

parameterCM is obtainedfromintegratingEq. (14) in Sec.2.2.3.1. and is

determinedprimarily by the pressuredropin the inletand outletmanifolds,

PbLimanifoldswherethePbLi flow velocity is perpendicularto the magnet

field. From Eqs. (4) and (5) and the parameterslistedin Table5-II,it

followsthat

(5A)

(5B)

Q(m3/s) = (CB/CH)li2*8= 41.6q0036 (noPFC field) (6A)

or

Q(m2/s) = (cB/cM)l/2 = o.13~1/2 (PFCat 5 T). (6B)

and

An expressionfor themaximumwall temperatureaveragedover the first-wall

second-wallthickness,6, is obtainedas follows:

Tw=Tp-F1wela welQw

~ k ‘w+lV(cpp)p ‘ (7)

where Qw(W/m3) is the volumetricheating rate in the composite first-

wall/second-wallsystem,themaximumstructuraltemperatureoccursat the exit

of the first-wallchannelof widthwel, conductionresistanceis ignoredin the

structure,the primarythermalresistancefromthe structureto thePbLi coolant

is thermal conduction;and k,
CP

and p are givenin Table5-II. Inserting
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Table5-II values intoEq. (7) and substitutingQ = VAP forv, where~ is the

nominalPbLi flowarea in the blanket,Eq. (7)becomes

Tw = Tp + 469 Iw(P/Po)(1 + 0.035/Q) , (8)

where it

fraction

has beenassumedQw= IOIw(P/Po),and P/P. is the afterheat power

(Fig.5-2).

results for several cases of limiter

coolantin the limiter,radiationcooling

alongthe limitermanifolds/headers.The

5.2.AfterheatResults

Figure5-3 shows the combined

temperaturefollowingshutdownwith no

to the first wall, and conduction

curvefor Case 1 peaksat l,210°C. The limiterresponseunderCase 1 conditions

correspondsto a firstwall cooledby 230°Cpressurizedwater. The PbLi forced-

circulationcase (Case2) has a higher first-walltemperatureand would lie

betweenthe two curvesshownon Fig. 5-3.

The initiallimitertemperaturerisedepictedon Fig. 5-3 reflectsthe time

constantof the order~/c
#

= 7.5 K/se For all cases,the peak in temperature

occurs between 5 and 7 minutes after shutdown, and the slowdecreasein

temperatureis associatedwith the afterheatdecay. The limiter remains above

the copper melting temperaturefor about 15 minutes. The lowercurvein

Fig. 5-3 representsCase4 (ECSappliedto limiter) and is described below.

Both casesshownon Fig. 5-3 assumea copperemissivityof 0.4.

The limiter would not melt for Case4 (ECS)underany first-wall/second-

wall coolingcondition.For Case 1 conditions(l,210°Cpeak),the ECS would be

activated upon reductionof the limitercoolantpressurebelowa criticallevel

or when the limitertemperatureincreasedto 800°C,either condition occurring

withina minutefollowingshutdown. The ECS waterwouldbe providedby a series

of pressurizedaccumulatortanks(Sec.5.3.),whichquicklywould decrease the

structural temperatureto below200°C,at whichpointtheECS wouldbe turned

off to conservewater. For the Case4 conditionsshown in Fig. 5-3, the ECS

would be pulsed on for intervalsof about2 minutes, with increasinglylonger

intervals(averageabout 5 minutes) as the afterheat decays. After - 30

minutes, the ECS could be completely turned off,but in practiceit would

probablybe continueduntilthe uncooledlimitertemperaturedroppedbelow800°C
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Fig. 5-3. Limiter temperatureresponse to anLOC for Case 1 (Table5-I,no
activecooling)and Case4 (ECSto limiteronly,naturalcirculation
of PbLi).

(within - 70 minutes). Reliabilitywill decrease for thispulsedmode of

operation,however,and throttlingthe flowmay presenta bettersolutionat the

cost of requiringmore ECS waterand largeraccumulatortanks. Two 2000-m3

pressurizedaccumulatortanksand an unpressurized2000-m3 water storage tank

are required,with the latter supplyingwaterto the limitersin eventof a

largeloss-of-coolantaccident. Pumpswouldtransferthewaterfrom the reactor

sump (i.e., bottom of vacuumvessel)and returnit to thewaterstoragetank

afterpassingthrougha residual-heat-rejectionsystem,if necessary.

Figure5-4 showsthemaximumlimitertemperatureas a function of full-

power neutron first-wallloading for the limiterlossof coolantwith either

water coolantin the firstwall/secondwall or PbLi naturalcirculationin the
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CASE l,2,0r3

E= 0.4
/

MELTING TEMPERATURE
MZC COPPER———— —.—

1 I I 1

0 5 10 15 20 5

FIRST-WALL NEUTRON LOADING, Iw (MW/m2)

Fi!z.5-4.Maximumlimitertemperature(Case1, 2, or 3) as a function of
first-wall

blanket (Cases1, 2,

loadingof 19.5MW/m2,

.-
neutronloadingfor two valuesof emissivity.

or 3, Table5-I). For the CRFPR(20)first-wallneutron

the maximum limiter temperatureis - l,210°C. The

limiter does not meltwhen the neutronfirst-wallloadingfallsbelow15 m/m2

for Cases1, 2, or 3. Thesecasesassumecopperemissivitiesof 0.4; for an

emissivity of E = 1.0 (e.g.,thickgraphitearmoron copperlimitersurface),

the limiter does not melt even for the full-power design case of

Iw = 19.5MW/m2.

Figure5-5 shows

described by Case 1

the first-wall/second-walltemperaturesfor a limiterLOCA

with active water coolant maintained to the first

wall/secondwall. The copperfirst-wallsurface,theHT-9 second-wallsurface,

and thePbLi temperaturesdecreasewithinoneminuteto the first-wall coolant

temperature(- 265°C). The watertemperaturein thiscasewouldhave to be held
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FiE. 5-5.First-wall/second-wallafterheat temperaturefor PbLi LOF and
limiter LOCA. Active water cooling is provided to the first
wall/secondwall,PbLiLOF in blanket, and radiation input from
limiter(Case1).

at about themeltingtemperatureof PbLi (235°C). Figure5-6 showsthe first-

wall/second-walltemperaturesfor a Case2 limiterLOCA (forced circulationof

PbLi, but no first-wall/second-wallcoolant). The first-wallsurface

temperaturedropsin threeminutesto- 500°Cafterpeakingat a temperatureof

580°C.

Figure5-7 depicts conditionsfor Case3 (naturalcirculationof PbLi,no

water coolantto the limiteror firstwall/secondwall). The temperaturesshown

are those near the exitof the innerPbLi coolantchannel. The temperatureof

thePbLi enteringthe channelwas takenas 350°C,and the natural circulation

flow velocity is 0.1m/s. An analysisof naturalcirculation,usingthemodel

describedin Sec.5.1.3.,is givenbelow.
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Fig. 5-6. First-wall/second-wallafterheattemperaturefor first-wall/second-
wall and limiter LOCA with forcedcirculationof PbLi. No water
coolantin firstwall/secondwall and radiationinput from limiter
(Case2).

The average PbLi exit temperaturein the firstchannelfor the natural

circulationcase (Case3) decreasesfrom 500°Cto 400°C in approximatelyone

minute because of the large decreasein thePbLiheat generation.The PbLi

averagetemperatureincreasesshownin Fig.5-7 afterthe initial decrease are

caused by the increased

exit temperaturedecreases

The coppersurfaceof the

of 630°Cbecauseof a loss

heat loadfrom the firstand secondwalls. The PbLi

subsequentlyas theafterheatcontinuesto decrease.

firstwall increasesin aboutthreeminutesto a peak

of water coolantin the firstwalland an increasein

the radiationinputfromthe limiter. The HT-9 second-wallsurfacetemperature

in contactwith thePbLi peaksat 595°Cand remainsabovethe design(corrosion)

limitof 500°Cfor- 10 minutes.
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Fig.5-7.First-wall/second-walltemperaturefor a first-wall/second-walland
limiterLOCAwithPbLi naturalcirculation(Case3).

Figure5-8 showsthedependenceof natural-circulationPbLi flow rate,

Q(m3/s), and maximum first-wall/second-walltemperatureon the first-wall

neutron loading relative to the Iw = 19.5~/m2 base case. This figure

indicatesa maximumwall temperatureof 580°Cfor (P/Po)(Iw/19.5)= 0.025and no

magneticfield.

minutes, which

fullyenergized,

a maximum wall
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AS shownin Fig.5-7, Tw remains at ~ 5000C for only 11

presents no problemwith respectto corrosion.With the coils

the Iw = 19.5MW/m2and (P/Po)(Iw/19.5)= 0.025case resultsin

temperatureof 970°c. In orderto reducethemaximumwall
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Fig.5-8.Variationof PbLi naturalcirculationparametersas functions of
afterheatfractionof fullpower(Iw= 19.5~/m2).

temperaturein the presenceof themagneticfieldto the valuereportedwithout

themagneticfield,Iw wouldhave to be reducedto 7 MW/m2.

The PbLi natural-circulationresultsare encouragingsince they indicate

that both the copper-alloyfirstwall and theHT-9 secondwallwill remainfar

belowthemeltingpointwith completelossof watercoolant. The high-pressure

coolantwaterunderconditionsof a first-wall/second-walllossof coolantwould

undergoa rapiddecompression,the blowdownoccurring in - 10 s. Hence, the

blowdown timescale is too short to reducethe peak structuraltemperatures,

sincethe latteroccursin- 3 minutes.

The worstafterheatcasewouldoccurin theunlikely event that all the

water coolant and PbLi are lostsimultaneously.The temperaturesof the first

wall/secondwall and limiterare shownin Fig. 5-9 as functions of time. The
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copper-alloyfirstwall (l,320°C)and limiter(l,470°C)wouldbothmelt,but the

HT-9 secondwall (l,350°C)wouldnot. Theseresultswere obtainedby iterating

between three separate AYER49 calculationsfor the limiter, the first

wall/secondwall, and a blanket model, the latter treating the blanket

structurallayersas radiativelycoupledto the shieldand toroidal-fieldcoils.

The dominantheat-transfermechanismis radiation,whereemissivitiesof 0.4 and

0.5 were used,respectively,forMZC copperand HT-9. Appropriatecylindrical

geometricalradiation factors were used for the first-wall/second-walland

blanketregions. The temperaturesfor the limiterand first wall exceed the

MZC-copper melting temperatureat timesbetweenthreeand fourminutesafter

shutdown,as is shownin Fig.5-9. Assumingthatthemoltencopperflows under

gravity and accumulatesin the bottomof the torusformedby the secondwall,

the poloidalanglesubtendedby themoltencopperis 0.8 radians(45.8°C),with

a maximum thickness of 56 mm. The copperin thisconfigurationwouldreacha

maximum average temperatureof - l,650°C in approximatelytwelve minutes

1600
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o
0
~looo’
u
3
~ 800
a
w
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w
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200
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I 1 I 1 1 I 1 Ill I 1 1 I I 1 Ill I I 1 I I 1 1

10 ,02 103 104

TIME AFTER SHUTDOWN (S)

Fig. 5-9. Timedependenceof firstand secondwallsfor a completelossof all
waterand PbLi coolants.
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CASE

1

2

3

4

5

6

L

LOC

LOC

LOC

ECS

LOC

LOC

TABLE5-III

IMPACTOF A RANGEOF LOSS-OF-FLOW(LOF)AND
LOSS-OF-COOLANT(LOC)SCENARIOSFOR THE CRFPR(20)DESIGN

FW/SW

+

LOC

LOC

LOC

LOC

LOC

B

LOF

+

NC

NC

LOF

LOC

s

NA

NA

NA

NA

NA

NA

RESPONSE

Limitertemperaturepeaksabovemeltingpoint
forN 15 minutes,returnsto- 0.5 homologous
temperaturein 90 minutes.

First-wallexcursion300+ 600°Cin 3 minutes,
levelsto slowdecreasebelow500°Cin 10-12
minutes.

Limitertemperaturepeaksabovemeltingpoint,
returnsto- 0.5 homologoustemperaturein
90 minutes.

Fourcoolingpulsesover20 minutesto hold
limiterbelow800°C,subsequentexcursion
limitedto belowmelting;70 minutes
of subsequentpulsedcoolingpassively
holdslimitertemperatureto below800 ‘C.

The copperalloylimitertemperature(1220°C)
peaksabovethemeltingtemperature.The
Cu firstwall (1065°C)and theHT-9
secondwall (1065°C)are bothbelowthe
respectivemeltingtemperatures.Slumping
of the limitersintothe bottomof the
second-walltoruswouldnot propagate
meltingof thiswall.

The copper-alloylimitertemperature(l,470°C)
and first-walltemperature(l,320°C)both
peakabovemeltingtemperature.The HT-9
secondwall temperaturepeaks(l,300°C)
belowthe meltingtemperature.Slumpinginto
the bottomof the second-walltoruscould
propagatemeltingof thiswall unlesscopper
volumeis reducedby - 2. A propagatingmelt
wouldtransferthe copperto thePbLi drain
system.

followingshutdown. The HT-9 second wall supporting the copper-alloymelt,

however, itself melts.eightminutesfollowingshutdown,and themoltenmixture

would flowinto thePbLi drainsystem(Fig.4-4). At l,650°Cthe copper vapor

pressure is 130 Pa. The radioactivityvolatizationrateundertheseconditions

is expectedto be less thanthe oxidationrate (steammay be present),and both
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are expectedto be low. The efficiencyfiltersin the stackswouldpreventany

significantradioactivityescapein the formof gasesor particulate.

If the limiteris designedso thatonlythe surface exposed to the core
.

plasmais MZC-copper,the restbeingHT-9,the totalvolumeof themoltencopper

wouldbe reducedby a factorof two (0.26m3). The molten copper would under

these conditionssubtend a poloidal angle of 0.64 radians(36.6°C)with a

maximumthicknessof 36 mm. For thiscase,theHT-9wouldnot melt. Releaseof

radioactivityin any eventwouldoccuralsofromthe oxidationof theactivated

HT-9 structure.For instance, release of Mo03 is expected2 to occur for

temperaturesabove1000°C;themoltencopperand HT-9 structurewoulddropbelow

1000°Cin about3000 seconds.

On the basisof thoseestimates,an ECS is required in event of the

complete loss of coolant, the ECS beingusedaftertheappropriatemanifold

isolationcheckvalvesare closed(withinoneminute). This casealso involves

a possible PbLi-water reaction in the containmentsump. However,recent

eVeriments35haveshownthePbLi-waterreactionto be acceptablybenfgn~ and

blanket concepts where PbLi andwaterare separatedby onlyone wallare now

beingproposedfor theNET blanketdesign.36

Table 5-III summarizeskey results for the various loss-of-coolant

scenarios applied to the CRFPR(20)design. Otherthanthe activeshort-term

(l-2hr) ECS requirementof the limiter,the afterheatproblemfor the CRFPR(20)

appears to be capable of passivecontrolif naturalcirculationof thePbLi

coolantcan be establishedand maintained.The impactof active ECS for the

limiteris estimatedin the followingsection.

5.3. EmergencyCoolingSystem

5.3.1.GeneralDescription

The ECS techniquesdiscussedherehave beenprovenin fissionpowersystems

and are somewhatsimplerwhen appliedto fusionpowersystemsbecause the time

requirementsmay be lessstringent,the borated-watersystemand associatedhigh

pressureinjectionsystemare not required,and the total core radioactivity,

though comparablein magnitudeon a Ci/Wtbasis,is lessvolatileIn the fusion

case. For a high-power-densityreactor,wherewater is used as one of the

primarycoolants,an ECS is an economicand simpleoptionto maintainhigh power

densitywithoutsubstantiallyincreasingthe capitalcostand COE.
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The specific ECS describedin the followingsectionadds- 2% (- 22.6M$)

to the totalplantdirectcost. The ECS costsincludethe accumulators(20$/kg,

12.1M$), the residual heat exchangers (27$/kWt,3.5 M$), pumps(0.5M$),

recirculationsump (0.9M$),waterstoragetank (2.0M$), and added building

volume (300$/m3, 3.6 M$). The added buildingcostsrepresentw 16% of the

totalECS cost. Notwithstanding,anECS cost of about2.0%of totaldirectcost

representsa small perturbationon the COE for the protectionprovidedby a

passivecoolingsystem.

Two kinds of ECSS are used here to protect the fusion system: a)

accumulator tanks are provided for low-pressurelarge-break(large-flow)

accidents;and b) an emergencyhigh-pressurecoolantsystemis used for high-

-pressuresmall-break(small-flow)accidents. TheseECSS are connectedto the.
coldlegsof thewater-coolantsystems. In any case,the ECS is designed to

cool the FPC as well as to provideadditionalshutdowncapabilityfollowing

initiationof the followingaccidentconditions:

a pipebreakor spuriousvalveliftingin the coolantsystemwhichcauses a
dischargelargerthanthatwhichcan be made up by the normalmakeupsystem,
up to and includingthe instantaneouscircumferentialruptureof the largest
pipein the coolantsystem,

a steampipe breakor spuriousvalveliftingin the steamsystem,up to and
includingthe instantaneouscircumferentialruptureof the largest pipe in
the steamsystem,

a steam-generator

ECS is designed

tuberupture.

to meet a minimumrequiredlevelof functionalperformance

by usingpassiveaccumulatorsfor any of the above-listedoccurrences,assuming

a single failure. The accumulatorsare passive,therebyavoidingreliability

problemswith emergencydieselpowersystems.

5.3.2.ECS Descriptionfor CRFPR(20)Design

The principalmechanicalcomponentsof theECS that provide FPC cooling

immediatelyfollowing a loss-of-coolantaccident are the accumulators,the

injectionpumps,the residual-heat-removalpumps,the water-storagetank, and

the associatedvalves and piping. The ECS subsystem layout is shownin

Fig. 5-10. In orderto increaseECS reliability,the pressurized-watermanifold

123



structure depicted in Figs.4-3 and 4-4 is proposed. Both inletand outlet

manifoldsare split. Thesesectionsare connectedby the two main inlet and

outletwater/steam-generatorpipes. The first-wall/second-wallinletand outlet

manifoldsare similarlysplitand are similarlyconnectedto themain inlet and

outlet lines. If a main coolantpipebreaks,therefore,valvescan isolatethe

disruptedline,and the limiterand firstwall)secondwall can still be cooled

at half the normal water-coolantflow rate. Similarly,if a half-manifold

sectionbreaks,thissectioncan be isolated, and the other three manifold

sections can providewatercoolantundernormalconditions.Also,if one valve

remainsopenaftera main pipebreak,threehalf-manifoldscouldprovide50% of

the normalcoolantrate.

The principles of ECS operation apply equally to thehorizontal-and

vertical-replacementschemes’(Figs.4-1 and 4-2). In bothcases,valvesin the

external water manifolds close to and on eithersideof thewaterheaders

isolatemanifoldand headersectionsin the eventof a lossof pressure in the

water-coolantsystem. Sincethe respectiveinletheadersand outletheadersare

in closeproximityfor thehorizontalFPC replacementcase, only one manifold

valveis requiredbetweenheadersin the shortseparationleg.

The water-coolantsystem would be depressurizedand voidedof coolant

rapidlyin eventof a largepipe rupture,and a high flow rate of emergency

coolant is requiredto providecoolingto the limiters. As shownin Fig.5-8,

the first-walltemperaturedoesnot exceed 630°C with naturally circulating

PbLi. In the unlikelyeventthatbothmainwatercoolantlinesare broken,the

emergencycoolantwouldbe directedaroundthe breakby valvingto the limiters.

The high coolant flow is providedas shownin Fig.5-10by passivecold-leg

accumulators,the safetyinjectionpumps,and the residual heat-removalpumps

discharginginto the coldlegsof theFPC water-coolantmanifolds.

Emergency cooling is providedin eventof smallrupturesprimarilyby the

safetyinjectionpumps(Fig.5-10). Smallruptureshavean equivalentarea of

< 0.1 m2 and do not immediatelyrepressurizethewater-coolantsystembelowthe

accumulatordischargepressure. The safetyinjectionpumpsare also available

on the longertimescaleto takesuctionfrom thewater-storagetankand deliver

to the coldlegs of thewater-coolantsystem. The safetyinjectionpumps begin

to deliverwaterto thewater-coolantsystemafterthe pressurehas fallenbelow

the pump-shutoffhead.
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For largewater-coolant-systemruptures,theaccumulatorsserveto prevent

melting of the limiter. An examplewas shownin Fig.5-3,whereaccumulator

coolantflow turnedon for a durationof twominutesat five minute intervals

within one minute followinglossof limitercoolantpreventslimitermelting.

The waterfrom the largeruptureentersa sumpfor subsequentpumping to the

water-storagetankto allowintermittentoperationof the system.

5.3.3. ECS ComponentDescription

This sectionbrieflydescribeskey ECS componentsidentifiedon Fig.5-10.

TypicalECS componentparametersare listed in Table5-IV. These components

must be designedto withstandappropriateseismicloadings.

5.3.3.1.Accumulators

The low pressure accumulatorsare 2000-m3pressurevesselsfilledwith

waterand pressurizedto 600 psi with nitrogen gas. During normal operation

each accumulatoris isolatedfromthewater-coolantsystemby two checkvalves

operatedin series. Shouldthewater-coolant-systempressure fall below the

accumulatorpressure,the checkvalvesopen,and wateris forcedinto thewater-

coolantsystem. One accumulatoris attached to each inlet coolant manifold

(Figs.4-3 and 4-4) of thewater-coolantsystem. Mechanicaloperationof the

swing-disccheckvalvesis the onlyactionrequiredto open the injection path

from the accumulatorsto theFPC by way of the coldleg.

Connectionsare provided for remotelyadjustingthewaterlevelin each

accumulatorduringnormalplantoperation.The

adjusted eitherby drainingto or pumpingfrom

positive-displacementchargingpump.

