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3. PARAMETRIC SYSTEMS STUDIES AND
DESIGN-POINT SELECTION

3.1. INTRODUCTION

The objective of the systems analysis activity is the systematic study and determi-
nation of plant operating parameters through economic analysis and optimization of the
power station, emphasizing the performance of the fusion power core. The fusion power
core (FPC) includes the plasma chamber, first wall, blanket, shield, coils, and associated
structure. The reference design points are chosen to meet overall design goals of the
TITAN study such as minimal cost of electricity (COE) and high mass power density
(MPD). In addition to the reference design points, trade-off and sensitivity studies were

performed to establish and characterize the “design window” for attractive RFP reactor
operation.

A parametric systems analysis (PSA) computer code is used for this study. This code
was originally developed for use in the Los Alamos compact reversed-field pinch reactor
(CRFPR) studies [1-3], and the cost data base was updated in the course of the Los
Alamos modular stellarator reactor, MSR [4] and spherical torus reactor, ATR/ST (5]
studies. Further updates of the cost data base made in the course of the TITAN study
are discussed in Section 3.3. Code models include steady-state surveys designed to assess
sensitivities and trade-offs related to various TITAN operating configurations and as-
sumptions. These models are benchmarked and calibrated against more detailed plasma

physics and magnetics models to provide a framework for the overall design process
(Figure 3.1-1).

The PSA code algorithm used in the CRFPR study (Figure 6.1 of Reference (3])
has been modified to treat the equilibrium-field (EF) and ohmic-heating (OH) coil sets
separately, allowing the consideration of superconducting EF coils. As indicated on
Figure 3.1-2, the PSA code identifies optimal reactor parameters for a specified net elec-
tric power, Pg, using a set of nested search loops centered on a convergence operation
for the engineering Q-value, Qg = 1/¢, where ¢ is the recirculating power fraction. This
innermost iteration procedure searches for the value of Qg that yields the specified Pg

for a given total coil thickness, §., as the split between the toroidal-field (TF) coil and
OH coil geometry is varied.
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Figure 3.1-2. Parametric systems analysis (PSA) procedure used for the TITAN study,
as adapted from CRFPR study methods [1-3].
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First, for a fixed geometry (including plasma major and minor radii and aspect ra-
tio), the inner loop finds the total TF coil and OH coil thickness, é., which produces
a minimum-COE design for the specified Pg. This procedure is repeated for different
values of plasma minor radius, 7,, to determine a higher-order (lower) COE minimum.
Generally, r, is used as a display variable, with the respective minimum-COE design
corresponding to a particular value of Pg and plasma aspect ratio, A = Rr/r, (Rr is
the plasma major radius). The outermost loop then varies A in search of an even lower
minimum-COE system although, within realistic bounds, the optimum in A is found to
be relatively flat for the RFP. These fully cost-optimized design points are then exam-
ined as a function of Pg and various physics, engineering, and economic parameters and
options. The results of this analysis identify preliminary design points which serve as
the starting points for engineering analysis. As this subsequent analysis characterizes the
global performance of various subsystems, the optional parameters of the PSA code are
updated to provide an evolving, self-consistent picture of the TITAN design points.

The PSA model geometry is illustrated in Figure 3.1-3. A moderate aspect-ratio
plasma is surrounded by a first-wall with radius, r,,. A conventional design fits a blanket
and shield annulus around the first wall followed by a resistive copper-alloy TF coil set
and a dominant resistive OH-coil set. An EF-coil set could be either superconducting
or normal conducting. The former option (used for TITAN) requires additional local
radiation shielding. The integrated blanket coil (IBC) option [13] is used in TITAN-I
(Section 3.4) which consolidates the TF-coil set with the blanket.

The PSA code initialization section, executed prior to the (A, Pg) search loops,
establishes the plasma physics conditions. A plasma density-weighted, volume-averaged
temperature, T (T, >~ T;), and corresponding Lawson parameter, n;7g, are selected. The
radial profiles of plasma temperature, density, and u(r) = p,j - B/B? are obtained from
empirical fits to the results of 1-D RFPBURN plasma simulations (Section 5.3). The
ratio of electron to ion density, n./n;, is calculated from an input value of Z.;.