5.3.3.2.Pumps

accumulatorwater

thewater-storage

The residualheat-removalpumpsand injectionpumpsdeliver

ECS inletwhen thewatercoolantsystempressureis reducedbelow

level may be

tankusingthe

water to the

the respective

headsfor pump shutoff. The residualheat-removalpumpalsodeliverswaterfrom

a sumpwhen thewater-coolant

residualheat-removalpump is

pump. The injectionpumpsare
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pressurefallsbelowthe pumpshutoffhead. Each

a single-stage,vertical-position,centrifugal

multistage,centrifugalpumps.
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TABLE5-IV

SAMPLEECS COMPONENTPARAMETERS

Parameter Value

Low-pressure Number 2
Accumulators Operatingtemperature(°C) 50

Operatingpressure(psig) 600
Totalvolume(m3) 2,000

Safetyinjectionpumps Number 2
Designtemperature(°C) 100
Designflow rate (m3/s) 0.05
Dischargepressure(psig) 1,500

Residual-heat-removal
Pumps

Residual-heat-removal
Exchangers

Number 2
Designtemperature(°C) 100
Designflowrate (m3/s) 0.04
Dischargepress(psig) 600

Number 2

5.3.3.3.ResidualHeatExchangers

The residualheat exchangerswouldonlybe used in the eventof a complete

loss of coolantto removeheat from the dischargedreactorcooling water. The

residual heat exchangersare conventionalshelland U-tubetype,and during

emergencyoperationthe reactorcoolantwaterflowsthroughthe shellsidewhile

sumpwaterflowsthroughthe tubeside.

5.4.Long-TermRadioactivity

5.4.1.NeutronicsModelResults

The neutronic proceduresused to determinethe radioactivitybuildupand

decayare essentiallythe same as described in Sec.5.1.1. for afterheat.

Radioactivitycalculationswere performed for all FpC regions,includingthe

magnetsand shield. A one-yearirradiationwas assumed,and the activitieswere

computed during a 1000-yr decay period. Blanketactivityinventorieswere

computedboth in curies(Ci)and as the toxicity-weightedingestion biological

hazard potential (BHP). The ingestionBHP is the ratioof actualto maximum

permissible

dilutionto

concentrationin waterand has units of m3 of H20 required for

appropriatestandards.
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The total FPC activationafter one full-power-yearIrradiationat

Iw = 19.5MW/m2is 7.62GCi or 2.28Ci/Wt. The totalactivityin Ci/Wt versus

time is given in Fig.5-11 along with the curvesforMARS2 (dataincluded

blanketand shieldonly)and STARFIRE.i~53The activationconditionforMARSwas

two yearsof irradiationat Iw = 4.3MW/m2and thatfor STARFIREwas fivefull-

poweryearsat 3.6 MW/m2; the CRFPR has accumulated19.5MWyr/m2, STARFIRE

21 MWyr/m2, and MARS 8.6 MWyr/m2 exposure. The HT-9activationin CRFPR(20)

dominatesthe totalactivationfor the period one hour to 30 years after

shutdown. Before one hour and in the period30 to 1000yearstheMZC copper

activationin the limiterand firstwall dominates.

5.4.2. DisposalIssues

The shallow burial issue has recently

regulation5410CFR61. This regulationliststhe

of eachnuclidein a givenclassof solidwaste.

been addressed in federal

maximumallowableconcentration

The actualconcentrationsare

divided by the allowable concentrations,and the ratiosare summedoverall

nuclides,as givenbelow:

SB1= ~ SpecificActivity(i)
Limit(i) “

(9)

The resultingsum is termedthe ShallowBurialIndexor SBI and must be less

than 1.0 before burialis allowedwithoutdilutionin thatclass. For an SBI

between0.1 and 1.0,thewasteis termedClassC intruderwaste.54

The potentialwastedisposalof variousregionsof the FPC is given in

Tables5-VA, 5-VB,and 5-VC. Most of theactivatedmetallicstructureis HT-9,

and thiscan be disposedby shallowlandburial. In orderto meet the 10CFR61

requirementsfor Class C waste,however,the blanketwouldhave to be filled

with concreteand buriedafter30 years. The isotopeswhichcausethe greatest

activationproblems are 94Nb,63Ni,93M0,and 99Tc. The isotopegs~b fs not

includedin Table5-V becauseit is not a gamma-ray emitter. An inexplicably

conservativelimit for 94Nb is notedin Table1 of 10CFR61(94Nbin activated

metalcannotexceed0.2 Ci/m3for Class C waste). That the 94Nb limit iS

conservativewas initiallypointedout by Blink,43who thenused the procedure

of calculatingtheamount of water required to dilute the activated (and
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o
DISPOSALOF VARIOUS

Volume(m3)
Fe55
FE60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99

Volume(m3)
Mn53
Fe55
Fe60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99
V49

Cu
Limiter

0.32
24.1
0.33
6.18(10)-6
0.2
2.87(10)6
18.51
0.31
0.019
0.004
2(10)-7

HT-9
SecondWall

0.35
4.0
5.55(10)7
0.002
5.51(10)4
18.9
2.679(10)3
0.264
0.016
4.2
404.6
8.0
5.04(10)4

(a)FPY= fullpoweryear.
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TABLE5-VA

YEARSAFTERSHUTDOWN(Ci/m3)
FPC REGIONS FOLLOWINGAONE-YEAR IRMDIATION,
EXCEPTFOR TFC AND PFC

Cu
FirstWall

0.20
7.835
0.112
2.26(10)6
0.08
1.0(10)6
6.49
0.11
0.007
0.001
5(10)-3

HT-9
First-Wall/
Second-Wall
Manifold

0.79
0.316
9.55(10)6
0.026
5.701(10)4
14.4
4.645(10)3
0.011
0.002
0.45
104.9
1.5
4.152(10)3

ClassC
Near-
Surface

Cu/PCASS/Mg
?

Cu/PCASS/MgO Burial
TFC(10FPY)a) PFC(10FPY)(a)Limits

10.6
11.(10)’+
5(10)-6
8.04(10)3
39.5
10.4(10)3
0.011
0.006
0.003
41.6
0.94

HT-9
Second-Wall
Manifold

0.17
1.36
2.47(10)6
0.01
3.057(10)4
30.5
6.56(10)3
0.004
0.007
1.66
296.8
5.2
1.715(10)4

110.3
4.18(10)4
7(10)-7
2.44(10)3
15.9
3.67(10)3
0.004
0.003
0.001
15.7
0.35

HT-9 Total
Average

6.46
0.49
7.5(10)5
0.006
8.9(10)3
5.54
1.9(10)3
0.011
0.002
0.58
91.6
2.2
6.9

700
700
700
220

7,000
7,000

700
0.2
220
3.0

ClassC
Near-
Surface
Burial
Limits

700
700
700
700
220

7,000
7,000
700
0.2
220
3.0
700
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TABLE5-VB

40 YEARSAFTERSHUTDOWN(Ci/m3)
DISPOSALOF VARIOUSFPC REGIONS FOLLOWINGAONE-YEAR IRRADIATION,

EXCEPTFOR TFC AND PFC

Volume(m3)
Fe55
Fe60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99

Volume(m3)
Mn53
Fe55
Fe60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99

Cu
Limiter

0.32
0.002
0.329
5.34(10)4
0.2
21.64(10)5
7.77
0.31
0.018
0.004
2(10)-7

HT-9
SecondWall

0.35
4.0
3.77(10)3
0.002
484.0
18.9
2.043(10)3
0.112
0.016
4.2
401.2
8.0

Cu
FirstWall

0.20
0.0005
0.112
1.98(10)4
0.08
7.63(10)5
2.76
0.11
0.007
0.001
5(10)-8

HT-9
First-Wall/
Second-Wall
Manifold

0.79
0.316
0.65(10)3
0.026
500.6
14.4
3.541(10)3
0.005
0.002
0.45
104.0
1.5

Cu/PCASS/MgO
TFC(10FPY)

10.6
0.747
5(10)-6
7.06
3.95
7.90(10)3
0.005
0.006
0.003
41.3
0.94

HT-9
Second-Wall
Manifold

0.17
1.36
1.67(10)3
0.01
531.9
30.5
5.009(10)3
0.002
0.007
1.66
294.4
5.2

Cu/PCASS/MgO
PFC(10FPY)

110.3
0.284
7(10)-7
2.14
1.60
2.80(10)3
0.002
0.003
0.001
15.7
0.35

HT-9
Average

6.46
0.46
510.0
0.006
155.2
5.54
1473
0.005
0.002
0.58
90.5
2.2

ClassC
Near-
Surface
Burial
Limits

700
700
700
220

7,000
7,000
700
0.2
220
3.0

ClassC
Near-
Surface
Burial
Limits

700
700
700
700
220

7,000
7,000
700
0.2
220
3.0
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TABLE5-VC

100YEARSAFTERSHUTDOWN(Ci/m3)
DISPOSALOF VARIOUSFPC REGIONSFOLLOWINGA ONE-YEARIRRADIATION,

EXCEPTFOR TFC AND PFC

Volume(m3)
Fe55
Fe60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99

Volume(m3)
Mn53
Fe55
Fe60
C060
Ni59
Ni63
Sr90
Zr93
Nb94
M093
Tc99

Cu
Limiter

0.32
3(10)-7
0.33
20.4
0.20
13.78(10)3
1.86
0.320
0.018
0.004
2(10)-7

HT-9
SecondWall

0.35
4.0
4(10)-’+
0.002
0.18
18.9
1.3(10)3
0.027
0.016
4.2
398.4
8.0

Cu
FirstWall

0.20
2(10)-3
0.112
7.6
0.08
4.83(10)5
0.66
0.112
0.007
0.001
5(10)-8

HT-9
First-Wall/
Second-Wall
Manifold

0.79
0.316
7(10)-4
0.026
0.21
14.4
2.25(10)3
0.001
0.002
0.45
102.6
1.5

Cu/PCASS/NgO
TFC(10FPY)

10.6
8(10)-8
5(10)-6
0.0027
3.94
5.03(10)3
0.005
0.006
0.002
40.7
0.94

HT-9
Second-Wall
Manifold

0.17
1.36
2(10)-4
0.01
0.209
30.5
3.18(10)3
0.0045
0.0067
1.66
290.3
5.2

ClassC
Near-
Surface

Cu/PCASS/MgO Burial
PFC(10FPY)

110.3
4(10)-8
7(10)-7
0.001
0.628
0.84(10)3
0.002
0.005
0.001
15.4
0.35

4

HT-9
Average

6.46
0.46
0.0003
0.006
0.061
5.54
937
0.001
0.002
0.58
89.5
2.2

Limits

700
700
700
220

7,000
7,000

700
0.2
220
3.0

ClassC
Near-
Surface
Burial
Limits

700
700
700
700
220

7,000
7,000
700
0.2
220
3.0

I
I
I
I
1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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dissolved steel) to drinking standards(ingestionBHP)and thencomparedthe

dilutionvolumeto thewatervolumerequiredto diluteclean inactivatedsteel

to drinking standards based on standardsset by theEnvironmentalProtection

Agency. Thisprocedureindicatesthatthe 10CRF61limitsmay be a factor of

2,500too conservativefor 94Nb. Consideringthe averageblanket94Nb,however,

this isotopecan be reducedto the ClassC limitby the addition of concrete

(HT-9 structure represents10% of blanketvolume)to theuncompactedblanket

structure.

A more severewastedisposalproblem is 63Ni activation [63Cu(n,p)63Ni,

100-yr half-life,Figs.5-1 and 5-11]in theMZC-copperlimiterand firstwall.

Both the limiterand firstwallwouldrequiredilutionfactorsof 300 and 100,

respectively. The total volume of the copperlimitersand the firstwall is

0.52m3, however,and evenfor deep geological burial should not present a

significantannualexpensefor thesevolumes(masses).

The TFCS and PFCS are sufficientlyremovedand shieldedby the 0.7-m-thick

blanketand shieldto allowshallowland burial without dilution. The coil

activity reported in Table5-V is basedon 10 full-poweryearsat Iw = 19.5

MW/m2,althoughthe servicelifemay extendbeyondthisperiod.

In summary,the blanketwouldmeet the ClassC waste disposal requirement

if filled with concrete and buried after 30 years. The associatedburial

requirementfor the blanket and shield alone amounts to 19,800Ci/yr or

263 tonnes/yr(includingconcrete).The TFCS and PFCS directlymeet the ClassC

levelrequirementand for a 10-yearlifegivean averageburial requirementof

- 30,000Ci/yr or N 89 tonnes/yr. The small volumesof the limiterand the

firstwallmay requiredeepgeologicburialsincea dilutionfactor of 100-300

is required. The costof deepgeologicburialversusClassC burialwith high

dilutionmust be carefullyweighed. In any event,the combined first-walland

limiter burial requirementamountsto* 0.4(10)5Ci/yror 4.7 tonnes/yr.The

PbLi doesnot representa seriouswastedisposalproblembecauseof removal of

P0210 along with the tritium at a rateof 8-30kg/yr. Finally,isotropic

tailoringof Mo wouldlargelyremove 93M0 and 94Nb problems from HT-9 and

appearsbothfeasibleand achievableat a relativelylow cost.55
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6. COSTTRADEOFFSAND UPDATES

I
The costdatabaseand modelsused in the CRFPR study have

those first used to define the compact reactor approach.56

I understandingof key reactorsubsystems,better resolved design
.

evolved from

An improved

detail, and

developing insightsevolvedfrommore comprehensivestudieshaveled to updates

of theCRFPRcostingprocedurefirstsummarizedin TableIII-IVof Ref. 56 and

the design-basiscost estimate given inRef. 10. Thissectioncollectsall

costingmodificationsmade to dateand givesa costreassessmenton the basisof

this updated model. The costing model is describedin AppendixB. Recent

revisionsof the costingmodel are summarizedin Sec.6.1. The parametric

systems modelis brieflyreviewedin Sec.6.2.,and the resultsof tradeoffand

sensitivitystudiesusingthismodelare described and compared in Sec.6.3.

The analyses givenin Sec.6.3. formthe basisfor recommendationsfor future

work givenin Sec.8.

6.1.Modificationsto CostModeland Database

The basiccosting model follows the approach originally suggested in
1,2 adoptedby Ref. 56Ref. 57, modifiedby more recentdetaileddesignstudies,

(TableIII-IV),used in the Ref. 10 CRFPR(20) framework study, subsequently

modified, and described in AppendixB. Thesechangesreflectimproveddesign

resolutionand are summarizedbelow.

. Increasestandoffbetweenfirst-wallradiusand TFC bore from 0.60m to
0.775m.

. Decrease normal-coilsmear density from 8.0 tonne/m3 to 7.3 tonne/m3,
consistentwith 70% Cu, 10%PCASS,10%H20, and 10%Mgo(80%dense).

. Replacetreatmentof a smeardensityfor the blanket, shield
3

and vacuum
plenumwith a drainedPbLi enclosureof 5 v/o and 7.75tonne/m density.

. Separatelyaccountfor costof limiterand associatedcoolantmanifolds.

● Replace smear-densitytreatmentof the shieldand vacuumplenumwith a 90%
stainlesssteel(7.8tonne/m3)and 10 v/o watershield.

● A scalingof thevacuumsystemcost calibratedwith the STARFIRE plasma
chamber volumel yields a trivialcost. Instead,a vacuumsystemcost is
scaledfromSTARFIREfusionpower(DT throughout),and a separate cost for
the vacuumchamberas a unitmass is included.
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. A fixedvolumeof 1.55(10)5m3 is addedto the variableFPC enclosurevolume
[4 ( + r~ + 9)2(12r~)]to give

2
an irreduciblebaselinefor the reactor

buildng volume,where~ is themajorradiusand rs is theminorradiusout
to and includingthePFCS.

● TO the variable PbLi coolant/breedermass contained in the blanket
(N 860 tonnesfor the base case)are added9% (- 75 tonne)for ducts and a
fixed inventory (- 4,525 tonnes)for the primaryloop (includingmainFPC
manifolds).

● The PbLi and pressurized-watermain-heat transport loops are separately
costedin proportionto the powerhandledby each.

. A numberof minorchangesand additionshavebeenincorporatedinto the cost
code.

- Simultaneouslydisplay constant-dollarand then-current-dollarmodes
usingupdatedcostescalationfactorsbut retaininga 1980base.

- Includeexplicit(thoughnegligible)deuteriumfuelcost.

- Report Direct (Accounts20-26),Base (DirectplusAccounts91-93),and
Total (Baseplus interestand escalationduringconstruction)Costs.

- IncludeseparatearchitecturalcostswithReactorBuildingcost, Turbine
Buildingcost,and Energy-StorageBuildingcostaccounts.

- Includeprimary-loopPbLi costunderSpecialMaterialscost (Account26).

- Account separately for first-wall,limiter, blanket, shield, and
structuralcosts.

- Add costfor ECRH plasma-breakdownsystem.

- Introduce separate charges for impurity-controland magnet-cooling
systems.

- Use a Turbine Building cost of 33.5M$(1980),whichis intermediate
betweenSTARFIRE1andMARS2.

- Use a coilunit costof 40 $/kg [2.92(10)5$/m3for a smear density of
7.3 tonne/m3].

- Scale costsfor electricalstructures, wiringcontainers,powercontrol,
and wiringwith totalelectricalpoweroutput.

6.2. ParametricSystemsModel

The parametricmodeloriginallyreportedin Ref. 56 has beengeneralizedin

Ref. 10 by allowing considerationof arbitrary plasmaconfinementtimesin

searchof minimum-COE,resistive-coilRFP reactors. Figure6-1 depicts this
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modelin termsof a logicdiagram;a simplifiedgeometryand engineeringenergy

balance is depicted in Fig.6-2. Table6-I lists both fixed and varied

parametersused to assesscostsensitivities. The parametric systems model

identifies optimal reactorparametersin a set of nestedsearchloopscentered

on a convergenceoperation for the engineeringQ-value, QE = 1/=, and the

specified net electricpower,PE, wherec is the recirculatingpowerfraction.

For a giventotal(TFCplusPFC) coil thickness,8C =bcO +ace, this inner

iterationsearchesfor thevalueof QE thatyieldsthe specifiedPE as the split

betweentheTFC and PFC geometryvaries,subjectto the constraintsof equal

(but unspecified)coilcurrentdensitiesand thematchingof fixedengineering

and physicsparameters.The valueof 6C thatproducesaminimum-COEdesign for

an otherwise fixed geometry, including plasma minor radius, ‘P’ is first

determinedafterconvergenceof the set (QE,Pm) for a given PE. The outer-

loop optimumis thendeterminedas a functionof rp, whichshowsa higher-order

(lower)COEminimum. The plasmaradiusis used as a display variable. The

outermost loops then vary the plasmaaspectratio,A= ~/rp, in searchof an

even lowerminimum-COEsystem. Thesefully-cost-optimizedCRFPR design points

are thenexaminedas a functionof PE and the physics,engineering,and economic

inputvariableslistedboth on Fig.6-1 and Table6-I. The results of this

analysis serve as a startingpointfor the conceptualengineeringdesignof a

minimum-COEreactor.

6.3. CRFPRCostTradeoffsand Design-Point(s)Reassessment

6.3.1Single-FPCResults

The firstset of tradeoffcalculationsvariedthe plasmaaspect ratio, A,

for the PE= 1000-MWe(net)design pointin orderto demonstratethe relative

insensitivityof theminimum-COEdesign point to changes in aspect ratio.

Figure6-3 shows that for all intents and purposestheCOE for thesecost-

opti.mizeddesigns is Independentof A. Subsequentsensitivity studies,

therefore,fixA at thebase-casevalueof 5.5, whichreflectsan increasefrom

5.35used inRef. 10; thisincreasereflectsthe thickerblanket used in this

follow-on study. The cost tradeoffassociatedbothwith off-optimumand lower-

PE systemsis displayedin Fig.6-4. The generalbehaviordepictedin Fig:6-4

is describedas follows:
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LIST OF FIXEDAND VARIED

PLASMAPARAMETERS
Minorplasmaradius,r (m)
Majorplasmaradius,~(m)

TABLE6-I

PARAMETERSUSED IN COST

::~:;:- ;:::::y;a::;~2:~~3~/rp

Plasmatemperature,T(keV)
Profilefactors,gi
Ignitionparameter,n~E(1020s/m2)
Pinchparameter,G
Reversalparameter,F
Plasma/wallradiusratio,x = rPlrw
poloidalbeta,@e

ENGINEERINGPAMMETERS
Thermal-conversionefficiency,?l~
Blanketenergymultiplication,~
Blanket/shieldthickness,Ab(m)
Energytransferand storageefficiency,TIETS
Auxiliarypowerfraction,
Coilparameters

‘AUX

● electricalresistivity,q(10-8ohm m)
● conductorfilingfraction,Ac

Net electricalpower,PE(Mwe)

ECONOMICPARAMETERS(b)
Returnon investment(%/yr)
Operatingcost (%/yr)
First-wall/blanketlife,Iw~(MWyr/m2)
plantfactor,Pf = (365-z -z )/365

● unscheduled,zu~days?yr
● scheduled,~s(days/yr)

> 1 replacement/yr
< 1 replacement/yr

● unit costs($/kg,$/m3)

(a)lnferredlong-pulsedor steady-stateoperation

(b)Basedprimarilyon the guidelinesgiven‘n ‘ef- 57

SENSITIVITYSTUDY

VALUE(BASECASE)
Varied(0.71)
Varied(3.90)
Varied(5.50)
Varied(6.55)
IOIT(r)= Jo(pr)l
BFM(MBFM)
1.60(1.54)
1.45(1.55)
-0.2(-0.12)
0.95
0.20(0.23)

0.35
1.30
0.775
lee(a)
0.07

1.8
0.7
Varied(1000.)

15
2
15
>0.76
60

28pfIw/(Iw~)
28
AppendixA

and modified
by subsequentlargereactorstudies.1~2All costsare referenced
to 1980 dollars.
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In

‘P‘
as

Increased rp for a fixed
approximatelyproportionalto
As IW decreases becauseof

PE requires that Iw decrease. SincepE fs
I r2A, increasedA decreasesIW for fixed rp-
i~c!easedr., theFPC powerdensitydecreases,

resultingin an increasedunit directcos~-[UDC($/kWe)].

The increasein COEwith increasedrp is also Caused by an increase in
recirculatingpower dellvered to the resistivecoils. The QE decreases
becauseof increasedcoil resistive losses. As rp increases,pressure
balance demandsslightlyincreasedplasmacurrents. Sincepressurebalance
dictatesIw = I /r~,

$ the totalpoweris proportionalto
T1
I A/rp, which for

fixed PE and A approximatelyrequired I@ m rllq. e coilcurrents,
however,may actually decrease because of bet?er electricalcoupling,
dependingon the valueof A when rp iS increased. Increasing rp for a fixed
A increases~ and hencethe coilresistance,whichtends to override any
decreasein coilcurrent,givinga net increasein resistivecoillossesand
decreasesin QE as rp increases.

As rp decreasesfor a fixedA, the electricalcoupling between plasma and
coil rapidlydecreases. Increasedcoilcurrentsare thenrequiredto drive
a givenplasmacurrent,and QE rapidlydecreases.

AS r decreasesfor fixedA and PE, the rapidly increasingneutron first-
wallploading (I = l/r2) causes the plant factor, pf, to diminish,in
accordancewith t~ealgo?ithmgivenin Table6-I. This decreasein pf also
contributesto the rapidincreasein COE as rp is decreased.

summary, decreasingQE and pf contributesto increasingCOE with decreasing

and decreasing(moreslowly)QE (increasingUDC) causesthe COE to increase

‘P increased. The COE optimumdepictedin Fig.6-4 results,thisoptimum

beingrelativelyinsensitiveto A (Fig.6-3).

The valuesof plasmaand coilcurrentsfor the parameterstudydescribedby

Fig. 6-4 are shownin Fig.6-5. Operationto the leftof theminimum-COEpoint

resultsin poorelectricalcoupling,increasedcoilcurrentsand ohmic losses,

decreased QE, and rapidlyincreasedCOE. The goodcouplingto the rightof the

minimum-costpointis not sufficientto overcomethe increased coil resistance

or theQE decreases,and COE increasesagain.

The changing plasma density and FPCmass utilizationthatoccurin the

parametricvariationsare illustratedin Figs.6-6 and 6-7. The FPC mass

utilizationliesin the 0.4-0.6tonne/MWtrangefor theminimum-COEdesignpoint

and increasesfor lowerneutron first-wall loadings, although only moderate

increases in COE occur (Fig.6-5) with increased rp. These FPC mass

utilizations,although increasing,remain far below those predicted for

superconductingfusionapproaches,a valueof 5.7 tonne/MWtbeingpredictedfor
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Fig. 6-5. Sensitivityof plasma(solidline)and coil (dashed line) currents—
as functionsof rp and PE for the conditionsdepictedin Fig.6-4.

STARFIRE1. The possibilityfor batch (single-piece)FPC maintenanceis

compromised,however,for thehigher-COE,lower-Iwdesigns.

The comparisonof the economicconfinementtime,ZE(OpT),with RFp physics

scaling, ~E(p~S), is shownin Fig.6-8,whichalso indicatestheminimum-COE

designpointfor the rangeof PE considered.As described in Sec. 1.3., the

value ZE(OPT) is the energy confinementtimerequiredto achievethe global

minimumor localminimum-COEvalues;no physicstransportscalingrestricts the

optimization procedure described in Fig.6-1. Figure6-8 illustratesa

reconciliationof theminimum-COEgoalwith an extensionof present-dayphysics

realities (Fig.1-4). The marginsbetweenphysicsand economicscan be charted

on Fig.6-8,and an operatingregimeis indicatedfor PE > 750 MWe and V>l.

For lower values of pE, Fig.6-8 indicatesthattheminimum-COEdesignis not

attainableunlessv > 1 for a scalingof the form~E = Ivr~.
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for

I The Iw/PE/COE tradeoff depicted on Fig. 6-4 definesthemarginsbetween

technology(i.e.,highheat/particle-fluxsurfaces,high-power-densityblankets,

I

“batch” versus “patch” maintenance,off-site versus on-sitemonolithicFPC

construction,etc.)and economics.Thesemarginsand thoseexpectedfor physics

I

(transport)are convenientlycombined on Fig.6-9 with theZE(OPT)= TE(RFp)

constraintdisplayed for a range of current-scalingexponents,v, where

TE(PHYS)c I~r~f(@e).

i

The usefulnessof Fig.6-9 restswith the

singleplotof key technological(Iw),economic (COE), physics

institutional(PE)variables.

I 6.3.2.Multiplexed-FPCResults

I

Although not a strongcostdriverfor Iw > 5 MW/m2within

of the simplifiedcostmodelgenerallyused to assess fusion,

I

neutron loading can be a strongdeterminantof technology.

Sec.2.2.1., for Iw< 5 MW/m2 the separately cooled first

comparisonon a

(v, rp)$ and

the constraints

the first-wall

As indicatedin

wall can be
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eliminated,resultingin a significantreduction in FPC complexityand an

increase in overall plantthermal-conversionefficiency(Table3-XI). For PE

fixedat N 1000MWe, theselower-Iwsystemswoulddoublein dimensionand mass,

as notedaboveand in Fig.6-9. An increaseof thismagnitudefor the base-case

CRFPR(20)designwouldmake single-piecemaintenancemore difficult(Sec.4.3.),

if not impossible. Retaining the CRFPR(20) fusion-power-coresize, but

decreasingIw to- 5 MW/m2wouldlead to a plant with PE = 250 MWe. As seen

from Fig. 6-9, thisrouteto compactbut low-first-wall-loadingsystemsresults

in highvaluesof COE. The increasein COE by overa factor of three results

not onlyfromthe nucleareconomyof scalebut alsofroma loweroptimizedvalue

of QE as PE decreases;fusionpoweris generally proportionalto 1$, whereas

coil ohmic losses are proportional $to I , and,hence,QE U 1$- pE1’2. In

addition,thesesmallFPCSwill requirebetter(transport)physics,as reflected

by thev parameteron Fig.6-9.
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Dependenceof COE on rn for a rangeof PE values. &hO shown are
lines of constantI ~ The conditionw~ereZE(OPT)= ~E(PHYS)from
Fig. 6-8 is alsosho& for ZE(PHYS)ccI~r~f(pe) scalingfor a range
of v values.

Although the disadvantagesof lowerQE and higherv are intrinsicto the

smallerfusion-power-coresoperatingat lowerpower,the disadvantagesof the

nuclear economyof scalecan be overcometo a greatextentby usinga numberof

deratedCRFPR(20)fusionpowercoresoperatedat Iw = 5 M/m2 to drivea nominal

pE Z 1000-~e(net)powerplant. The RFP parametricsystemscode (Fig.6-1)was

used to determinea minimum-COEdesign for a fixed-PE power plant that is

multiplexedwith N fusionpowercores. For the casewherePE = 1000MWe(net),

Fig. 6-10 showsthe dependenceof COE,UDC, QE, and Iw on N for the otherwise

base-case values summarizedin Table6-I. Surprisingly,theminimum-COEIw

valuesremainabove10 MW/m2as the impactof themore expensiveFPCS (increased
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df.rectcosts and decreased

illustratesthe increased

smallerFPCS,a penaltythat

A secondpenaltyas the

QE) is minimized. The QE plot on Fig. 6-10

recirculatingpowerfractionassociatedwith these

expectedlyincreasesas N increases.

degreeof multiplexingincreasesis the requirement

for better confinementphysics for the small(lowerpower,lower1.) FPCS.

Figure6-11givesZE(OPT)and TE(PHYS)for a rangeof currentexPonents>v~ and

degree of FPCmultiplexing.Transportscalingwith v > 1.25wouldbe required

to achievetheminimum-COE,N = 4 case,forwhich Iw> 15 MW/m2; lower first-

wall neutronloadingscan be achievedonlyfor increasedCOE.

The combined effects on physics and technologyas the degree of

multiplexingis varied are summarizedin Fig.6-12, which represents the

counterpartof Fig.6-9. For N = 4, theminimum-COEdesigncosts25%more than

the basecase,the first-wallneutronloadingis - 15 MW/m2and the required v

exceeds > 1.25. ForN = 4, but usingan FPC similarto thatsuggestedfor the

base case,the COE is increasedby 33%,but the neutron first-wallloading is

decreased to N 6 MW/m2.

financialriskand coverage

not reflected in the cost

reducecapitalat riskis a

Other economic benefits, such as reducedutility

ratiosas well as improvedplant availability,are

algorithm;the abilityto matchbettergrowthand to

key argumentfor multiplexingtheseFPCS, in spite

of the penalties suggested on Fig. 6-12. In any case, if lower-Iw,

PE = 1000-MWe(net)designsare desirablefrom a technologicalviewpoint, the

route suggestedby increasedN in Fig.6-12 is more desirablethanincreasesin

FPC mass or volumeabovethealreadylargeCRFPR(20) base-case design (albeit

- 25 timesless thanthe STARFIRE

6.3.3.Design-PointUpdate

Since the

onlyapproximate

neutronics and

ambiguityin the

input variables

tokamakdesign).

appliedto theRFP parametricsystemscode can

the design details that emerge from the two-dimensional

the FPC engineeringintegrationthatresultedtherefrom,minor

definitionof the CRFPR(20) base case inevitablyresults.

Table6-II givesa parameterlistsuggestedby the parametricsystemscodefor

the N = 1, minimum-COE,PE = 1000-MWe(net)resultdepictedin Ff.g.6-9. These

parameters differ somewhat from thosereportedin Ref. 10 and updatedherein

becauseof the design and cost-code refinementsand adjustmentspreviously

described and becauseof the basiclimitationsof any parametricsystemscode.
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Fig.6-12.
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Dependenceof COE on rn for a rangeof multiplexingvalues, N, for
PE = 1000MWe(net). fiso shown are lines of constantIw. The
conditionwhere‘c(OPT)= TE(PHYS)fromFig.6-11 is alsoshown for
ZE(PHYS)= IVr2f(fe)scalingfor a rangeof v values.OP

Differencesbetween the minimum-COEdesignpointsuggestedby the parametric

systems code and the actual design point that resulted from conceptual

engineeringdesign are listed in a second column of parametersgivenin

Table6-II. Thesedifferencesare small,and the changesand updatesservingas

a basisfor thisreportshowonlya few percentincreasein COE relativeto the

Ref. 10 estimate. The CRFPR(20)designhas also shifteddownwardfroma neutron

first-wall loading of 19.5MW/m2 to 18.7MW/m2for theminimum-COEbase case

design,with 19.0MW/m2actuallybeingadopted.

Usingtheminimum-COEbase-casedesignlistedin Table6-II,a single-point

sensitivitystudywas performed.The resultsof thisanalysisare displayedin

Fig. 6-13,whichshows moderatelyweak dependenciesof COE on ~e, first-

wall/blanketlife, blanket/shieldthickness,and degreeof FPC multiplexity.

The PE dependencereflectstheusualnucleareconomyof scalethatis builtinto
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algorithm,as well as the increased recirculatingpower fraction.

I It is noted,also,thattheminimum-COEvalueof Iw is also an optimum(minimum)

valuein its own right.
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TABLE6-II

COMPARISONOF MINIMUM-COE
AND BASE CASECRFPR(20)DESIGNS

PlasmaParameters

Minorplasmaradius,rp(m)

Majorplasmaradius,~(m)

Plasmaaspectratio,A

Plasmacurrent,10(MA)

Toroidalcurrentdensity,jO(MA/m2)

Plasmadensity,n(1020/m3)

Plasmatemperature,T(keV)

Lawsonparameter,n’tE(1020s/m3)

Energyconfinementtime,ZE(OpT)(S)

Poloidalbeta,@e

Thetaparameter,(3

Reversalparameter,F

Plasma/first-wallradius,x = rp/rw

Streamingparameter,10/N(10-14Am)

plasmaohmicdissipationduringburn,p~(~)

Fusionpower,pF(Mw)

Poloidal-FieldQuantities

Coil thickness,bee(m)

Averageminorradiusof coil,rce(m)

Mass of coil (tonne)

Magneticfieldat the coil,Bee(T)

Magneticfieldat the plasmasurface,Be(T)

Poloidal-coilcurrent,Ice(MA/m2)

Poloidal-coilcurrentdensity,jce(MA/m2)

Maximumenergystoredin coil,WBe(MJ)

Ohmicdissipationduringburn, P:%w)

Volumetricheatingduringburn (MW/m3)

MINIMUM-COE
DESIGN

0.71

3.89

5.50

17.73

11.35

6.23

10.00

1.60

0.26

0.20

1.45

-0.20

0.95

1.81

22.70

2671.00

0.36

1.79

705.33

1.98

5.03

23.65

6.0

1167.58

88.43

0.92

BASE-CASE
CONCEPTUAL
DESIGN

0.71

3.90

5.50

18.40

11.62

6.55

10.00

1.51

0.23

0.23

1.45

-0.20

0.95

1.78

25.30

2733.30

0.42

1.81

812.60

4.50(peak)

5.18

31.94

6.69

1700.00

126.5

1.15
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TABLE6-II (Cent-l)

I
1
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
I
I

coil

MINIMUM-COE
DESIGN

Toroidal-FieldQuantities

thickness,bco(m) 0.088

Averageminorradiusof coil,rc~(m) 1.56

Mass of coil (tonne) 153.09

Initialtoroidalbias field(a)(T) 0.66

Reversed-toroidalfieldduringthe burn,(a)13$R(T)0.66

Maximumenergystoredin the coil,(a)WBO(MJ)”

Toroidal-coilcurrentdensity,jc$(MA/m2)

Ohmicdissipationduringburn, TFC(~)P*

Volumetricheatingduringburn (MW/m3)

EngineeringS,ummary

PlasmaQ-value,Qp

EngineeringQ-value,QE

Totalthermalpower,P~(MWt)

Grosselectricpower,pET(Mwe)

Plantavailability,pf

Net electricpower,PE(MWe)

14.1-meVneutronloading,Iw(MW/m2)

14.1-meVblanketmultiplication,MN

Firstwall radius, rw(m)

Minorradiusof system,rs(m)

Blanketthickness,Ab(m)

First-wall/blanketmass (tonne)

Coilmass (tonne)

FpC mass,MFpc(tOnne)

FPC powerdensity,p~/VFpC(Mwt/m3)

FPC mass utilization,pTH/MFpC(MWt/tonne)

Mass pOWC?r density,loOOpE/MFRC(kWe/tOllne)

Blanketpowerdensity(MW/m3)

First-wall/blanketlife (MWyr/m2)

Degreeof multiplexing,N

‘a)Basedon
toroidal

(b)Includes

supplyingreversaltoroidal flux

46.00

5.96

19.19

0.92

117.10

5.64

3376.14

1215.41

0.76

1000.

18.72

1.33

0.75

1.96
..
0.775

42.83

858.42

1063.40

11.46

3.18

940.73

25.11

15.0

1.O

by coil set

BASE-CASE
CONCEPTUAL
DESIGN

0.075

1.56

76.20

0.72

0.72

38.60

6.51

12.6

1.09

108.00

4.91

3472.60

1255.80

0.76

1000.

19.03

1.33

0.75

2.16

0.775

220.45(b)

888.80

1117.25

9.67

3.13

895.26

25.59

15.0

1.0

rather than full
flux,withRFP dynamogeneratingB withinplasma.

ilimiters,manifolds,headersand s ields,but not PbLi coolant.
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7. MAGNETICDIVERTORS

7.1.RationaleforDiverters

Magneticdiverters are an alternativeto the pumped-limiterimpurity

control scheme invoked by the Compact Reversed-FieldPinchReactor(CRFPR)
designolo Limiters have thewell-knowndrawbacks related to erosion and the

resultant plasma contamination.Impurity-controlexperimentsin tokamaks58~59

indicatelowerimpuritylevelsand higheredge-plasmatemperaturesthat result

in improvedenergyand particleconfinementfor plasmasoperatedwith a magnetic

divertor. This improvementstemsfrom theplacementof the divertorneutralizer

plate on open field linesoutsidethe plasmaratherthanon the closedfield

line definingthe plasmasurfacefor the pumpedlimiter. The neutral particles

emitted fromthe neutralizerplatewillalsoappearon openfieldlinesfor the

divertor,whereasneutralparticlescan enterthe plasmadirectlyfor the pumped

limiter. Consequently,diverters insulate the plasma better than pumped

limitersfromsputteredimpuritiesand the associatedenergydrain.

Unlikethe tokamakcase,no configurationalor detailedstudy of divertor

options existed for theRFP, untilrecently.60,GlThis sectionsummarizesthe

work reportedin Refs.60 and 61 while extending the prognosis for magnetic

diverters in RFPs to a levelwherefuturedesignwork can proceedmore directly

on themost viableoptions.

7.2.RFP DivertorConfigurations

7.2.1.DivertorOptions

Figure7-1depictsa rangeof divertorapproachesfor confinementconcepts

utilizing toroidal-fieldcoils (TFC) and poloidal-fieldcoils (PFC) with

externallyinducedplasma currents (i.e., tokamaks and RFFs). Either the

poloidal field (Be,TypeA in Fig.7-l),the toroidalfield(B$,TypeB), or a

combination(TypeC) can be diverted, with each sampling the entire flux

surface. The performanceof each approach is determinedby the connection

length(i.e.,the distance along a field line between divertor collector

plates), which in turn is a function of the numberof diverters,N. The

connectionlengthis longerfor toroidal-fielddivertersthanfor poloi.dal-field

diverters in low-q (q E BOr/B6R<< 1) RFF devices, withq-l toroidal-ffeld

divertersrequiredto yieldthe sameconnectionlength as one poloidal-field

diverter. The toroidal-fielddivertorratherthanthe poloidal-fielddivertor

has the shorterconnectionlengthfor high-qtokamakdevices,thereby enhancing

divertor performanceby routing particlesand energyontothe divertorplate
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Trajectoryof a fieldlineon the outerfluxsurfaceas a functionof
toroldal and poloidal angles for an RFP-likegeometry(q = 0.05,
dottedline)and for a tokamak-likegeometry (q = 3, dashed line).
Also shownare the fieldnulls(solidline)for a numberof divertor
types. Divertorconnectionlengths and the fraction of surface
sampledby eachdivertorare illustrated.

before significantcross-fielddiffusionto and interactionwith the firstwall

occur. The helicaldivertorsubstantiallyincreasesengineeringcomplexitybut

allows a rangeof connectionlengthsdependingon the poloidal-fieldnumber,2,

and the toroidal-fieldnumber,n. The three above-mentioneddiverters (Types

A-C) with field nulls encircling the plasmasubstantiallyintrudeintothe

first-walland blanketregions. Theseperturbationscan be minimized with a

localized divertorthatextracts

the outerfluxsurface. Examples

Fig. 7-1. For low-q devices,

poloidal-fieldand helicalbundle

of sampling the entire outer

and divertsa smallbundleof fieldlinesfrom

of bundle diverters are also depicted in

and depending on toroidal extent,onlythe

diverters(TypesD and F) have the potential

flux surface, as denoted by a fieldnull

intersectingadjacentfieldlines. Even if thepoloidal extent of the field

null is increased,the toroidal-fieldbundledivertor(TypeE) for low-qdevices
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cannotsamplethe entireouterfluxsurfaceunlessthe fieldnullencircles the

plasma; this casewouldno longerbe classifiedas a bundledivertor,however.

As with thesymmetricdivertersin low-qdevices, the poloidal-fielddivertor

has a shorterconnectionlengthcomparedto the tor6idal-fieldbundledivertor.

The poloidal-fieldand toroidal-fieldbundle divertors for

devices exchange propertieswith respectto connectionlength

fluxsurfacesampled.

7.2.2.PreferredDivertorOptionsfor RFPs

high-q tokamak

and fractionof

A majority of divertor designs reported in the literatureapply to

tokamaks. These designs predominantlynull theminoritypoloidalfield,this

choicebeingdictatedby considerationsof plasmaconfinementand equilibrium.
+

Plasma equilibrium (~x;= Vp) indicates that nullinga givenmagnetic-field

componentwill reducethe gradientof theplasmapressurein the vicinityof the

null for comparableplasmacurrentdensities.The resultingreductionin the

volume-averagedbeta can be minimized only by nulling the minority field.

Additionally,since particleconfinementgenerallyscalesas fieldraisedto a

positiveexponent,62a reductionof localconfinementin the vicinityof a field

null would reduce the volume-averagedconfinementtime. Lastly,largefield

gradientsin the vicinityof the field null result in a small radius of

curvature and a large particledriftvelocityin a directionorthogonalto a

fieldline,therebyreducingthe efficiencywith which particles enter the

divertor.

To theabove-mentionedplasmaconsiderations(i.e.,beta,confinement,and

divertorefficiency)must be addedengineeringdesignconstraints.The currents

required in the divertorcoilsscalelinearlywith themagnitudeof the nulled

fieldcomponent;the energystoredin, forceson, and power consumed by the

divertor coils areminimizedby nullingtheminorityfieldcomponent.Minimum

plasmaeffectsand diverter-coilcurrents and maximum divertor efficiency,

therefore,givepreferenceto minority-fieldnulls.

Diverting the minority poloidal field in a tokamakrequiresthatthe

divertorcoilseitherbe interlockedwith theTFC set or reside outside the

TFCS,with substantiallyincreasedcurrentsbeingpredictedfor the latter. The

minoritytoroidalfieldin an RFP, on the other

engineeringcomplexityof interlockingcoils.

RFP, however, raises concerns about plasma

surface-averagedq profile, relativelylarge

hand,can be nulledwithout the

Nullingthe toroidalfieldin an

stability with a nonmonotonic

toroidalgaps in the firstwall,
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and a generalbreakingof thepreferredtoroidalsymmetry.

be unwarranted,however,becausethe separatrixcan exert

on theplasma.63

These concerns may

a stabilizingeffect

On the basisof the foregoing arguments, the poloidal-ffelddiverters

(Types A and D, in Fig.7-1)and helicaldivertor(TypeC) are not considered

here for theRFP. The helicalbundle divertor (Type F) is similar to the

toroidal-fieldbundle diverter.(Type E) for the low-qRFP and is alsonot

consideredhere. The remaining choice between toroidal-field poloidally

symmetric divertor (SD)and toroidal-fieldbundledivertor(BD)is the subject

of thisstudy.

A furtherdistinctionis made as to whetherthe divertor resides totally

withinthe first-wall/blanket/shield(FW/B/S)systemor extendsbeyondthe TFCS.

An intra-blanketBD constrainedin number (i.e., N < 8) would concentrate

particle and energy fluxes in a volume deemed too smallto be adequately

engineeredfor coolingand erosioncontrol. An exoblanketSD wouldrequirethat

the PFC set be displaced from the plasma, resultingin a decreasedfield

couplingefficiencymeasuredas enhancedstoredenergyand ohmiclosses in the

coils. The choice between an exoblanketBD and an intra-blanketSD must be

basedupona three-dimensionalmagnetics analysis of the two designs. The

three-dimensionalmagnetics provides an accuratecalculationof the divertor

connectionlength(i.e.,the distance along a field line between divertor

collector plates) as well as a measure of fluxsurfaceintegritybasedon

magnetic-islandwidthsarisingfroma periodic toroidal-fieldripple and the

“thickening”of fluxsurfacescausedby non-axisymmetrictoroidal-fieldripple.

7.3.Model

7,3.1.PlasmaSimulation

The first stage of the divertordesignproceedson the basisof a two-

dimensionallayout. The separatrixis locatedby field-linetracings that are

confined to the equatorialplaneand samplea regionnear the plasmasurface.

At thisstageof amlysis, only the divertorcoilsand the TFC set are simulated

with the otherwisethree-dimensionalvacuum-magneticscode,TORSID0.64The coil

locations,currents,and currentdensitiesare key designvariables.Coils are

positionedto minitizeand symmetrizethe fieldrippleproducedby thedivertor;

the coilcurrentsare adjustedto locatethe separatrixat the plasma surface;

and the coil current densities are determinedby requiringno fieldlineto
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intersectthe coils. The

provideda startingpoint

7.3.1.1.MHD Model

limiter-basedCRFPR(20) fusion-power-coredesignl”

for thisstudy.

Determinationof thedivertorconnectionlengthand flux-surfaceintegrity

(i.e.,magneticislandsand flux-surfacebroadening)can be accomplishedonly

with a three-dimensionalmodelthatsimulatesboth thePFCS and the plasmain

additionto the TFCS and the divertorcoils. The plasmasimulationis based on

a one-dimensionalMHD model of RFP magnetic-fieldand current-density

Profiles.loThis simulationsolvesthe followingset of simultaneousequations:

++
jxB = $P (1)

++
VXB = PO: (2)

(3)

wherep. = 4n(10)‘7 h/mand the constancyof k(r) defines the minimum-energy

P = O Taylor state.13 The pressureprofileis describedby p(r)= J~(2~r/rp),

where@ E Be(rw)/<BO>is thepinchparameter.The normalizationof the pressure

profile is adjusted iterativelyin orderto obtaina specificpoloidalbeta,

pe ~ 2po<p>/B~(rp).InRef. 1, p(r)/p(0)= 1 for O < r < rb and then ramps

linearly to zero for rb < r < rp (i.e., the Modified Bessel-function
Model),ll,65,66as shownin Fig. 7-2. This break point, ‘b, is determined

experimentally65to be at rb = 0.807rpfor(3= 1.55,is generallya functionof

(3,and causesdiscontinuitiesin the radialderivativesof the current density

and magneticfieldprofiles,as shownin Figs.7-3 and 7-4,respectively.These

discontinuitiescan resultin largeerrorsfor numericalintegrationor spline

fits to the profiles,a problemthatcan be circumventedby usinga p profile

which is continuous,as is its*firstderivative.Two p profileswere considered

(Fig.7-2):a parabolicprofileof the formp(r)/p(o)= 1 - (r/rp)vand a cosine

profileof the formp(r)/p(o)= 1 for O < r < r~. The cosine profile then

decays to zero accordingto the firstquarterperiodof a cosinefunction

r~ < r < rp. The exponentand the breakpointfor these two v profiles

determinedby equating areasunderthe two p profileswith theareaunder

for

are

the
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Fig. 7-2. The normalized,equalareap profilesconsideredin this study are
the following:the standard ModifiedBessel-functionModel (solid
line),the cosinemodel (dotted line), and the parabolic profile
(dashed-dottedline).

Modified-Bessel-functionModel p profile,yieldingv = 9.36and r~ = 0.734rp.

The cosinep profile was used in this study because the current-density

(Fig.7-3) and magnetic-field(Fig.7-4) profiles more closelyresemblethe

profilesfromtheModifiedBessel-functionModel.

7.3.1.2.Magnetics
●

The plasma current-densityand magnetic-fieldprofiles obtained from

Eqs. (l)-(3) are used by the three-dimensionalmagneticsmodel. The poloidal

fieldis simulatedby a current-carryinghoop conductor positionedin the

I
I
1
I
I
I

I
I
P
I
I
1
I
1
f
1
I

equatorialplane at major radiusR = 3.806m. The 6-mmdisplacementoutward

from the plasmacenterlinecorrespondsto the Shafranovshiftas appliedto an
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The currentdensityprofilescorrespondingto the Modified Bessel-
function Modelp profile(solidlines),the cosinep profile(dotted
lines),and the parabolicp profile(dashed-dottedlines).

toroidalcurrentin the hoop is takento be 18.4MA for r > r
P

and
variesas followsfor r < r “

P“

I(r)= ~r_2Jr j~D(r_)r.dr*,

0
(4)

where jr(r) iS describedby a cubicsplinefit to the toroidalcurrent-density

profile. The toroidalfieldfrom theplasma(Fig.7-4)is takento be zero for

r > rp and, for r < r~, is determinedfrom
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Fig.7-4.The magnetic-fieldprofilescorrespondingto the Modified Bessel-
function Modelv profile(solidlines),the cosinev profile(dotted
lines),and theparabolicp profile(dashed-dottedlines).

(5)

MHD(r) iS ‘hewhere B{AC(r) is the toroidalvacuumfieldand ‘@ toroidal-field

profile previouslycalculated. The effectsof toroidalrippleon j~D(r) and

~(r) in Eqs.B@ (4)and (5)are simulatedby scalingtheminorradius according

to the fluctuationsobserved in two-dimensionalfield-linetracingsat the

reversal-surface minorradius,rv. Theseplasmapoloidal and toroidal fields

are added to thevacuumfieldscalculatedby TORSIDOto completethe combined

simulation of plasmaand coils. The magnetic-fieldprofiles for the combined

simulation of plasma and coilsare presentedin Fig.7-5,benchmarkedagainst

the infinite-cylinderMHD results. Excellentagreementis obtainedbetween the
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Fig.7-5.Magnetic-fieldprofilesfromtheMHD modelusingthe cosinep profile
(solidlines)compared to the TORSIDO-calculatedprofiles for a
vertical cut at R = 3.8m (dashedlines)and for a horizontalcut at
z = O m (dashed-dottedlines).

TORSIDOresultsand theMHD profilesalonga verticalcut through the plasma.

Toroidaleffectsproducethe differencesbetweenthe profilesalonga horizontal

cut throughthe plasma.

7.3.2.ScrapeoffTransport

A simplescrapeoffmodelused for limitersl°S29is appliedin analyticform

to diverters to determine theheat-fluxpartitionbetweenthe first-walland

divertorsurfaces. Thismodelassumesthattheparticleand energytransportin

the scrapeoffare describedby the followingequations:
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~d2n n—=—
d~ ’11

*&(y) +,D&(T$!)=?y,

(6)

(7)

whereD is theposition-independentparticlediffusion coefficient,x is the

heat conductioncoefficient,n is the plasma density, T is the plasma

‘emPerature$Y = 2 + l/41n(mi/me)is the enhancementof the energy flux

resulting from a surfacesheathpotential,mi and me are themassesof the ion

and electronspecies,x is the penetrationdistanceintothe scrapeoff measured

from the separatrixin thisstudy,and ‘clis theparallelconfinementtime. In

orderto simulatediverterswith thismodel,ZU is taken to be the time of

flightof an ion travelingalonga fieldlinebetweendivertorthroats:

‘cl= L/VTH , (8)

where VTH is the ion thermalvelocityand L is the field-lineconnectionlength

betweendivertoropenings. The connectionlengthis either estimated on the

basis of a two-dimensionalmagneticssimulationor calculateddirectlyfroma

three-dimensionalmagnetics simulationof a divertor configuration. The
-x/An and T(x)=

solutions to Eqs. (6) and (7) are n(x)= noe Toe-x/AT,

respectively,where

An= (Dqy

and

An [(a+ 3)2+ 4a(2y - 3)]1/2 - (a + 3)
v~= 2a s

T
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wherea = x/D. The densityand temperatureat the separatrixare givenby

and

‘o =

T. =

where ni

(11)

(12)
PTR (1 -fW)(l+q)zpi (l-R~e)

4y ni 7c2rp ~ s

iS the average plasmaion density,rp and RT are theplasmaminorand

major radii,and Tpi is theparticleconfinementtime. Since atomic processes

(e.g., radiation,recombination,charge exchange) are not includedin this

model,a radiationfraction,fW, and a recycle coefficient,R~e) have been

introduced into Eqs. (11) and (12). The effectiveplasmatemperatureat the

firstwall,whichis an importantfactorin

xl is the distancebetweenthe separatrix

incidenton the firstwalland the divertor

PTR (1 - f~) e-Xl(l+ q)/An
qw .

2X rw (27c~ - Nd)

and

sputtering,is Tw = T.‘x@T, where

and the firstwall. The heat fluxes

channelwall are

PTR (1
qDIV=

-fW) [1-e-x~(l+q)/An]

‘hIV
9

(13)

(14)

where rw is the firstwall radius,d is the toroidal width of the divertor

throat opening, andADIV is theareawithinthe divertoravailablefor uniform

heat absorption.
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7.4.DfvertorMagneticsDesign

7.4.1.DesignConstraints

The limiter-basedCRFPRdesignto whichdivertorswill be added is taken

from Ref. 10, with relevant parametersbeing summarizedin Table7-I. The

follow-ondesigndescribedin Sec.3 and AppendixA is basedon 0.10m thickness

added to the blanket (Ab= 0.775). The Ref. 10 designis retainedfor this

divertorstudyin anticipationof improvedblanketperformance(i.e., low heat

loads, no limiter, eased tritium breeding) for the divertorcase,although

TABLE7-I

KEY CRFPRDESIGNPARAMETERSIO

Parameter

Fusionpower,PF(MW)

Thermalpower,PTH(MW)

Net electricalpower,PE(MWe)

Neutronwall loading,Iw(MW/m2)

Reversalsurfaceradius, rv(m)

Plasmaminorradius, rp(m)

First-wallradius,rw(m)

Plasmamajorradius,RT(m)

Blanket/shieldthickness,Ab(m)

Numberof TFCS,NTF

Toroidalfield,BO(rp)(T)

Poloidalfield,Be(rP)(T)

Toroidalplasmacurrent,10(MA)

Pinchparameter,El= Be(rp)/<B~>

Reversalparameter,F = BO(rp)/<BO>

Poloidalbeta,~e

Plasmatransportpower,PTR(MW)

Plasmadensity,ni(1020/m3)

plasmatemperature,Ti(keV)

(s)Confinementtime,~pi

Edge safetyfactor,q = lrpF/EIRTl

COE (mills/kWeh)

168

Value

2,732.

3,365.

1,000.
19.5

0.64

0.71

0.75

3.80

0.675

24.

0.403

5.18

18.4

1.55

-0.12

0.23

571.8

6.55

20.

0.59

0.015

46.2

1
1
I
I
I
I
I
I
I
I
i
I
I
I
i
I
I
I
I



eventuallya diverter-specificneutronicsstudywillhave to be performed. A

minimum blanket/shieldthickness of 0.1m is specifiedbetweenthe plasmaand

the divertorcoils,and an xl = 0.04-m-thickscrapeoff layerl” is positioned

between the separatrixand first wall. The currentdensityin the divertor

coilsis constrainedto be below 50 MA/m2, following the MARS choke coil

design.67 Reduced self-sputtering of the first-wallmaterial requires

Tw < 50 eV. Sucha relativelylow temperaturerequires that either a large

fraction, f~, of the energy is shed fromthe plasmaas radiationand/or

significantedge-plasmarecyclingoccurs. This requirementfor high edge-plasma

radiation and/orrecycleis commonto bothdivertersand limiters. The Ref. 10

limiterdesigninvoked a ‘radiationfraction f~ = 0.9 and an edge-plasma

recycle coefficientR~e = 0.8. With the goodenergyconfinementreportedfor

tokamakdivertorexperiments,58,59f = 0.5 seems more appropriatefor the

divertor cases beingconsideredhere. The tradeoffbetweenfw, R~e~To> Tw~

and n. is depictedon Fig.7-6,assuminga particle diffusivityD = 1 m2/s, a

thermal diffusivityx= 3D, and a connectionlengthL = 320.87/N- 1.43m based

on a preliminarytwo-dimensionalmagnetics analysis of an SD reported in

Ref. 60. A valueof R~e > 0.96is necessaryto yieldTw = 50 eV for fW = 0.5,

which is consistentwith experimentalobservations.58 If an intrinsic plasma-

edge recycleof thismagnitudeis not physicallypossible,thena low scrapeoff

temperaturemust be maintainedby gas injection(presumablyfrom the divertor

channel)to ensurethe designparticleflowrate. The heat fluxesto the first-

wall and divertorsurfaces,assumingdivertorsurfaceareas(m2)of 12.llN and

7.02N for SD and BDs, respectively,60are givenin Fig.7-7 as functionsof the

numberof diverters,N. Assuminga designlimit of 6 Mw/m2 for qDIV and/or

qws10 theminimumnumberof SDS is fourand theminimumnumberof BDs is eight.

Outboardmaintenanceof eitherdivertorimposesan additionalconstrainton both

divertorsizeand PFC and TFC locations.

7.4.2.Analysisof BasicConfiguration

The three-dimensionalsimulationof theplasma,the PFCS,and the TFCS of

the basicconfigurationis shownin Fig. 7-8. Magneticislandsarisingfrom the

toroidal-fieldripple with- 0.16-mwidthswere expectedbasedon an infinite-

cylindermode168usingthe toroidal-fieldrippleon the outboard side in the

equatorialplane.10 The field-line tracingsrevealed,instead,fluxsurfaces

with radialwidthsor volumes. The asymmetryin the toroidal-fieldripple, as

depicted schematicallyin Fig.7-9, causes this asymmetry.The toroidally
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Fig.7-6.Separatrixtemperatureand density and first-walltemperatureas
functionsof edge-plasmarecyclecoefficientfor a rangeof radiation
fractions,fRD.

symmetricpoloidalfluxsurfacesconnecta set of outboardtoroidal-fieldlines

at sometoroidalangle, whichis takenas a coilplanein Fig.7-9. When field
E

linesprogresstoroidallyto a midplane,the poloidalfluxsurfacesmap the set

of inboard field lines intoa differentset of outboardfieldlinesand vice

Thismappingresultsin blurredmagnetic surfaces, 9versa. shown in Fig.7-8

with radial widths of 2-8mm for field-linetracingsof 1.8-kmlength. This
dimensionis comparableto the 8-mmdifferencein the amplitude of the ripple I

from inboardto outboardlocationsin the equatorialplane.

The radial width of the fluxsurfacesis not a concernfor anRFP unless 1
thiswidthbecomeslarger than the distance ~“ = r~ - rv for a field-line

tracing equal to or greater than a collisional
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functionsof the numberof divertersfor bothSD and BD cases.

deuterium-deuteriumcollisionsand- 30 m for deuterium-electroncollisionsfor

10-keV,2(10)20=-3 plasmas). As confinementmay occur primarily in this

region, field lines which connect the centralplasmadirectlyto the plasma

surfacewouldshort-circuitthe confinementprocess. The basicconfigurationis

acceptablewith respectto thisconstraint,sincethe surfacewidthof 2-8 mm is

much smallerthan8’ = 70 mm. Flux-surfaceor magnetic-islandwidthsin excess

of 6’ wouldrequireadditionalTFCS.

7.4.3. Analysisof BundleDiverters(BD)

The BD offers strong maintenanceadvantagesassociatedwith a plug-in

capability060 The parametersand physicallaYout for the basic configuration

with 24 BDs are shown in Table7-IIand Fig.7-10,respectively.The edge-

plasmacalculationsreportedin Sec.7.4.1. indicatea BD connectionlength of
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Fig.7-9.Asymmetrictoroidal-fieldripple shown in the equatorialplane.
Toroidally symmetric nested-poloidal-fluxsurfacesconnectinboard
toroidal-fieldlinesto outboardfieldlines.

TABLE7-II
CRFPR(20)DIVERTORCOILDESIGNPARAMETERS

Toroidal-FieldBundleDiverter(BD)
Parameter
Current(MA)

Value (forward/middle/rearcoil)
0.13/0.25/0.45

Majorradius(m) 4.767/5.05/5.45
Height(m) 1.0/1.0/1.0
Width(m) 0.125/0.125/0.15
Currentdensity(MA/m2) 40/40/30
Angle(radians) 0.95/1.10/1.30

Toroidal-FieldPoloidallySymmetricDivertor(SD)
Parameter Value(nulling/flankingcoil)
Current(MA) -0.8/0.4
Majorradius(m) 3.897/3.870
Minorradius(m) 1.088/0.970
Currentdensity(MA/m2) 50/40

- 35 m (correspondingto N = 8) is needed,abovewhich appreciablecross-field

diffusion to the first-wallis expectedto occur. A fieldlineis tracedfor

more than300m (morethanoncearoundthe torus)withoutenteringany of the 24

divertor channels. The punctureplotsassociatedwith the field-linetracing

for the24 BDs are alsoshownin Fig. 7-10. As a resultof these inordinately
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Fig.7-10.The two-dimensionalfield-linetracings(solidlines)for 24 BDs for
r = 0.69,0.705,0.715,0.73,and 0.75m on the outboardsideand for
r = 0.71 and 0.75m on the inboardside. Also shownis the puncture
plot for the three-dimensionalsimulationof plasma and coils for
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longconnectionlengths(> 1 km),most particleand associatedenergylosswould

be transportedto the firstwall beforeenteringa BD channel. Consequently,

the toroidal-fieldbundledfvertorIs not consideredfeasiblefor the low-qRFP

configuration.

7.4.4. Analysis of SymmetricDiverters(SD)

Interestin the SD principallyrestswith an inherentlyshorter connection

length compared to theBD. The physicallayoutof a fieldperiodof the basic

configurationwith fourSDS is shownin Fig.7-11;design parametersare also

given in Table7-II. In order to permittheunobstructedextractionof the

divertorcoils, the TFCS have been thickened radially inward-by 0.05m,

correspondingto the thickness of the defunctvacuumplenumneededfor the

limiter-basedCRFPR(20)design.l”The TFC cross-sectionalarea is preserved,

however. The separatrixsurfacewas symmetrizedas wellas possibleto minimize

the broadeningof fluxsurfacesin the plasmaat the expenseof the symmetry of

the divertorchannel. Eachdivertorcoillieson a ray emanatingfrom themajor

axis in orderto symmetrizecoileffectsin a toroidalangle. The centers of

the divertor coils are shiftedradiallyoutwardfrom the plasmacenterlinein

orderto equalizethemagnitudeof the field perturbationsproduced by the

dlvertor coils about the plasma, as required by the l/R dependenceof the

toroidalfield. In addition,Fig.7-11 showsthe field-line tracings for the

two-dimensionalsimulationas well as a punctureplotfor a field-linetracing

startedat r = 0.68m and at a toroidalanglecorrespondingto halfway between

diverters.Thispunctureplotdemonstratesgoodfluxsurfaceswith radialwidth

less thanIOmm in the 70-mm-thickconfinementregion between the reversal

layer,rv and the firstwall,rw.

The existence of particlepathsand theirdistributionintothe diverter

are also of interestto any eventualengineeringdesign. Shownin Fig.7-11 is

a combinationof puncture plotsfor eightyfieldlinesstartedat a toroidal

locationhalfway betweenSDS,eachbeingequally spaced on a poloidal flux

surfacethatpassesthroughtheR = 3.07-mpointand terminatesin the divertor-

coilplane. Sucha calculationavoidsthe processwherebythe asymmetryof the

radialextentof the divertorchannel

of smallradialwidthupon entryinto

the radial width of the surface

neverthelessdemonstratesthata path

in the diverter-coilplanetakesa surface

the divertorchanneland greatly broadens

upon exitingthe divertor. This procedure

withinthe scrapeoff layer outside the

separatrixexistsfor particlesto enterthe divertorwithoutfirstintersecting
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coilsfor r = 0.68and 0.73m.

wall or reenteringthe plasma. The puncturepointson Fig.7-11are

uniformlydistributedpoloidallyfor the first 0.2m into the blanket and,

thereafter,are distributeduniformlyon the inboardside only. Futureefforts

will completetheSD symmetrization.

The resultsof thiscalculationindicate an average divertor connection

length of 73.3m and an average connectionlengthbetweendivertorchannel

openings of 67.5m. The two-dimensionalcalculationsbased on four SDS
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indicatedthe latterconnectionlengthto be 72.8m. The shorter connection

length predicted by thefullsimulationresultsfromthe l/R dependencyof the

toroidalfield;the largertoroidalfield on the inboard side more heavily

weighs the smaller major radius at that point. The resultsof the three-

dimensionalsimulationsof the SD indicatea smallimpacton the plasma and a

reasonableconnectionlengthbetweendivertorplates.

7.4.5.DivertorDesignParameters

The connectionlengthsreportedin the previoussectionand the scrapeoff

modelyieldthe designparametersof Table7-III. Only a moderate incremental

cost (5%)is associatedwith theadditionof divertersassumingthatthe costof

electricity(COE)scalesinverselywith net electricalpower. The blanket

volume lossof only10.4%pessimisticallyassumesno breedingcan occurbetween

the outermostdivertorcoilsand, therefore,requiresa total tritium breeding

ratiogreaterthan1.12.

TABLE7-III

PRELIMINARYESTIMATEOF IMPACTON REF. 10 CRFPR(20)FUSION-POWER-CORE

DESIGNUSINGSD IMPURITYCONTROL

Parameter

Dimensionof model

Numberof diverters

Blanketloss(%)

Ohmicpower(MW)

COE increase(%)

First-wallareadecrease(%)

Diverter/first-wallarea (m2)

Divertorefficiency

Powerto firstwall (MW)

Powerto divertor(MW)

Firstwallheat flux (MW/m2)

Diverterheat flux (MW/m2)

Typicaledgeplasmaconditions

. Edge-plasmatemperature(eV)

● Wall-plasmatemperature(eV)

. Edge-plasmadensity(1020/m3)

Value

2D 3D

4

10.4

47.7

5.0

5.36

0.65

0.93 0.94

305.7 304.3

266.1 267.5

2.87 2.86

3.82 3.84

143.4 147.7

50.

1.46 1.38
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The divertormaintenancecan be accomplishedby one of twoapproaches.The

outboardquadrantsof thePFC set can be simultaneouslyraised and lowered to

permit horizontalextraction.An- 0.7-mverticalliftis requiredfor the PFC

set,as shownin the upper half of Fig.7-12. A second, less-complicated

maintenanceschemeallowsa permanentPFC clearanceat the outboardside thatis

sufficientto permithorizontalextraction.This latterdesignis shownin the

lowerhalf of Fig.7-12and woulddissipatean additional19.1MW of ohmicpower

in thePFC (mainlyEFC) set. BothPFC designs provide

performancecoils and divertorchannel

expected.

7.5. Conclusions

The three-dimensionalsimulationof

the broadeningof fluxsurfacesbecause

surfaces,where

bothplasmaand

access to the high-

frequentmaintenanceis

coils indicates that

of toroidal-fieldrippleasymmetriesis

more importantthan the magnetic islands expected from the toroidal-field

ripple. Flux-surfacebroadeningshouldbe presentin any toroidaldevicewith

TFCS and anothertoroidallysymmetricfieldcoilset (e.g.,tokamaks).

The SD is clearly

length. The presence

in the outerregionof

affect confinement.

geometry. Preliminary

preferableto theBD on the basisof reduced connection

of an SD doesnot significantlyperturbthe fluxsurfaces

theRFP plasmaand, therefore,should not significantly

The SD preserves theFPC compactnessin a maintainable

analysisindicatesmanageableheat fluxes(- 3 MW/m2) on

all surfacesfor a N 5% costpenalty. The resultsof thisstudyindicatethata

more detaileddesignof both the divertorchannel and FPC integration(i.e.,

coolantmanifolding/headering,heat fluxdistributions,etc.)is warranted.
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8. CONCLUSIONSAND RECOMMENDATIONS

This studyindicatesthatsubstantialreductionsare possiblein the mass

and cost of the FPC. Thesereductionsallowthe FPC to becomea relatively

insignificantpart (< 5%) of the totaldirectcapitalcostof the power plant.

The mass powerdensityfor the compactRFP reactorexceedsthe thresholdtarget

of 100kWe(net)/tonnesuggestedon the basisof genericarguments4and adopted

recently6 as a definitionof “highpowerdensity.” Furthermore,thisthreshold

targetis exceededby factors ‘of 5-10 for a range of neutron first-wall

loadings. Thesehighmass-power-densitysystemsinjectan importantresiliency

into the overallcostof fusionpowerthatcan accommodateunexpectedshortfalls

in physics goals(e.g.,~, XE, etc.)and underestimatesof both requiredneeds

and associatedunit costs(e.g.,$/kg,$/m3,$/Wt,etc.)attributedto key FPC

subsystems. Furthermore,both the risk and cost (timeand dollars)of the

developmentof fusionmay be significantlyreduced, although this perceived

benefit of high mass powerdensityor lowmass utilization,particularlywhen

accompaniedby low unitpower,remainsto be quantified.

The conclusionsstemmingfrom thisfollow-onstudy,as well as from the

Ref. 10 framework study, are present at three levels. First, Sec.8.1.

summarizesgeneralfindings,afterwhichmore design-specificconclusionsand

findings are givenin Sec.8.2. Althoughthisfollow-onstudydid not focuson

physicsissuesit seems appropriateto list these issues very briefly in

Sec.8.3. A short listof recommendationsfor future, more-detailedstudyof

theRFP reactorconceptis givenin Sec.8.4.

8.1.GeneralConclusions

The uniquecharacterof the poloidal-field-dominatedRFP allowsboth of the

following elementsin the general

to be invoked:
.

. increasedplasmapowerdensity
plasmaof reducedvolume,and

prescriptionfor increasedmass powerdensity

and higherneutronfirst-wall loading in a

● shrinkage of the engineeringstructure(firstwall,blanket,shield,coils)
surroundingthishigherperformanceplasma.

Bothmeansto increasemass powerdensityand reducecapitalcostare relatively

independentof eachother,but the efficacyof both is stronglydependenton the

181



confinementapproach. The CRFPR(20)designusedboth approachesto achievemass

power densities as highas 900-1000kWe/tonne,whichin valueis comparableto

light-waterfissionreactors.Althoughthisresistive-coil,high-Iwdesign was

optimizedwithin reasonabledesignmarginsand constraints,the combinationof

Iw= 20 ~/m2 and high coverage (poloidal)pumped-limiterimpurity

requiresthe followingadvanced,high-performancesystems:

. copper-alloyfirstwallsand limitersurfacesto dealwith thehigh
heat loads(5-6MW/m2),

control

surface

● a separatecooling Systenl with high velocity pressurizedwater for the
first-walland limitersto dealwith thehighheat fluxes,and

● a self-cooled,liquid-metalbreederblanket(PbLi)to dealwith high local
powerdensityand the need to enhancetritiumbreeding.

In additionto limitingmaterialchoices,thesedesignnecessitieslead to the

followinguncertaintiesand/orpenalties:

uncertaintyof the radiation-damagedatabase for copper alloyand the
developmentneeded to achieve the radiation lifetimes upon which the
CRFPR(20)designis based(15MWyr/m2or - 210 dpa);

the required developmentof a materials database pertaining to alloy
stability,corrosion/erosion,fabricability,radwaste,and afterheatcontrol
when copper alloy is used as a semi-structuralelementin a separately
cooledfirstwall;and

reducedthermal-conversionefficiency,diminishedoperationalsafety (i.e.,
active short-term cooling of afterheat in limiters),and increased
complexityrelatedto dual-mediacoolantand power-conversionsystems.

Thesekey uncertaintiescan be reduced,if not eliminated,by invoking one of

the

●

●
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followingdesignchanges:

Maintain the minimum-COE I . 20 ~/m2
!?

design, but invoke an
impurity-controlschemebasedon e ficientmagneticdivertersto reduce the
heat load on the first wall and to removethehigh-heat-fluxsurfaceto
regionsoutsidethemain plasmachamberand to regions of lower neutron
flux,alsoallowingbettermaintenanceaccessto thesecriticalcomponents.

Decrease Iw to- 5 ~/m2 wherethe firstwall can receivethe fullplasma
powerloss,but coolingas’anintegralpart of the blanket is possible.
Blanketoptionsotherthanself-cooledliquidmetalsalso becomeavailable.

.
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A strongimpetusfor FPCS at or belowthemass and volumessuggestedby the

CRFPR(20)design,nevertheless,existsfor the followingreasons:

. reduceddevelopmentcostand enhancedprobabilityfor successbecause of a
flexibleand affordabledevelopmentpath;

. rapidextensionof learningcurvesto assessavailabilityon the basisof an
affordableexperienceof failure(availabilitycannot be improved without
actualoperatingexperience);

● factory fabricationof FPCS and reduced nuclearenvelopefor the power
station, allowing less-expensiveconventionalitems to be used more
extensivelythroughouttheplant;

. extensive non-nuclearpre-testingand FPC overstressingpriorto commitment
to servicein the reactor room, thereby providing a strong, effective
qualityassuranceand rapidFPC restarts;and

● single-piece maintenance of a fullypretestedFPC to reducedown time.

Although not directlyreflectedin the COE modelsgenerallyused to assessthe

prospectsfor fusion,theseattributesare expectedto exerta strong positive

impacton plantavailabilityand COE. Maintainingthe FPC at or belowthe CRFPR

mass and volumewhiledecreasingIw, however,will a) resultin lowerunit power

and higher COE becauseof losteconomiesof scaleor b) requiremultiplexinga

numberof “derated”FPCS of the CRFPR(20) size into a - 1000-MWe(net)power

station. The latterapproachallowsutilityexpansionwith reducedcapitalat

riskand an improvedcapabilityto matchcapacity and demand while promising

increased plant availability. The resistive-coilFPCS of thekind examined

herein,however,becomeinherently inefficientas the FPC power output is

lowered; for sufficientlylow poweroutput,superconductingcoilsmay offeran

economicedgefor thesehigher-COEunits.

8.2.Design-SpecificConclusions

The reactorframeworkand FPC integrationstudy

Ref. 10 has quantifieda number of issuesrelated

operation.Key design-specificconclusionsand/or

below:

reported herein and in

to high-power-densityFPC

findings are summarized

● DesignResiliency:High-mass-power-densityor low-mass-utilization,1ow-COE
FPC designsare possiblefor neutron first-wallloadings over the range
5-20MW/m2. Thesedesignsare properlyconstrainedby adequateengineering
safetymargins,but the 20-MW/m2designsbased on pumped-limiterimpurity
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control”require water-cooledcopper alloysfor thehigh-coveragelimiter
surfaces,as well as for the firstwall.

NeutronFirst-WallLoadingLimits:For closed-fieldplasmasrequiring edge-
plasma definitionand active impurity control-bylimiters,steady-state
fusion-neutron first-wall loadings much above N 20 MW/m2 seem
technologicallyimprobable.

- Alloy/coolantsystems capableof handlingsteady-stateheat fluxesmuch
above - 5 MW/m2 in an engineeringsystem deliveringpower at a
thermodynamicallyinterestingtemperaturecouldnot be identified.The
copper-alloy/water-coolantsystemoperatesat thislimit(- 5 MW/m2)with
little erosion margin allowed at either side of the coolanttube.
Rejectionof the energyshedby the plasmaat < 100°C will allow heat
fluxesin excessof - 10 MW/m2for the Cu/H20system,however.

-Local blanket power densities,particularlynear regionsthatstrongly
moderatethe fusionneutrons(i.e., H20 coolantheaders and manifolds),
will be high (350-400MW/m3) at neutron first-wall loadings of
- 20 MW/m3. Self-cooledliquid-metalblanketswill be requiredfor these
conditions. Even for the moderate magnetic fieldsin the CRFPR(20)
blanket,thePbLi coolantpressure can approach 0.7 MPa (100psi) in
attemptingto hold corrosion-relatedstructuraltemperatures.

Limitsfor IntegrallyCooledFirstWall: The CRFPR(20) design leadsto a
separatelycooledfirstwall,whichleadsto a complicateddual-mediaheat-
transport-system of reduced efficiency,as well as addingproblemsof
coolant-coolantinteraction.Eliminationof a separatelycooledfirst wall
will require the neutronfirst-wallloadingsto be below~ 5 MW/m2. This
CRFPR(5)designfor the same1000-MWe(net)poweroutputrequiresan FPC with
twice the volume and mass, halving the mass power density to
400-500kWe(net)/tonne.AlthoughtheCOE increasesby only 10-15%for this
CRFPR(5)design,the single-piecemaintenanceoptionbecomeslesslikely.

Impactof Low NeutronFirst-WallLoadings: Comparedto the 5-MW/m2CRFPR(5)
design(q~ = 0.385),the CRFPR(20)must operate with a reduced thermal-
conversionefficiency (q~ = 0.351). The more costlydual-mediacoolant
systemrequiredfor the CRFPR(20)deliversN 46% of the totalthermal power
through the pressurized-watercoolantcircuit. Thispercentageis higher
thanthe (1 + 5/Q )/(4MN1-1)=

?
0.16 theoreticalminimumbecause of a) the

thicknessof the irstwall/secondwall,b) nuclearheatingin water-coolant
manifoldsand headers,and c) back leakageof heat fromthePbLi blanket to
the first wall/secondwall. Recoveryof all thermalpowerat thehigher
PbLi temperature,except for the - 16% delivered to the water-cooled
limiter, amounts to a factor of 1.086 increase in thermal-conversion
efficiencyor a - 9% decreasein COE for the CRFPR(5) design. The total
impacton COE dependson the routeto lowerneutronfirst-wallloadings.

If the CRFPR(5) design is achievedby loweringthe totaloutputpower
whilemaintainingthe CRFPR(20) fusion-power-coresize, the increased
recirculatingpowerfractionand theunfavorablenucleareconomyof scale
more thancanceltheadvantageof high thermal-conversionefficiency.
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- MultiplexingaboutfourderatedCRFPR(20)FPCS to give 5-MW/m2 neutron
first-wallloadingin a - 1000-MWe(net)plantwillalso showan increased
COE (30-40%)comparedto the base-caseCRFPR(20)design,again canceling
any advantageof increasedthermal-cycleefficiency.

- Achievingthe CRFPR(5)designand higherthermal-conversionefficiencyin
a thermalhydraulicallysimplifiedFPC by simplyincreasingsizeand mass
by a factorof approximatelytwo is expectedto givea COE thatis close
to the base-case value. The option for single-piecemaintenance,
however,most likelywill.belost.

Impactof Diverters: In addition to providing better isolation of the
plasma,magneticdiverterscan significantlyreducefirst-wallheat fluxes,
remove the plasma-interactivehigh-heat-fluxsurfacesto regionsof less
intenseneutronflux,and possiblyallowneutronfirst-wall loadings above
5 MW/m2with integrallycooledfirstwallsand blankets.

- Considerationsof plasmabeta,plasmaconfinement,storedenergy,forces,
and ohmiclosses lead to magnetic divertors based on the minority
toroidal field for the RFP. Further considerationof field-line
connectionlengthleadsto the choiceof a poloidallysymmetrictoroidal-
fielddivertor(SD)for the CRFPR(20).

- Four SDS will be requiredfor the CRFPR(20)with- 5% loss
area,- 10% loss in blanketvolume,- 50 MW of added power
and a - 5% increasein COE.

in first-wall
consumption,

- A simplifiededge-plasmamodelpredictsfirst-wallheat fluxthat remains
significant(2-3MW/m2),and betterisolation of the plasma from the
first wall will be requiredif separatelycooledfirstwallsare to be
eliminated.

- DivertormaintenancewithoutFPC removal is possible, representinga
distinct advantage over the permanentlyfixedpoloidalpumpedlimiters
envisagedfor the CRFPR(20)design.

ReactorBuildingSize: The feasibilityassessment of single-piece FPC
installationand maintenancerequired preliminaryestimatesof sizesand
locationsof key componentsand major equipment housed in the reactor
building (vacuumsystems,pipe runs,pumps,steamgenerators,superheaters,
tritiumcleanupsystems,dump tanks,accessrooms,etc.). Althoughthe FPC
volume for the CRFPR(20) is 4.5% that of STARFIRE1and only3.1% thatof
MARS,2the reactorbuildingis 73-82%that reportedfor STARFIREand 52-59%
that suggested for MARS. The ranges indicate the vertical(low)and
horizontal(high)FPC replacementschemes. The reactorroom is 21-24% of
the reactor-buildingvolume for the CRFPR(20). The majority of this
300-$/m3buildingvolumeis occupiedby the aforementionedheat-transport

equipment.

Single-PieceFPC Replacement:Two single-pieceFPC replacementschemeswere
considered:a) verticalremovalby a crane and b) horizontal removal by
transhaulers.In bothcasestheFPC is locatedin a vacuumtank to whichis
affixed compound cryogenic vacuum pumps. Although the horizontal
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maintenancescheme requireslessoverhead(no crane),a largervacuumtank
is required,and to within* 12%bothapproachesrequirecomparablereactor
building volumes. The estimatedmaintenancetimesfor bothverticaland
horizontalmaintenanceschemeswerewithin10-15%,bothbeingon the order
of 10-13days (forcostingpurposes,28 dayswas assumed),and the required
remotedisconnectand motiontechnologiesappear equally difficult. Both
approachesalsosharean importantbut difficult-to-quantifyattribute:the
abilityto installan FPC thathas experiencedthe highest level of pre-
operationaltestingand non-nuclearservicesimulation.

. AfterheatControl: The afterheat power density of copperexpressedas a
fractionof fullpowerdensityis 2-3 timesgreaterthanfor HT-9 ferritic
steel (blanket structure)for approximatelythe firsthouraftershutdown.
This situationcoupledwith the higher power density for the CRFPR(20)
designrequiresan activeemergencycoolingsystem(ECS)for the limitersto
guardagainstdamage(melting)in eventof a lossof watercoolant. Natural
circulationof a properlydesignedpbLi coolantcircuitshouldprotectthe
copper-alloyfirstwall against damage in event of a 10SS of active
pressurized-wateror PbLi cooling. The ECS requiredto protectthe limiters
is not demandingin termsof duty time(l-2hours of pulsed, intermittent
cooling), reactorbuildingvolume(- 6%),cost (- 2% of totaldirectcost),
or technology(pressurizedaccumulatortanks,valves, sumps, coolers, and
pumps). Generally themeltingof an FPC componentrepresentsan issuefor
plantinvestment(i.e.,downtime)ratherthanone of public safety. The
limiter is thehighestriskcomponentfromthe afterheatviewpoint,but the
probabilityof damagefromcausesotherthana lossof coolantis judged to
be much higher. Eliminationof this component in favor of magnetic
divertersoffers a number of operational and safety advantagesThe
afterheat control provided by naturally circulatingPbLi can be very
effectivefor resistive-coilsystems(rapidcoilde-energization).

. Long-TermRadioactiveWaste: In addition to aggravatingthe afterheat-
control problem, the use of copperalloyat thehigh-heat-fluxfirstwall
and limiteradds somewhatto the long-term radwaste problem. The more
severe waste disposal problem”stems from the 100-year half-life63Ni
[63Cu(n,p)63Ni]. The annual generationrate of disposable radioactive
copperalloyfor theCRFPR(20)design,however, amountsonlyto - 0.52m3/yr
(- 400 kCi/yrafter- 30 yrs). This material would require dilution by a

factor of 300 to qualifyfor ClassC shallowlandburialafter30 years.
The cost tradeoffbetweendeep-geologicand shallow-landburial remains to
be fully appreciated. Long-term activity in the HT-9blanketstructure
resultsprimarilyfrom93M0and 94Nb,but Class-Cshallow-landburialshould
be possibleif the blanketis filledwith concrete;an annualdisposalrate
of 19.8kCi/yror 263 tonne/yr(includingconcrete)results. Averaged over
a - 30-yr life, the TFC and PFC disposalratesamountto- 10 kCi/yrand
30 tonne/yr.Polonium-210formedin thePbLi coolantis removedalong with
the tritiumand is producedat a rate8-30kg/yr,dependingon the timeinto
theplantlife.
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8.3. PhysicsIssues

The presentfollow-onstudyand theRef.

a numberof physicsgoals,operatinglimits,

10 frameworkstudyhave identified

and uncertainties/unknowns.These

physicsissues can be categorizedaccording to transport scaling, plasma

heating, stability/equilibrium,current drive, and impurity/ashcontrol. A

briefrecapitulationof thesephysicsissuesis givenfor the benefit of both

theRFP experimentalprogramand futureRFP reactorstudies.

● Transport

- scaling of the form:Tce ccI~r~f(@e),Zpi = 4Tcehas beenassumedto
relatedesirable reactor performanceto the evolving RFP physics
database

- - sufficientlystrongI dependencedesirable
o

- - ohmic startup (fluxrequirement)and devicesizeare impactedif
V < 0.8

- - scalingof beta limitsis not known, but reactor study assumes
f($e)= (~ec/@)2 if ~e > Fec = 0.13,whichservesas a convenient

!means to stabiize the burn

- impactof fieldrippleand fielderroron confinement,A~/Be < 0.003

--

--

--

dependenceon coilplacement,number,

uniformityof first-wallthermalload

degreeof flux-surfacebroadeningand

gaps/holes

“boundedergodicity”caused
by-asymmetrictoroidalripple -

- streaming parameter limits,C ~ vTw/vn= 1~/NTel’2,are not a concern
at ignitionbutmust be monitoreddfi~in~startupapproach to ignition
fromlow-density,low-temperatureRFP

. Heating

- ohmic heating is not an intrinsicissue;powerfulcomparedto other
methods;criticalissuesrelatedmore to transportscaling

++
current[p(r)= ~oj/B]and (electron)temperatureprofiles important;
effects may be opposed for startup(i.e.,high ohmic-heatingrates)
versussteady-state(current-drive)conditions

- - strongheatingdesiredat startup;v = constantis preferred
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- - for currentdrive,p+ O at edgeis preferredto minimize power,
but the idealp(r)and T(r)for helicityinjectionare uncertain

- important to FPC designis theabilityto use RFP dynamoduringslow
startupto generateB froma low bias-fieldRFP formationin order to

tminimizeTFC requiremnts

- impact of changing heating profiles duringstartupand ignitionon
q-profilesandMHD stability

- - at startup,strongedge-plasmaheatingduringohmicheating phase
(25.3MW)

- - during ignition/burn, more uniform alpha-particleheating
(546.5MW)

- anomalousionheatingas observedin experimentwouldeasestartup

● Stability/Equilibrium

- plasma-currentterminationsobservedin presentexperimentsand must be
understoodand controlledfor the reactor

--

--

- role

plasma kinetic energy during burn is- 120M.J(1.1MJ/m2)and
poloidal-fieldenergyis - 1,700MJ

reactordesignassumesdensityand refueling control of current
termination

of conductingshellis not well understood,but has largeimpact
on reactor: thickness (TBR), uniformity (gaps, penet;atiois),
composition(first-wallversus liquid-metalblanket),FPC assembly,
penetrations(vacuum,divertoror limiterchannel),and current paths
in first-wall,blanket,and limitersegmentsfor both inductivestartup
and F-Clpumpingcurrent-drivephases

active(long-term)feedbackassumedfor globalplasmapositioning,but
assumednot requiredto controllocalmodes

- potentialfor alpha-particle-drivenplasmaoscillationsand impacton

- - transport(bothfueland ash)

- - stabilityand beta limits

- - RFP dynamo

. CurrentDrive

- inductivepulselengthmore limitedin RFPs thanin tokamaks

188



I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
I

- - higherplasmaresistancedominatesL/R, but

- - betterplasma/coilcoupling(higheraspectratio)compensates

- electromagneticor electrostaticcurrent-drive(helicityinjection)
possibilitiesremainto be explored

- - required(desired)current[p(r)= po~/~l and temperatureprofiles
not known

- - impacton dynamo,transport,impuritycontrolnot known

- electromagneticcurrentdrive(F-(3pumping)

- -drive coil location, access, TBR, radiationlifetime(MWyr/m2,
dpa),number,and rippleconstraint

- - minimumfrequencydictateswhethermain coilscan be used versus
separate,more-closelycoupledcoils

- - only small current and magnetic-fluxfluctuations(< 1%)are
required,reducingconcernabout fusion-powerfluctuations,MHD
effects,compressions/decompressions,oscillatingbeta,etc.

- - degreeto whichF-Elpumpingcan be used to
and minimizethe inductivestartupand OHC
an importantunresolvedtradeoff

- electrostatic(de)drive

drivethe startupphase
requirementrepresents

--

--

--

-diverter/electrodeand auxiliary-coilconfigurationfor efficient
helicityinjection

—

fractionof fluxdiverted to electrode/diverterremains to be
determined

key uncertainties/unknownsare current density uniformity at
electrodes,helicityinjectionefficiency,ohmic-dissipationin
edgeplasma,edge temperature,electrodearc drops,etc. (similar
uncertaintiesand problemsfor spheromak)

- otherways to use theRFP dynamoto drivecurrentnon-inductively

- - EM waves

- -density modulationswith pellets or beams (profile and plasma
inductancetailoring)
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. ImpurityControl

- polofdalpumpedlimiter

- - poloidalorientation,high first-wallcoveragepossible(- 50%)

- - partitionof plasmaenergylossbetweenradiation(fW = 0.9)and
conduction/convectionrequires more extensive (two-dimensional)
edge-plasmamodeling

- - edge-plasmaand scrapeoff densityprofiles, need for cold/dense
edgeforwallprotection

- - impact stability/equilibrium(shell uniformity,gaps, bulges,
etc.)

-- eddy-currentpathsand designfor startup/rundowntransients

- magneticdiverters

- - toroidal-fielddiverters of the bundleor poloidallysymmetric
typeare preferred,with considerationof connectionlengths
givingstrongpreferencefor the latter

-. openversuscloseddiverter-channel/plateconfigurationsremainto
be quantified

- - formationand sizeof magneticislandsmay not be as crucial as
flux-surfacebroadening;the impacton transportand RFP dynamo
remains to be assessed, particularlyif reversal-surfaceis
overlapped

- - impact on q-profile(pitchminimum)at plasmaedgeand impacton
stabilitynot understood

- -effectivenessin reducingchargeexchangeand wall sputteringby
energetic neutrals again requires detailed edge-plasmaand
diverter-channelmodel

- fueling

- - edge-plasmafuelinghelps protect wall; usable primarily with
pumpedlimiter

- - effectivedivertorrequirespelletrefuelingto someextent

--- as formost fusionconcepts,deep-penetration,low-inventory
pelletsrequireadvancedacceleratorsfor electron-ablated
pellets (> 50-100km/s, rail-gun or laser-ablationdrives
wouldbe required)
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--- pelletablationby energetic alpha particles may require
evenhighervelocities

--- low-penetrationpellets combinedwith subsequentnear-edge
refuelingmay be possible

8.4.Recommendations

The followingrecommendationsare made for future,more detailedstudiesof

RFP fusionreactor:

Single-pieceFPC maintenanceshouldbe retained,stressed,quantified,and
furtherdevelopedas a majorgoaland constraint.

Impuritycontrolusingmagneticdivertersshouldreceivea strongfocusas a
meansto reducesignificantlyphysicalheat fluxesthatmust be accommodated
in the first-wallneutronenvironmentwhilepermittingoperationwith high-
power-density(high-neutron-wall-loading)blankets.

Lower power units [- 500 MWe(net)]shouldbe examined,in spiteof higher
COE comparedto largeunits. Bothdesignand operationalmeans should be
developed to “breakHthe nucleareconomyof scalethatleadsto higherCOE
for theselower-unit-powerplants.

Tradeoffsbetweenresistiveand superconductingcoilsshouldbe quantified,
particularlyformore-thinly-shielded,advancedsuperconductingdesigns,as
appliedto systemsgeneratinglow net-poweroutput.

Currentdriveusingoscillatingfields(i.e.,F-G pumping)and the impacton
FPC design should be emphasized.The role,if any, of F-Q pumpingduring
startupin reducingthe resistivevolt-secondrequirementimposed on the
(bipolar)OHC set shouldalsobe examined. Lastly,the optimallong-pulsed,
high-mass-power-densityFPC shouldalso be betterdefined.

The catalyzed-DDfuelcycleusing water-cooledsteel blankets should be
examinedif a strongcasecan be made for magnetic-diverterimpuritycontrol
and reduced first-wall heat fluxes. The resistive-coil versus
superconducting-coiloptions should be thoroughlycomparedfor thisfuel
cycle.

The FPC burnand energy-balancedynamicsshould be examined in terms of
load-followingcapability,particularlyin view of varyingrecirculating
powerfraction(andoverallplant efficiency)as total power output is
varied. Other reactortransientsrelatedboth to startup,load-following,
and run-downfor plasma,thermal-hydraulic,and auxiliary-powerresponses
shouldbe examinedfor the leadRFP reactorembodiment.

For a given reactordesign,the developmentpathand associatedrisksand
costs should be quantitativelyresolved in conjunctionwith relevant
experimentalgroups.
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. A numberof engineeringissuesremainfor the specific FPC design adopted
for the CRFPR(20). Whilefuture,more-detaileddesignsmay not electthe
CRFPR(20)routedescribedherein,key issuesrelatedto that approach are
neverthelesssummarizedbelow.

- Placing the first-wall/second-wallwater-coolantmanifoldfurtherback
intothe blanketwill improvethe tritiumbreedingratio,reduce power
peaking in the PbLi coolant,increasethermalefficiencyby reducing
the powerdepositedinto the pressurized-watercoolant, and possibly
reduce both the copper-alloy afterheat and radioactivity(by
maintaininga harderneutronspectrum).

- Multi-dimensionalanalysesof MHD flowin entranceand bend regions of
the PbLi blanket coolant circuit is needed to betterassessflow
constrictionand increasedMHD pressuredrop.

- A detailedblanketstructuralanalysisshouldbe performed to define
betterthemaximumallowablePbLi pressure;higherpressurelimitswill
givemoremarginin meeting corrosion-relatedstructuraltemperature
limits, in that pumpingpower~er se does not appearto be limiting.
The implication of cold trapping, gettering, and reduced
PbLi/structuralinterfaceareaalsoneedsbetterquantification.

- Tritium and polonium-210 control in the PbLi coolant require
understanding. The cost and feasibilityof double-walled heat
exchangersrequiremore study,as does themeansby whichbarrierscan
be appliedto theFPC water-coolantcircuits.

- The entireissueof afterheat,inherentor passivesafety,and levelof
neutron first-wallloadings requires better understandingfrom the
viewpointof site-boundarydose limitsrequired for evacuation. The
cost advantage of ECS in allowinghigher-power-densityFPCSat low
capitalcostneedsbetterquantification.Even for CRFPR(20) copper-
alloy limfter/ffrst-wallmelting caused by a total loss of all
coolants,the sourceavailablefor contributionto the site-boundary
dose seems negligible in termsof timeand quantityat riskand the
levelof riskyer se. If fusioncan be shown to be a “sourceless”
radiation risk to the public,evenfor systemswith theCRFPRpower
density,a key advantagefor fusionwouldemerge. The ECS then would
be a protectoronlyof plantinvestment,ratherthana mitigatorof a
publiclyhazardlessaccident. The role of natural circulationof
coolants in mitigatingFPC damageunderLOFA conditionsalsorequires
betterunderstanding.
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Criticalplasmabetaabovewhichconfinementis degraded

Poloidalplasmabeta

Coolant-tubewall thickness(m)

Distancebetweenreversalsurfaceand plasmasurface(m)

Toroidal-field-coilthickness(m)

Poloidal-field-coilthickness(m)

=6 ~ + 6ce nominalcoilthickness(m)

Firstwall/blanket/shieldthickness(m)

Changein bulkspecificenthalpy(J/kg)

Coolantpressuredrop (Pa)

Buoyancypressuredrop (Pa)

Frictionpressuredrop (Pa)

Magneticpressuredrop (Pa)

Saturationtemperatureof watercoolant

Emissivityof firstwall or limiter,or total
recirculatingpowerfraction(Pc/PET)

Pump powerfraction

Ohmicpowerfraction

viscosity(kg/ms), efficiency,ratioof densityand temperature
e-foldinglengthsin Scrapeoff(hn/~T),coilresistivity

Effectivevisiosityincludingturbulencecontribution(kg/ms)

Energytransfer/storageefficiency



K

Ac

AT,An

P

IJ’~

v

P

CT

flD

‘P
ay

Cs

Electricalgeneratorefficiency

Idealthermal-cycleefficiency

Plantefficiency,q~(l - S) = PE/PTH

Efficiencyof pumps

Actualcycleefficiency= .75ql

Thermal-conversionefficiency(PET/P~) = ~CENq-~

~~ (1 - Epmp)

Poloidaldirection

Pinchparameter,Be/<BO>

Toroidaldirection

Toroidalflux

Constantin Eq. (20),Sec.2.

Coil conductorfillingfraction

Temperatureor densitye-foldingdistancesin scrapeoff(m)

Ratioof parallelcurrentdensityto magneticfield(m-l)
or viscosity(kg/ms)

4m(10)-7H/m

poisson’sratioor exponenton currentdependenceof ZE(PHYS)

Density(kg/m3)

Stress(Pa)or Stefan-Boltzmannconstant(W/m2~)

Designstress(Pa)

Electricalconductivityof PbLi (l/ohmm)

Yieldstress(MPa)

Stefan-Boltzmannconstant(W/m2K4)

Electricalconductivityof wall (l/ohmm)

Shearstress(Pa)

Plasmaparticleconfinementtime(s)

Parallelconfinementtimein scrapeoff(s)

Electronconduction/convectionconfinementtime(s)

Globalenergyconfinementtime (s)

Minimum-COEconfinementtime (s)

Physics-basedconfinement-timescaling(s)

Unscheduleddown time (d)

Scheduleddowntime (d)

Heat conductioncoefficient(m2/s)or thermaldiffusivity
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APPENDIXA. TABLEOF CRFPR(20)DESIGNPAlU4METERS

This tablecontainsthe comprehensiveand uniformdesigndatafor the CRFPR(20).

The format of thistablefollowstheDOE/OFEguidelines.1 Superscriptednumbersin

parenthesisreferto notesfoundat the end of thistable.

TABLEOF REACTORDESIGNPAW4METERS

Parameter

1. CharacteristicMachineDimensions

1.1. Reactorenvelope(la)

1.1.1. Height(coiloutsidediameter)

1.1.2. Width(coiloutsidediameter)

1.1.3. Length(majorcircumference)

1.1.4. Volumeof reactorenvelope(lb)

1.2. Plasmachamber

1.2.1. Majortoroidal

1.2.2. Minorradius

1.2.3. Plasmavolume,

1.2.4. Plasmachamber

radius,RT

‘P
volume

1.2.5. Wall surfacearea

1.2.6. Numberof sectors,N(lc)

2. PlasmaParameters(SteadyState)

2.1. Plasmadimensions

2.1.1. Majortoroidalradius,RT

2.1.2. Averageminorradius,rp

2.2. Averageion density,ni

2.3. Averagealpha-particledensity,na

2.4. Energyconfinementtime,~E

2.5. Electronconfinementtime3 ‘pe

2.6. Ion confinementtime ~.ST=

2.7. AverageLawsonparameter,ni%E

2.8. Averagepoloidalbeta,(2a)<~e>

2.9. Averageplasmatoroidalcurrent

2.10.Averageion temperature,<Ti>(2b)

2.11.Averageelectrontemperature,<Te>(2b),

2.12.Averagealpha-particleenergy,<Ta>(2C)

Unit

m

m

m

m3

m

m
m3

m3

m2

m

m

1020/m3

1020/m3

s

s

s

1020s/m3

MA

keV

keV

keV

Ref.2 “ Modified
Value Value

3.90

3.90

23.9

285

3.80

0.75

37.7

42.2

112

24

3.80

0.71

6.55

0.19

0.23

0.15

0.59

1.51

0.23

18.4

10.

10.

805.

4.25

4.25

24.5

359.2

3.90

0.75

38.8

43.3

115.5

24

3.90

0.71

6.55

0.19

0.23

0.15

0.59

1.51

0.23

18.4

10.

10.

805.
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2.13.Effectiveplasmaion

~harge(2d), ‘eff

2.14.Reactorcycle

2.14.1. Burnpulselength

2.14.2. Totalpulselength

2.15.Fuelcycle

2.16.Plasma~heatingmethod

2.16.1. Plasma-heatingpower(2e)

2.16.2. Plasma-heatingfrequency

2.17.Plasmaenergygain(2f),Qp

3. Power-Output

3.1. plasmafusionpower,pF = pN + pa

3.1.1. 14.1-MeVneutronpower,pN

3.1.2. 3.5-MeValpha-particlepower,Pa

3.2. Reactorthermalpower

3.2.1. Powerto firstwall

3.2.2. Power to limiter

3.2.3. powerfromblanket(MN= 1.33)

3.2.4. Powerto shield

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9*

3.10.

3.11.

3.12.

3.13.

Blanketpoweramplification

factor,MN

Plasmachamberpowerdensity

(totalcycletimeaverage)

Plasmapowerdensity(3b)

Engineeringpowerdensity(3C)

Blanketpowerdensity

Total

Plant

Plant

thermalpowerto

conversioncycle(3e),pm

grosselectricaloutput,pET

net electricaloutput,pE

Thermalcycleefficiency,q~

Net plantefficiency,Tlp= ?l~(l- &)

Recirculatingpowerfraction,&(3f)

4. ReactorCoolantSystem

4.1. Blanketcoolant

4.2. Blanketoutlettemperature(hotleg)

208

s

s

Mw

GHz

Mwt

Mwt

Mwt

Mwt

Mwt

Mwt

Mwt

MWt

MWt/m3

MWt/m3

MWt/m3

MWt/m3

Mwt

MWe

MWe

K

1’006 1.06

Steadystate

Steadystate

DT/Ll DT/Li

Ohmic(to ignition)

25.3 25.3

NA NA

108. 108.

2732.5

2186.0

546.5

3364.9

626.0

440.8

2057.6

143.3

2733.3

2186.8

546.5

3472.6

952.7

568.3

2012.1

86.5

1.28 1.33

64.8 63.1

72.5 70.4

11.8 9.66

30.6 25.6

3364.9 3472.6

1226.7 1255.8

1000. 1000.

0.365 0.362

0.297 0.288

0.185 0.204

pb83Li17 Pb83Li17

773 773
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4.3. Blanketinlettemperature

4.4. Blanketoutletpressure

4.5. Blanketinletpressure

4.6. Blanketcoolantflowrate

(coldleg)

(total)

4.7● Blanketstructuralmaterial

4.8. First-wall

4.9. First-wall

4.10.First-wall

4.11.First-wall

4.12.First-wall

4.13.First-wall

coolanttype

outlettemperature

inlettemperature

outletpressure

inletpressure

coolantflowrate (total)

(firstwall+ limiter)

4.14.Totalnumberof blanketcoolantloops

4.15.Type of blanketcoolantcirculator

4.16.Powerinputto eachcirculator(4b)

4.17.Peak temperaturein case

of loss-of-coolant-flowaccident

4.17.1. Firstwall (limiter)

4.17.2. Blanketmultiplier

4.17.3. Breeder

4.18.Thermal-energystorage(4b)

5. IntermediateCoolantSystem

K

MPa

MPa

kg/s

K

K

MPa

Ml?a

kgfs

MWe

K

K

K

J

6. SteamGeneration(SG)System (PbLi/H20circuits)(6aSb)

6.1. Steamoutlettemperature

6.2. Steamoutletpressure

6.3. Steamflow rate (total)

6.4. Feedwatertemperature

6.5. Numberof steamgenerators(SG)per loop

6.6. Numberof reactorsectorsper SG

6.7. SG materials,shell/tube(6c)

7. ShieldCoolantSystem(7a)

7.1. Totalpowerdepositedin the shield

7.2. Shieldcoolanttype

7.3. Shieldoutlettemperature

7.4. Shieldinlettemperature

7.5. Coolantoutletpressure

K

MPa

kg/s

K

Mwt

K

K

MPa

623

-0.0

1.1

72,840

HT-9

H20

536.6

463.

15.2

15.6

623

0.10

0.65

74,765

HT-9

H20

551.3

443.

14.8

15.2

4,898.8 2,694.

TBD 4“’

TBD PbLiPump

TBD 1.5

TBD 750(1100)

TBD NA

TBD NA

not required

TBD NA

TBD

TBD 758./543.

TBD 17.1/5.6

TBD 771./302.

TBD 547./418.

TBD

TBD 6/12

TBD 6

143.3 86.5

H20 H20

463 561.2

597 546.9

15.2 14,8
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7.6. Coolantinletpressure

7.7. Coolantflowrate (total)

8. ReactorAuxiliarySystem

8.1. Vacuumpumpingsystem

8.1.1. Vacuumand plasmachamberpressure

8.1.1.1. Plasmachamberpressure

8.1.1.2. Vacuumchamberpressure

8.1.2. Plasmachambervolume(8a)

8.1.3. Vacuumchambervolume(8b)

8.1.4. Numberof vacuumpumps

8.1..5.Regenerationinterval(8c)

8.1.6. Helium-pumpingspeed(perpump)

8.2. Magnetcoolingsystem(chilledH20)

8.2.1. TFC coolingload(8d)

8.2.2. PFC coolingload(8e)

210

MPa

kg/s

Pa

Pa

m3

m3

h

m3/s

MWt

Mwt

8.3. Plasma-heating-systemcoolingload(3f,8e) ~t

8.4. Plasma-fuelingsystem

8.4.1. ~pe(8f)

8.4.2. Fuelcomposition

8.4.3. Fuelingrates g/s(D)

g/s(T)

8.4.4. Pelletdiameter mm

8.4.5. Pelletinjectionfrequency s-l

8.5. Tritium-processingand recoverysystem(8g)

8.5.1. Totaltritiuminventory kg

8.5.2. Vulnerabletritiuminventory kg

15.2 14.9

272.2 1,173.

2.0

TBD

42.2

TBD

TBD

TBD

TBD

42.6

141.0

73.0

2.0

0.005

60.3

3,746.

30

2

120.0

48.3

163.7

73.0

DT pellet

50% D, 50%”T

0.11

0.17

4.22

u 28

TBD

TBD

8.6. Impuritycontrolsystem Pumpedlimiter

8.6.1. Limitercoolanttype H20

8.6.2. Limiteroutlettemperature K 545

8.6.3. Limiterinlettemperature K 463

8.6.4. Limiteroutletpressure MPa 15.2

8.6.5. Limiterinletpressure MPa 15.4

8.6.6. Limitercoolantflowrate kg/s 1,311

0.11

0.17

4.22

28

15.1

0.2

H20

546.9

443

14.9

15.2

1,521
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9. ReactorComponents

9.1. Firstwall/blanket

9.1.1. Structuralmaterial(first-wall/blanket)-

9.1.2. Breedingmaterial

9.1.3. Neutronmultipliermaterial

9.1.4. Breedingratio(ga)

9.1.5. Numberof modules

9.1.6. Weightof modules tonnes

9.1.7. Weightof largestsinglecomponent tonnes

9.1.8. Dimensionsof largestcomponent(9C) m

9.1.9. First-wallpowerloading

9.1.9.1.

9.1.9.2.

9.1.9.3.

9.1.9.4.

9.1.9.5.

9.2. Shielding

9.2.1. Material

MZC-Copper/HT-9

pb83Li17pb83Li17

(60%Li) (90%Li)

Pb Pb

1.11 1.06

1 1

307 304

307 304

3.8x1.5 3.9x1.6

14.1-MeVneutroncurrent MW/m2 19.5 19.0

Alpha-particleflux MW/m2 0.0 0.0

Radiation,charge-exchange,

and conductionpowerto

firstwall MW/m2 5.0 5.0

Radiation,charge-exchange,

and conduction/convection

powerto limiter

First-walllife

9.2.2. Numberof modules

9.2.3. Weightof eachmodule

9.2.4. Weightof largestsinglecomponent

9.2.5. Dimensionsof largestcomponent

9.3. Magnets

9.3.1. Superconducting

9.3.2. Conductormaterial(insulator)

MW/m2 6.0 6.0

MWyr/m2 15 15

H20/W/B4C/FeH20/PCASS

(10%/40%/40%/10%)(10%/90%)

1 1

tonnes 188.9 159.6 “

(includedin 9.1.6.)

tonnes 188.9 159.6

(includedin 9.1.6.)

torus,

m 3.9X1.4 3.9X1.5

none

Cu-alloy/noneMgO

70%/10%
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9.3.3. Structuralmaterial

9.3.4. Operatingtemperature

9.3.5. Coolant

9.3.6. Mean stressin Coil(gd)

9.3.7. Maximumforcetransmittedto

building

9.3.8. Maximumfield(gf)

9.3.9. Fieldon plasmaaxis(9g)

9.3.10.Fieldat plasmasurface

9.3.11.Numberof magnets

9.3.11.1. Toroidal-fieldcoils

9.3.11.2. Equilibrium-fieldcoils

9.3.11.3. Ohmic-heatingcoils

9.3.12.Mean coilradius

9.3.12.1. Toroidal-fieldcoil

9.3.12.2.Poloidal-fieldcoil

9.3.13.Totalstoredenergy(fulltorus)

9.3.13.1. Torofdal-fieldcoil

9.3.13.2.Poloidal-fieldcoil

9.3.14.Weightof largestsingle

component

9.3.15.Dimensionof largestsingle

component

9.4. Energytransferand storage(9i)

9.5. Plasmaheating

9.5.1. Type

9.5.2. Frequency

9.5.3. Powerto the plasma

9.5.4. Transmissionmethod

9.5.5. Powerreflectedfromplasma

9.5.6. Power10ssin transmission(9j)

9.5.7. Powerlossin amplifiers

9.5.8. Powerlossin powersupplies

9.5.9. Systeminputpower

9.5.10.Heatingtime

K

MPa

MN

T

T

T

m

m

m

GJ

GJ

GJ

tonnes

m

GHz

Mw

Mw

Mw

Mw

Mw

Mw

s

PCASS(10%)

300-350

H20 H20

7-90 7-90

2.7 2.7

4.5 4.5

9.5(toroidal)

5.2(poloidal)

24 24

12 12

20 20

3.31 3.41

1.46 1.56

3.80 3.90

1.72 1.72

0.02 0.02

1.7 1.7

200 258

torus,

4.8x1.O 4.9x1.O

Not required

ohmicdissipation

NA NA

25.3 25.3

Induction

0.0 0.0

73.0 73.0

NA NA

TBD 0.0

-100. -100.

8-10 8-10
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9.5.11.Numberof waveguidegrills

9.5.12.Numberof amplifiers

10. ElectricalPowerRequirements

10.1. Cold-plasmastart-uppowerfromgrid

10.2. Auxiliarypowerrequirements(lOa)

10.2.1.

10.2.2.

10.2.3.

10.2.4.

10.2.5.

10.2.6.

10.2.7.

10.2.8.

10.2.9.

10.2.10.

10.2.11.

10.2.12.

10.2.13.

(normaloperation)

Electricalenergystorage

Magnetpowersupply(other

thanohmiclosses)

First-wallcirculators(lOb)

Limiter-coolantcirculators(lOb)

Blanketcirculators(lOb)

Shield-coolantcirculators(lOb)

Refrigerationsystem

Vacuumsystem(roughing)

Miscellaneousreactorplant

auxiliaries

Feedwaterpump system

Condensingsystem

Heat rejectionsystem

MiscellaneousBOP auxiliaries

11. Buildings

11.1. ReactorBuilding

11.1.1. Characteristicdimensions(ha)

M’We/s

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

MWe

m

(includessteam-generatorsand accumulators)

11.1.2. Enclosedvolume

11.1.2.1. Freevolume(llb) Ills

11.1.2.2. Totalvolume m3

11.1.3. Minimumwall thicknessfor

shielding m

11.1.4. Internalpressure

normal/accident(llc) MPa

11.1.5. Containmentatmosphere

11.2. TurbineBuilding

11.2.1. Characteristicdimensions m

11.2.2. Enclosedvolume m3

NA NA

NA NA

300/8 (300-400)/8

62.6 91.3

none required

0.0 0.0

1.85 0.80

0.94 0.52

13.2 5.8

0.0 0.01

NA NA

TBD oe1(8c)

TBD TBD

TBD 23.(8c)

TBD 12.(8c)

TBD TBD

TBD 150(8c).

TBD 72x81x54

TBD 2.8(10)5

TBD 3.1(10)5

TBD 2.5

TBD 145

TBD C02

TBD 11OX5OX44

TBD 2.42(10)5
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11.3. ReactorServiceBuilding
11.3.1. Characteristicdimensions

11.3.2. Specialfunctions(i.e.,tritium

handling,radwaste,maintenance

and storage,hot cells,blanket

processingequipment,etc.

12. ReactorMaintenance

12.1. First-wall/blanket

12.1.1. Annualpercentage

12.1.2. Area

12.1.3. Weight(12a)

12.2. Radioactivematerialstoragefor

lifeof plant(30yr)

12.2.1. Totallong-termstorage(12b)

12.2.2. Remainingrecycledblanket

storage

12.2.3. Totalrecycledreactor
equipment(12d)(after

plantdecommissioning)

12.3. Reactoravailability.
12.4. Overallplantavailability(12e)

m

m

% area/yr

m2/yr

tonnes/yr

m3/tonnes

m3/tonnes

m3/tonnes

TBD TBD

TBD TBD

100

112

45.2

TBD

TBD

TBD

TBD

0.75

100

115

60.9

15.6/138.

2,783/l,688(12c)

355/1,348

TBD

0.76

Footnotesfor ReactorDesignTable

1. CharacteristicMachineDimensions

(a) The reactorenvelopeenclosesthe poloidal-fieldcoilsand has the

dimensionsgivenwith a circumference(length)of 23.9m (at

toroidalradiusof 3.9m).

(b) Basedon ineffectivesystemsradiusof rs = 2.16 (Fig. 2-3)

a majorradiusof ~ = 3.9m.

(c) Sectorsare usedonly for off-siteassemblyof reactortorus

torusbeinginstalledas a singleunit intoreactorroom.

2. PlasmaParameters

(a) Includesaveragealpha-particlepressure;totalbeta is 0.12.

(b) BasedonT(r) = Jo(~r)profilesand BFM pressureprofiles.

(c) ThermalizedMaxwelliancomponenthas beensubtracted.
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Zeff= (1 + 4f~)/(1+ 2 f=) fm = %/ni = 0.029.

(e) At steadystate,200-300-MWegridpowerrequiredduringbipolarstartup.

(f) Basedon ratioof fusionpowerto ohmicdissipationin plasma;

inclusionof ohmicpowerdissipatedin TFCSand PFCS givesa Q-value

of 16.62.

3. PowerOutput

(a) Basedon fusionpower(2733.3MWt) dividedby plasmachambervolume

(43.3m3).

(b) Basedon fusionpower(2733.3MWt) dividedby plasmavolume(38.8m3).

(c) Basedon totalthermalpower(3472.6MWt) and net volume(359.2m3)

enclosedby and includingmagnets.

(d) Basedon first-wall,blanket,and shieldvolume(137.3m3) and on thermal

poweractuallydeliveredto primarycoolant(3472.6MWt). Peakvalue

of blanketpowerdensityis- 360 MWt/m3and actualaveragefor the

blanketis 25.4MWt/m3.

(e) Does not includeprimary-coolantpumpingpower.

(f) Includes73 MW deliveredto OHCS, whichundersteady-stateoperation

couldbe reducedto zero.

4. ReactorCoolantSystem

(a) HT-9 is a ferriticsteel(85.0Fe/11.5Cr/1.OMo/O.55Mn/O.5Ni/

0.5 w/o.4si/o.3v/o.2c).

(b) Energystoredin the- 943-tonnePbLi coolantcontainedwithinthe

FPC amounts”to 77 GJ over the temperaturerangefromroom temperature

to 773 K, when ratioto the totalthermaloutputgives- 20 s.

(c) Basedon applicationof ECS for- 90 minutesto the limiteronlyand

on naturalcirculationof PbLi in the blanket.WithoutECS but with

naturalcirculationof PbLi coolant,the firstwall reachesa temperature

of 900 K, but the limitermelts.

6. SteamGeneration(SG)System

(a) ScaledfromSTARFIRE3and MARS results.4

(b) Each of fourPbLi loopscontainsa superheater,steamgenerator,

and an economizer.Each of two pressurized-waterloopscontainsa

steamgeneratorand an economizer.

(c) HT-9double-tubeheat exchangers,PbLi/wateron shellsideand water/

systemon tubeside,with stagnantheliumgas separatingdoubletubes.

I
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7. ShieldCoolantSystem

(a) Thin (0.10-m)second-wallcoolantoperatesat first-wall/

second-wallcoolantconditionsand contributesto overallreactor

powercyclethroughthe pressurized-watercoolht circuit.

8. ReactorAuxiliarySystem

(a) Vacuumvolumeswithinthe FPC include4.5m3 for the 24 radialslots,

10.7m3 for the vacuumplenum,1.7m3 for 24 ductsto outeredgeof

PFCS,plus43.3for the plasmachamber,givinga totalof 60.2m3.

(b) Vacuumchambervolumesfor theverticaland horizontalreplacement

casesare respectively3,746m3 and 9,136m3.

(c) Adoptedfromthe STARFIREdesign.3

(d) Of thistotal,35.7MW is nuclearheatingand 12.6is ohmicheating.

(e) Of thistotal,37.2MW is nuclearheating;126.5is ohmicheating,

of which73.0MW appearsin theOHCS and 53.5MW appearsin the EFCS.

(f) Pelletspeed.-100-200km/s for deeppenetrationwith ratioof

pelletinventoryto plasmainventoryequalto 0.05.Significantedge-

plasmafuelingwouldbe highlydesirableto reducerequiredpellet

velocityand/orinjectionfrequency.

(g) Referto Table4-I for breakdownof tritiuminventory.

9. ReactorComponents

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Theoreticaltwo-dimensionalbreedingratioforupdatedvalue;

doesnot includelosses,decay,first-wallarea reduction.The

valuegivenin Ref. 5 correspondsto a one-dimensioflalestimatemade

at the timeof thatstudy.

The first-wall/blanket/shield/TFCformsa single,integralunit;weight

doesnot includetheN 943 tonneof PbLi coolant.

Dimensionsindicateeffectivemajorand and minorradii,respectively,

of reactortorus.

Lowervalueat PFC #12 (upper,inboard)and highervalueat PFC #6

(equatorialplane,inboard);comparesto 550 MPa (TFC)and 14 MPa

(PFC)for STARFIREand 127MPa (TFC/ARE)for EBTR.

Centeringforcefor TFC.

Maximumfieldat inboardsideof PFC.
●

Toroidalfieldat plasmaedgeis -0.40T and increasesto -0.72T at

theTFC.



(h) Totalmass of PFC is 813 tonne,withEFC being413 tonneand the OHC

being400 tonne. EachEFC and OHC set wouldin turnbe dividedinto

two segmentsfor maintenancepurposes(Sec.4.).

(i) If a.grid-assistedstartupprovesunfeasible,a transferredenergy

storeof- 2 GJ will be required.

(j) OhmiclossesinOHC, whichwouldbe drivento zero oncecurrentdrive

initiated.

10. ElectricalPowerRequirements

(a) Takennominallyas fAUX= 0.05of the grosselectricalpower,

‘ET = 1255.8M’We,but increasedto 0.07to maintainPE = IOO@MWe(net)

(Table3-VII).

(b) Basedon 75% pump efficiency.

11. Buildings

(a) The reactorbuildingheightsfor the verticaland horizontalreplacement

casesare respectively54 m and 39 m.

(b) Includesvolumeof reactorhalland primary-coolantcomponentroom;

valueused to calculateoverpressurein eventof coolantline rupture.

(c) Normaloperatingpressureis slightlyless thanatmospheric,as in

the present-daynuclearpowerplants. The accidentconditionis assumed

to be the lossof primarycoolantintothe containmentbuilding.

12. ReactorMaintenance

(a)

(b)

(c)

(d)

(e)

Basedon replacingentirefirstwall and blanketeachyear of operation,

and recyclingthe shield(159.6tonne)and TFCS (76.2tonne).

Includescopper-alloyfirst-walland limitercomponents,possible

for deepgeologicburialor dilutionby a factorin excessof - 300

for ClassC burial.

Includesall blanketstructure,headers,and manifoldsinboardof

coils(Table3-VIII),whichamountsto 56.8tonnesor 1,688tonnes

per 30 years.Volumequotedcorrespondsto uncompressedstate,which

when loadedwith concretegivesa totalmass of 7,900tonnes.

Includesall shielding,coils,primarystructureand support,and vacuum

cryopumpsbut excludeslong-termstoragein Item 12.2.1.and blanket

articlesin Item 12.2.2.

Basedon 60 day/yearunscheduledmaintenanceand 28 day/FPCreplacement,

thisalgorithmbeingsensitiveto fusionneutronfirst-wallloadingand

givingan optimalwall loadingbasedon COE.
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B.1. CostBasis

Capitaland operating costs leading to an estimate of the cost of

electricity(COE) for the Compact Reversed-FieldPinchReactor(CRFPR)are

calculatedusinga costingcodebasedon widelyused DOE guidelines1s2and a

unit-cost database(or a set of scalingrules)developedovera numberof years

and implementinginformationfroma number of st-dies.s-zoA new system of

accounts,4 presently under community review, will eventuallysupersedethe

systemusedhere.

The CRFPRcost estimateis specificto thissystemand reflectsthe ground

rules appliedto thisstudy. It is expected,however,thatmany of the results

can be used to assesseconomictrendsfor many othermagnetic fusion concepts,

particularlysince the database has been calibratedby otherrecentstudies.

When comparingresultswith an estimatedcostof an existing power plant, it

should be emphasized that the CRFPR design is preconceptual,with most

subsystemsnot fullydefinedor developed. Costestimates for poorly defined

subsystemswere determinedwith implicit design allowances to accountfor

uncertainties.Fortunately,many of the balance-of-plant(BOP) and heat-

transport systems are similar to existing Pressurized-WaterReactor(PWR)

fissionsystems,and thissimilarity should enhance the credibilityof the

capital-costestimates. The direct-capitalcostestimatesassociatedwith the

reactorplantequipment(RPE),the BOP equipment, land, and all the related
●

structuresand site facilities,are basedupon supplierquotes,historicaldata,

and costsof analogoussystems,as compiled,assimilated,and modified by the

Ref. 3-20 studies. The indirect-costestimates relatedto constructionare

baseduponDOE recommendations,1,2 as modifiedby recentstudies. Time-related

costs accountfor both interestand escalationduringconstruction.The annual

costsincludeannualizedcapitalcost,operationsand maintenancecosts, fuel

costs, and any scheduledcomponentreplacementcosts. Giventhesecostsalong

with theplantcapacity(i.e., net power) and the plant availability,the

bus-bar energy cost estimateis determined.Thesecostsare presentedin both

constant(1980)dollarsand then-current(1985)dollars,reflectingthe assumed

5-yr constructiontime.
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This Appendix definesthe economicguidelinesand assumptionsused i.nthe

studyand analyses. The key design,performance,and operationalfeatures and

their impacton the economicsof the overallsystemare discussed.The capital

costaccountssummarizedin TableB-I generallyfollowtheDOE guidelinesl~2and

provide a uniformevaluation/accountingtoolby whichpossiblecomparisonscan

be madewith otherstudies. The estimatedcostsfor CRFPR(20) are discussed,

and any significantinfluencingfactors or componentsare highlighted.

TableB-IIshowsthe totalbus-barenergycostcomponentsfor fusion-generated

energy.

B.1.l. EconomicGuidelinesand Assumptions

To assure a consistenteconomic evaluationof the CRFPR, the DOE

guidelines1~2for costingfusionsystemswere adoptedto themaximumextent for

this study. This procedure assists in an evaluationof theCRFPRthatis

consistentwith proceduresusedfor alternateenergysystems. These guidelines

applyboth to designand economicanalyses. All costsquotedin thisreportare

referencedto 1980dollarsin orderto facilitatecomparisonwith past studies.

It is assumed that the user of the powerplantwill be an investor-owned

utility.

B.1.2. Levelof Technology

The CRFPRdesignphilosophyadoptsthe state-of-the-arttechnologyfor all

BOP systems exceptwhereincorporationof specificadvancesin technologywill

enhancethe performance,schedule, and/or cost. The CRFPR turbine cycle

efficiency is determinedby calculation(Sec.2.2.)or by defaultis assumedto

be q~ = 0.35. With the exceptiono~ thePbLi steamgenerator,most of the BOP

systems selected for the CRFPR represent currentPWR technology(i.e.,the

pressurized-watercircuitsteamgenerators,superheaters,turbine and electric

plant equipment,Condensingand Heat Rejection Equipment,and most of the

MiscellaneousPlantEquipment).All buildingsare also consideredto be of

conventionaldesign.

Three levels of technologycomposetheRPE. The firstlevelrepresents

technologiesthathave beendemonstratedfor a commercialpowerplant. Typical

of this level are the Primary and ClosedCoolantSystems,powersupplies,

portionsof theRadioactiveWasteTreatmentand DisposalSystem,and most of the

Other Reactor Plant Equipment. The secondlevelrepresentstechnologiesthat

have beendemonstratedin existingpowerplantsbut that have new or unique

i
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TABLEB-I

SUMMARYOF STANDARDCAPITALCOSTACCOUNTS1

CostAccountTitle

DirectCosts:

20. Landand LandRights

21. Structuresand SiteFacilities

22. ReactorPlantEquipment(RPE)

23. TurbinePlant’Equipment

24. ElectricPlantEquipment

25. MiscellaneousPlantEquipment

26. SpecialMaterials

TotalDirectCost (TDC)

UnitDirectCost (UDC/$kWe)

IndirectCosts:

91. ConstructionFacilities,Equipment,and Services

92. Engineeringand ConstructionManagementServices

93. OtherCosts

TotalBase Cost

Unit BaseCost ($/kWe)

94. InterestDuringConstruction(IDC)

95. EscalationDuringConstruction(EDC)

99. TotalCost

Unit TotalCost ($/kWe)

AnnualCosts:

40. Salariesof FacilityPersonnel

41. MiscellaneousSuppliesand Equipment

42. OutsideSupportServices

43. Generaland AdministrativeCosts

44. CoolantMakeup

45. ProcessMaterials

46. FuelHandlingCosts

47. MiscellaneousCosts

50. FirstWall/Blanket/LimiterReplacement

510 Replacementof OtherReactorComponents

02. FuelCost

03. FuelGycleMaterialsCost

I
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TOTAL

. Annualized

● Operations

TABLEB-II

BUS-BARENERGYCOSTCOMPONENTS

CapitalCost (Account99)

andMaintenance(Accounts40-47)

. ScheduledComponentReplacement(Accounts50-51)

. Fuel (Accounts02-03)

TotalAnnualCost

Costof Electricity(COE,mills/kWeh)

application,design,and/orconfiguration.Systemsat thislevelrepresentonly

a modestextrapolationof the existingstateof theart;examples are elements

of the shielding,the AtmosphericTritium Cleanup System,elementsof the

MaintenanceEquipment,SpecialHeatingSystems, Inert Atmosphere System, and

ReactorI&C System. The thirdlevelof technologyremainsto be demonstratedin

a commercialpower plant, but the technologymay have been commercially

demonstratedby otherindustries.Typicalof thisthirdlevelare theFPC,PbLi

steamgenerator,PbLipumps,and associatedheat-transportequipment.All these

systems and related technologiesare assumed to have been commercially

demonstratedin powerplantsby the timethe CRFPRis constructed(i.e., first-

wall/blanket/limitersystems, the radiation-hardenedcopper-alloycoils,large

vacuumcryopumps,tritiumprocessingand storage,and specialremotemaintenance

equipment).

Another aspect of the level of technologyinvolves the design and

operationalphilosophyof remotemaintenance.Thisphilosophywill require a

re-evaluationof present power-plantdesigncriteria,procurementprocedures,

and operationalpractices.Designswill have to be modifiedor redesignedfor

modularor single-piecereplacement,and firmercontrolwill have to be enforced

on specificationsand interchangeabilityof parts. Present trends in the

nuclear industry indicate advantages to more off-site,factoryconstruction.

This philosophyrepresentsan evolutionarychangein thepowerindustry,may be

necessaryin the future,but is not reflecteddirectlyin the costingprocedure.

It is implied in all of the foregoingdiscussionsthatthe CRFPR,like

STARFIRE13and EBTR,14is not the first-of-a-kindfusion power plant. These

systems are assumed to be basedon a specificdesigntechnologywhereinall

systemshavebeenprovedthoroughly.EquipmentR&D costs, therefore,are not
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included,and the equipmentis costedwith appropriatelearningcurvesapplied.

Engineeringand ConstructionManagementServices(Account92) are reduced to a

degree that reflects the design standardizationof the reactorand BOP. No

toolingcostsare includedin the costestimateas all initialtoolingcostsare

amortizedoverpreviouslyconstructedCRFPRfusionpowerplants. Learning-curve

designallowancesand siteassumptionsare consistentwith those assumed for

STARFIRE.13

A contingencyallowanceis addedto accountfor the differencebetweenthe

sum of individualestimatedcosts and the total amount that is reasonably

expected to be spent,consideringthe degreesof uncertaintyin the estimated

quantities,prices,and labor productivity. This contingencyallowance is

intended to reduce the risk of an overrun. The CRFPRestimateuses the

recommendedvalue2of 15% for Accounts21, 22, 23, 24, and 25.

Sparepartsrequiredby the powerplantmust be held in inventoryin order

that the plant can quicklyrecoveroperationin event of a breakdown. Spare

partsdo not includeequipmentthatis permanentlyconnectedin the systems to

assure a desiredlevelof redundancy.The spare-partsallowanceis assumedto

be a percentage of direct equipment cost, with the following spare-parts

allowancesbeingadopted:l~13

CostAccount Spare-PartsAllowance

21, 22, 23 2%

24 4%

25 3%

Others o%

The costof theCRFPR(20)reactortorus(FW/B/S/TFC)is incurredeveryyearand

is includedas an operatingexpenditure,althoughthe relativelylow cost of

this - 304-tonne item (- 10-15M$) wouldallowinclusionof extrasunderthe

spare-partallowance.It is expected that certain reactor-toruscomponents

(e.g., shield and TFCS)couldbe reusedand reassembledintorefurbishedtori,

althoughthe tradeoffassociatedwith componentreuseremainsto be understood.
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B.1.3. Indirect-CostAllowances

The indirect-costallowancesare expenses resulting from the support

activities required to design, fabricate,assemble,and checkout the entire

powerplant. The threemajoraccountsare ConstructionFacilities,Equipment

and Services (Account 91), Engineeringand ConstructionManagementServices

(Account92),and Other Costs (Account 93). Appendix G of Ref. 14 gives

additionaldetailfor specificitemsincludedin eachaccount.

ConstructionFacilities,Equipment and Services (Account 91) for the

CRFPR(20)are not unlikethosefor fissionplants,although some assembly and

checkout of the reactortorusmay be conductedoffsite. ThispreassembledFPC

(lessPFCS)will be similar in size to most fission reactor components,

including the PWR pressure vessel. The cost estimateof the Construction

Facilities,Equipmentand Servicesadoptsan allowance of 10% of the total

direct cost. This procedure is basedon thatadoptedfor STARFIRE,13which,

becauseof a highertotaldirectcostfor the latter,may be underestimatedfor

the CRFFR(20).Presentfissionnuclearexperiencesets thispercentagemore in

the rangei5-20%. The FPC will requirevery little on-site handling and no

fieldconstruction,with thepossibleexceptionof minorassemblyof thePFCS.

Engineeringand ConstructionManagementServices(Account92) consistsof

the expensesfor reactor and plant engineeringand constructionmanagement

services. The design philosophyof applyingthe presentand envisagedpower-

planttechnologywill certainlyreducethe requiredengineeringfor theBOP and

the Heat Transfer and Transportsystems. The onlyengineeringservicesbeing

consideredare those which are necessary for site development, utility

requirements,new or updated regulatoryguides, and design improvements.

Servicesrequiredof the constructionmanagementwill be easedsomewhat because

of familiaritywith thePWR systems. Basedupon theseconsiderationsand the

capital-intensivecostbase,Account92 costsare takento be 8% of theTDC.

Associatedwith other costs (Account 93) are taxes, insurance,staff

training, plant startup, and owner’sGeneraland Administrative(G&A)costs.

Most of theseitemsscaledirectlywith the direct capital expense, and the

CRFPR(20) estimate, therefore,adopted the recommended5% of TDC for Other
4 for an update and re-standardizationofCostsolA proposal the indirect cost

accounts is presently under review by the fusioncommunityand has not been

implementedintothe CRFPRcostpackage. The new methodologywould increase

[
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implementedinto theCRFPRcostpackage. The new methodologywould increase

indirectcostsfromthe 23% value, used in thisstudyand for STARFIRR13to 35%.

B.1.4. Time-RelatedCosts

Time-relatedcosts are incurred because the fabrication,installation,

construction,checkout,

expenses are related

purchasingpowerof the

allowance for funds

and startupoccurovera finiteperiodof time. These

to the opportunitycostof moneyand the changesin the

dollarwith respectto time. Account94 represents the

used during construction(AFDC) or interest during

construction(ID@e The IDC is the expenseof the interestchargesof financing

the debt,the chargeson the equity(commonstock)portionof the financing,and

any administrativechargeson the financing.The interest during construction

is determinedby threeelements:the totaldirectand indirectcapitalcost of

the facility,the time distributionof the capital expenditures,and the

aggregate interestrateon all financingcharges. The timedistributionof the

capital expendituresis dependent upon the construction schedule, the

constructiontechniques,the material and equipment purchasesand progress

payments,and the checkoutand startupschedule. The expenditurepattem1S13

shown in Fig. B-1 is adopted by this study. At a point60% throughthe

constructionperiod,one-halfof the directcostshave be,enincurred.

The aggregateinterestrateis representativeof a privatelyownedutility.

The following assumptions are used as a basisfor determiningthe cost of

capital:

●

●

●

●

●

●

Utilityis investorowned.

Capitalstructureis 53% debt financtng and 47% equity (common stock)
financing.

Nominalcostof debt financingis 8% per year.

Nominalcost of equityfinancingis 14% per year.

Powerplanteconomiclifetimeis 30 yr with no salvagevalue.

Costescalationand generalinflationis 5% per year.

Given these assumptions,the nominalcostof capitalis 10% per year,and the

real (deflated)cost of capitalis 5% per year.
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expenditurepattern.1,13

Two modesof economicanalysisare utilizedin thisstudy. The firstmode

is a “constant-dollar”mode,whichassumesthepurchasingvalue of the dollar

remainsconstantovertime. This constant-dollaranalysisexpressesthe costin

1980dollars. The inflationis assumedto be zeroand the costof capitalis 5%

per year. The secondmode of analysisuses the “then-current-dollar”modewhich

assumesthatpurchasingvaluechangesover time(inflationrate is not zero).

The costof capitalfor thismode is 10%per year,and the escalationis 5% per

year. FigureB-2 illustratesthemeansby which interest and

additive to the direct and indirect cost of capital. The

assumedfor interestand escalationhave been standardizedl-3
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o

Fig. B-2. Comparisonof constantand
constructionperiod.1$13

purposeswith otherfusionstudies and

interest and inflation fluctuations.

then-currentdollar

are not intended

1985

EDC

IDC

.

analysesfor a 5-yr

to reflect actual

The multipliersof the directcostas a

functionof constructiontimeare illustratedin Fig.B-3. All costs reported

in Accounts 20-26 and 91-93are presentedin 1980dollars,and all effectsof

cost of capitaland escalationduringconstructionare reported, respectively,

in Accounts 94 and 95 as factors of totaldirectand indirectcosts.1 The

then-current-dollaranalysisgivesessentiallya nominal first-yearfacility

cost,with escalationonlycomputedduringconstruction.
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.

Care shouldbe exercisedwhen comparingthe costof CRFPRto

construction

thatof other

energysources. Key factorsinvolvethe costbasisof the estimate(usuallythe

start of construction),the lengthof construction,the basisfor the costof

capitaland escalation,and the presentationmode of the facility economics

(e.g., constant, then-current,or levelized).Any new energysourcepresently

startingconstructionwill certainlycostmore thanan existingenergysourceas

a result of inflation. Any comparison,therefore,shouldonlyconsidernew

startson alternativeenergysources. Also, the preliminarynature of the

present ‘CRFPRcostestimates,basedon incompleteengineeringdesigns,is again

emphasized,this uncertaintybeing reflected both in uncertain physics

performance(i.e.,UDC)and plantavailability(i.e.,COE).
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B.1.5. Key Design,Performance,and OperationalFeatures

Several key features of a powerplantdirectlyinfluencethe capitaland

operationalcost* TableB-III lists the major design, performance, and

operationalfeatures that can significantlyaffectthepowerplanteconomics.

The CRFPRdesignphilosophyassumes a developed fusion-energyindustry, as

reflected by several design features: steady-stateoperation,enhanced

maintenanceaccess,and limiter/vacuumimpurity-controlsystem. These features

remain to be thoroughlydemonstratedbut wouldbe qualitativelytypicalof the

designfeaturesneededfor a fusionpowerplant.

Steady-stateoperation of the CRFPR reactor relieves thermal-fatigue

problems and increases the system reliability.Steady-stateoperationalso

eliminatesthe needfor thermaland electricalenergystorage. These features

are particularlynecessary for the high-power-densityCRFPR(20).Commercial

operation also requires adequate maintenanceaccess. The decision to

incorporatefully remote,single-piece

hot cellexertsanotherstronginfluence

the viewpoint of plantavailability.

TABLE

maintenancein the reactorbuildingand

on systemeconomics,particularlyfrom

Remotehandlingis presentlyundergoing .

B-III

CRFPRDESIGN,PERFORMANCE,AND OPERATIONALFEATURES

A specificdesigntechnologydictatedby past

constructionand operatingexperience

Moderateaspectratiodevice

Batch(single-piece)maintenanceof FPC

reactortOrus(FW/B/S/TFC)

Steady-stateoperation

Ohmicheatingto ignition

Limiter/vacuumimpurity-controlsystem

Copper-alloyhigh-heatfluxsurfaces

High neutronfirst-wallloading(Iw- 20 MW/m2)

Reactorthermalpoweroutput- 3500MWt

Dual-mediaPbLi/H20primarycoolantloop

No intermediatecoolantloop

Plantavailability-0.76

Low fuelcost,typicallyexpectedof fusion
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rapiddevelopment,and it is assumed that the necessary equipment has been

developedand is beingutilized.

System redundancy, steady-state operation, ease of reactor torus

replacement,and developmentof reliablecomponentsshould permit the assumed

overall plant availabilityof 76% for the CRFPR designs. This plant

availabilityalso includes a major 120-day shutdown every ten years.

Steady-state operation should considerablyimprove reliabilityfor the

applicationof economicallyoptimum engineeringsafety factors. The plant

availabilityis reducedfrom 100%becauseof outagetimefor scheduled,t~,and

unscheduled,tu, maintenance periods. The plant availability equals

(365- tu - ts)/365,

outagetimehas been

120 days every 10

availabilityof 76%,

where tu and ts are expressedin days. The scheduled

estimatedas 28 daysper reactor-toruschangeout,including

yrs for turbine-generatoroverhaul. To achievethe target

the unscheduledoutageis set at 60 daysper year.

The periodicfirst-walland blanketreplacementis an importantoperational

feature. An integral neutron first-wall loading or lifetime of

Iwz = 15 MWyr/m2, an averageneutronwall loadof - 20 MW/m2, and an overall

plant availabilityof 76% yielda first-walllifeof approximatelyone calendar

year. The remotemaintenancescenariois designedto accomplish the required

single-piecereplacementwithinthe annualmaintenanceperiod. Estimatesgiven

in Table4-IIof Sec.4. indicatea wide margin exists in achieving these

goals.

An attractivefeatureof aDT fusionpowerplantis the low costof fuel.

Deuteriumis estimatedto cost2200$/kg. Adequatetritiumwouldbe bredby the

reactor and, therefore,is not consideredas a costitem. The futuretritium

costwillbe dependentupon the then-currentsupplyand demandfor tritium but

will unlikely ever decrease below the costof processingand handling. The

startupcostfor trftiumhas not been takenintoaccount?

B.1.6.Costof Electricity

All prioranalysesare utilizedto calculatethe

available from theCRFPR(20)fusionpowerplant. The

evaluationtoolto optimize(Sec.6.2.)and to compare

bus-bar cost of energy

COE is themost important

with alternativeenergy

sources. Both constant-1980and then-current-1985

evaluatetheCRFPReconomicparameters.The general

cost is givenby
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cA~+ (Co&M+ c~cR+ CF)(l+ E)p
COE =

8760pEpf s (1)

where

COE = Cost of electricityin constantor then-currentdollars
(mills/kWeh),

CAC = Annualcapitalcost charge,equalstotalcapitalcostmultiplied
by fixedchargerate(0.10for constant-dollaranalysisor 0.15
for then-current-dollaranalysis),

cO&M= Annualoperationsand maintenancecost, C40+ C41+ ... + C47,

CSCR= Annualscheduledcomponent

CF = Annualfuelcosts,C02 and

E = Escalationrateequals0.0

replacementcost,C50+ C51,

C(33, ,

for constant-dollaranalysisand 0.05
for then-current-dollaranalysis,

P = Constructionperiod(yr),

‘E = Net plantcapacity(MWe),and

Pf = Plantavailabilityfactor.

The essential elementsof theCRFPRcost databaseare summarizedin Table

B-IV,updatingthe databasesummarizedin TableIII-IVof Ref. 12. A number of

minor changes and severaloffsettingmajorchangeshavebeen introduced,with

the formerbeingsummarizedin Sec.6.1. and the latterbeingsummarizedbelow.

Most of the latterchangesreflectattemptsto adoptproceduresfromor rectify

differencesbetweenthe STARFIRE13and MARS18designs,as well as to include

betterestimatesemergingfrom thisfollow-onstudy(i.e.,reactorvacuumvessel

and pumps,reactorroom,pipe runs,reactorbuilding,etc.).

For purposesof costing in the parametric systems model, the reactor

building is divided into a variable-volumereactorcell,housingthe FPC and

vacuumtank,and a fixed-volumeregion,housing the dual-mediaprimary heat-

transfer/transportloops. The volumeof the latterportion,consistentwith the
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ACC. NO

20.

21.
21.1
21.2
21.3
21.4
21.5
21.6
21.7
21.98
21.99

22.
22.1
22.1.1
22.1.2
22.1.3
22.1.4
22.1.5
22.1.6

22.1.7
22.1.8
22.1.9
22.1.10
22.2
22.2.1
22.2.2.
22.2.3.
22.3
22.4
22.5
22.6
22.7
22.98
22.99

23.
23.1
23.2
23.3
23.4
23.5
23.6
23.7
23.98
23.99
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—.—.— - ---TABLEB-IV

SUMMARYFUSIONREACTORCOSTDATABASE(a)

ACCOUNTTITLE

Landand landrights

Structuresand sitefacilities
Site improvementsand facilities
Reactorbuilding
Turbinebuilding
Coolingstructures
Powersupplyand energystorage
Miscellaneousbuildings
Ventilationstack

Spareparts(2%)
Contingency(15%)

ReactorPlantEquipment
ReactorEquipment

Main

Blanketand firstwall
Shield
Magnets
Supplementalheatingsystems
Primarystructureand support
Reactorvacuumsystem

Powersupply(switching& energy
Impuritycontrolsystem
Directenergyconversion
ECRHBreakdownsystem
heat transfersystem

(M$,1980)

3.3

11.15
3(1(3)-4VRB+ 39.5
33.5

7.13(P /1000)0”3
9.!8
76.5
1.81

0.31v
0.105OL
0.292V;m
0.0

;“~;;5‘STR+

7“0.83 ~:/250)
storage) 0.04PE

0.0026~vAc
0.0
2.82

Primarycoolant(PbLi)
Intermediatecoolantsystem

0.035 Pm (1 - fw)
0.0

FW/Limiter/Shieldcoolantsystem(H20) 0.035P fw
Auxiliarycoolingsystems 6.7(10)~ pTH
Radioactivewaste treatment 1.2(10)-3Pm
Fuelhandlingand storage 9.65(10)-3pTH
Otherreactorplantequipment 1.09(10)-2pTH
Instrumentationand control 23.41

Sparepartsallowance(2%)
Contingencyallowance(15%)

Turbineplantequipment
Turbine-generators
Main steamsystem
Heat rejectionsystems
Condensingsystem
Feedheatingsystem
Otherturbineplantequipment
Instrumentationand control

Sparepartsallowance(2%)
Contingencyallowance(15%)

59.9 (pET/1000)0”7
4.80 (P~/2860)
33.0 (P~/2860)0*8
~308(PET/1000)009
7.55 (P~/2860)oo6
40.9 (PET/looo)
7.80 (PET/1000)0*3

[

I
I
I
I
I
I
I
I
f
I
I
1
i
I
I
I
I
f



I
I
I
I
I
I
I
I

I

I

I

I

1
I

I
I
I
I
I

ACC. NO

24.
24.1
24.2
24.3
24.4
24.5
24.6
24.7
24.98
24.99

25.
25.1
25.2
25.3
25.4
25.98
25.99

26.

90.

91.

92.

93.

94.

95.

99.

TABLEB-IV

ACCOUNTTITLE

(cent)

Electricplantequipment
Switchgear

Stationserviceequipment
Switchboards
Protectiveequipment
Electricalstructuresandwiringcontainers
Powerand controlwiring
Electricallighting

Sparepartsallowance(4%)
Contingencyallowance(15%)

Miscellaneousplantequipment
Transportationand liftingequipment
Air andwaterservicesystems
Communicationsequipment
Furnishingsand fixtures

Sparepartsallowance(3%)
Contingencyallowance(15%)

SpecialMaterials

Totaldirectcost (TDC)

Constructionfacilities,equipment,and services

(M$, 1980)

806 (pT/lt)oo)
14.2.(1E/1000)

75.4 (PET1000)
2.11
16.4
33.9
8.2

15.68
12.35
6.22
1.20

0.25+ 9.5(l@-3~bLi

(lo%)

Engineeringand constructionmanagementservices(8%)

Othercosts(5%)

Interestduringconstruction,(IDC,10%/yr)

Escalationduringconstruction,(EDC,5%/yr)

Totalcost

(a)Grosselectric,‘~T~net electric,pE, and totalthermalsp~~ powersgiven
in MW. Volumetrc V(m3)abbreviationsor correspondingmassM(tonne)costs
for the fusionpowercore (FPC)and relateditemsare givenas follows:

;::::: :::::::: @): $:fJ)rs)2(12rs) + 1“55(10)’‘m’)
(m3)Shield,VS s

YMagnet,Vc m )
Structure,Vs ~(m3)

4Vacuumtank, c=

4

(0.07)(7.8)2m[(~ + r + 3)2+ (R+r + 3)(4rs)](tonne)
PbLi coolant, bLi = (0.95)(1.09)VBL(9.4!+ 4,525(tonne!
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layoutdepictedin Fig.4-1, is estimatedto be 1.55(10)5m3 and is similar to

that of the STARFIRE design.13 me reactorroomis modeledby a rectilinear

enclosureextendinghorizontally9 m beyondthe FPC witha height approximately

6 timesthatof theFPC, such thatVRB = [2(%+ rs + 9)]2[12rs] m3. The basic

buildingstructure(Account21.2.1.)is costedat 300 $/m3,a valueintermediate

between that of STARFIRE13and MARS,18 to whichIs added2 M$ for building

services(Account21.2.2.),30 M$ for containmentstructures(Account 21.2.3.),

and 7.5 M$ for architecturalcosts (Account 21.2.4.). Previous CRFPR

studies12S19usedSTARFIRE-likeunit costs(- 500 $/m3) applied to a smaller

buildingvolumeestimate.

A treatment of the CRFPR blanketin termsof a drainedPbLi tank (HT-9

structure,5 v/o at 7.75tonnes/m3)replaces a treatment of a smeared

blanket/shield/vacuumplenum with a density5.5 tonnes/m3.A separatelimiter

and manifoldingmass has beenadded. The unit cost is 40 $/kgfor these items.

As formost of the costingadjustmentsreportedherein,thesechangesreflecta

better-resolvedFPC design.

The CRFPRvacuumsystemcost includes the cost of the vacuum cryopump

system,9,13 which scales with He exhaust gas throughoutand is, therefore,

proportionalto fusionpower[i.e.,0.83M$ (PF/250MWt)],and the cost of the

vacuum tank enclosure, whichis takento be a 0.07-m-thicksteelcylinderwith

an estimatedradiusof ~+ rs + 3 m, a height of 4rs, and a unit cost of

15 $/kg,wherers = rw + Ab + 6C is thesystemradiusand ~ is themajorradius

of the reactortorus. Thismodelsupersedesthevacuummodel used to perform

the parametriccalculationfor Sec.6. and adds- 10 M$ to the costof this

item.

The CRFPRMainHeatTransfer System includes a PbLi loop serving the

blanketand a pressurized-waterloopservingthe firstwall/limiter/shield.The

fractionof thermalpowerdeliveredto the pressurized-waterloopis denoted by

fw= 0.47 (Fig.3-1, Table3-I). The costof thePbLi loop (Account22.2.1.)is

estimatedto be 3.40(10)4PTH(l- fw)M$ and thatof thepressurized-waterloop

(Account22.2.3.) is estimatedto be 3.5(10)4P~ fw M$, theseestimatesbeing

calibratedby the dual-mediaMARS design18 with a reduction of 80% of the

dominant piping costs of thatdesignto reflectthe shorterpiperunsin the

CRFPR(20)case. Thismodelresultsin a - 50M$ increase in cost over the

pressurized-waterMainHeatTransferSystemin STARFIRE.13S16The PbLi inventory

I
I

I
I
I
i

f

I
I
I
I
b
1
I
I
I
I
1
I
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I
I
I
1
I
I

I
I
I
I
I

I

I
I
I
I
I
I
I

in the systemconsistsof 95% of the blanketvolume,correctedby a factor of

1.09 to account for theFPC ductsconnectingthe blanketthroughtheTFC/PFC

sets to themainPbLimanifolds. To this variable volume is added a fixed

inventoryof 4,525 tonnesfor the primary-loopinventory,a valueestimatedfrom

Fig. 4-1 and assumedto be relativelyconstant over the parameter range of

interest. ThePbLi densityis 9.4 tonnes/m3and its unit cost (90%enriched)is

takento be 9.5 $/m3,a valueintermediateto those of UWTOR-M15 and MARS18

estimates,both beingcloseto eachother. The costof theprimary-loopPbLi is

reportedunderSpecialMaterials(Account26), insofaras it is salvageableand

reuseable(oncecleanedof Po210).

The first-wall/blanket/limiterreplacementcostestimateappliesa factor

of two to the direct cost of these components to allow for the

handling/replacementof the spent reactor torus. For an assumed first-

wall/limiter/blanketlifeof Iwz = 15 MWyr/m2 at a cost-optimizedfirst-wall

loading Iw= 20 MW/m2 and a plantfactor= 0.76, routinereplacementoccurson

an annualschedule. Account50. represents- 3% of the base-caseCRFPRCOE and

is distinct from the nominal annual O&M charge (Accounts 40-47, 51)

conservativelyestimated2to be 2% of the directcost. This scheme costs the

first reactor torus twice, and creditfor any reactor-toruscomponentreuse

(i.e.,TFCS or shield)is not taken.

B.2. SampleCost-CodeOutput

Outputfromthe costcodeincludesa cost-databasesummary. TableB-V is a

typical examplefor the CRFPR(20)with citedreferencenumberscorrespondingto

the listat the end of thisAppendix. In addition,a detailedcost summary, as

shown in TableB-VI, is given. A global recapitulationof themajorcost

accountsand CRFPRmajorparametersis includedat the end of TableB-VII along

with theCOE estimatebasedon constant(1980)and then-current(1985)dollars.
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TABLEB-VII (Cent)

reversed-+ield pinch reactor calculations
plasma parameters

minor plasma radius (m)
major plasma radius (m)
plasma aspect ratio
Plasma current (MA)
toroidal current density (MA/m2
plasma density (1.0e20/m3)

~~;%~ %%%~?.%r?l~!~~~ s/m3)
energy confinement time (s)
Lawson parameter * t2 (1.0e22 s
alcator coefficient (1.Oe-21)
poloidal beta

)

keV2/m3)

theta parameter
reversal parameter
plasma[+irst-wall radius
‘tream’n~ Parameter (I.Oe-Iq ~ m,plasma o mzc dissi ation during burn (MN)

fPO oidal field quantities
coil thickness (m)
average minor radius of coil Cm)
mass of coil (tonne)
magnetic field level at the coil (T)
ma netic Field level at the plasma surface

1’PO oidal coil current (MA)
poloidal current density (MA/m2)
maximum energ~.stored in coil (MJI
ohmic dissi a Ion during burn (MN)
volumetric ~eating during burn (MW/m3)

toroidal field quantities
coil thickness (m)
average minor radius of coil (m)
mass of coil (tonne)
initial toroidal bias field (T)
reversed-toroidal field during the burn
maximum energy stored in the coil (MJ)
toroidal current density (MA/m2)
ohmic dissi ation during burn (MW)
volumetric ~eating during burn (MW/m3)

engi
ohmic q-value, qt
total thermal power
14.1-mev neutron 10:
14.1-mev blanket multiplication
2.45-mev neutron loading (MW/m2)
2:45-nev blanket multi
first-wall radius (m)
minor radius of system (m)
FPC (FW/B/S/C) mass (tonne)
s stem power density (MWt/m3)
F~C (FW/B/S/C) mass (tonne)

ineering summary

(MW)
ading (MW/m2)

PIication

system power density (MWt/m3)
mass utilization (tonne/MWt)
s ecific net power (MWe/tonne)
b?anket thickness (m)
mass of first wall/blanket (tonne)

(T)

)

0.705
3.879
5.500

17.731
1~.;;:

10:000
1.600
0.255
1.600
0.000
0.200
1.450
0.200
0.947
1.807
22.698

0.354
1.785

70:.:::

5:028
23.649
5.966

1167.577
88.428
0.915

0.088
1.564

153.087
g.:~:

76@~

19:193
0.915

25.907
3376.142

1:.<$:

0:000
0.000
0.745
1.961

1063.396
11.462

1063.396
11.462
0.315
0.940
0.775

42.833
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