Other input values include the poloidal beta, 8s ~ 2u.kp(n. + n;)T/BZ(r;,), the rever-
sal parameter, F' = By(r,)/(Bs), and a representative value of toroidal plasma current,
I,. Here p, is the permeability of free space, kg = 1.602 x 10718 J/keV is the Boltz-
mann constant, By(r), B4(r) denote, respectively, the flux-surface-averaged poloidal and
toroidal magnetic field, and (By) is the volume-averaged toroidal field. From these input
values, a self-consistent value of the pinch parameter, ® = By(r,)/(By), and the pro-
file enhancement (of fusion power, Bremsstrahlung, and ohmic heating) factors, g;, are

computed using a numerical equilibrium solver (Section 5.2) and the assumed plasma
density, temperature, and p profiles.
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The magnitude of the plasma current, I, is adjusted within the (.4, Pg) search loops,
as required. For a fixed value of n;7g, the ion density is adjusted to yield the required
fusion power, Pr, and neutron wall load, I,. For each particular geometric configura-
tion, the cost-optimized confinement time, rg(OPT), is determined at the minimum-
COE design point. These values of 75(OPT) are then compared with 7g(PHYS) o I3

(Section 3.2) to assess the accessibility of the tentative design point.

Section 3.2 summarizes the physics and engineering models used in the PSA code.
Section 3.3 describes the costing algorithms. The TITAN-I and TITAN-II design points
and sensitivities studies are presented in Sections 3.4 and 3.5, respectively. A summary

of the results of the systems-studies activity is given in Section 3.6.

Figure 3.1-3.
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The FPC model used to optimize and perform sensitivity studies of

TITAN reactors. The computational model loops through all FPC and
plasma dimensions in search of minimum-COE designs. The IBC op-
tion [13] combines the TF-coil set with the blanket in TITAN-I.
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3.2. MODELS

3.2.1. Plasma Physics Model

An RFP plasma is confined by a combination of a poloidal field, By, generated by a
toroidal current, I, flowing in the plasma, and a toroidal field, By, produced partly by
currents flowing in the plasma and partly by external coils. The distinguishing features
of the RFP are: (a) Bg ~ |B,| within the plasma, and (b) the toroidal field is reversed
and much smaller in magnitude in the outer region with respect to the value on the axis.
A fundamental property of the RFP is that the field configuration and the generation
of the reversed toroidal field is a natural consequence of the relaxation of the plasma
to a near-minimum-energy state. This relaxation process results in a close coupling
of poloidal and toroidal circuits through the plasma and allows the use of oscillating-
field current drive (OFCD) for steady-state sustainment. The RFP edge safety factor,
q = 7By / Rt By, is less than unity, creating the possibility of large plasma current density,
strong ohmic heating, and low magnetic fields at coils. Typical values of poloidal beta, 3,
equal or exceed 0.20, allowing high plasma DT-fusion power densities (> 70 MW /m?).
Energy confinement is assumed to scale as g o< [ ;rf,, where v ~ 1.0. These inherent
characterisitics of the RFP confinement concept lead to a high-power-density, steady-

state plasma configuration with a relatively weak external toroidal field and promise an
improved commercial reactor.

The TITAN systems model begins with a steady-state, point-plasma model, corrected
for profile effects. It is convenient to define a plasma-filling fraction, z = r,/r,, for the
circularized plasma in a toroidal chamber, where r,, is the minor radius of the first wall
and 7, is the plasma-core radius (z.e., to the separatrix). The parameter z is chosen to
anticipate the first-wall geometry and scrape-off layer thickness (r,, — rp,) in relating the
volumetric fusion power to the average 14.1-MeV neutron first-wall load.

The average plasma DT-fusion (17.58 MeV /fusion) power density, Pr/V,, is given by
Pr/V,(W/m®) = 2.186 x 1072 g n, n,(ov),., (3.2-1)

where n, .. is the average DT fuel-ion density (n, , = f, zn;), n; is the total ion density,
and g,, is the fusion-power profile correction factor. The values for the DT fusion
reactivity, (ov),,, are based on the recent Los Alamos experimental measurements and

temperature-dependent fitting function [14] in the range 0 < T < 20keV, with typical
results summarized in Table 3.2-1.
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Table 3.2-1.
MAXWELLIAN-AVERAGED DT FUSION REACTIVITIES [14]

Temperature, T Reactivity, (ov) (ov)/T?
(keV) (m3/s) (m3®/s-keV?)
0.5 5.58 x 10720 2.23 x 10728
1.0 6.71 x 10~%7 6.71 x 107%7
5.0 1.33 x 10728 5.30 x 10~%°
10.0 1.12 x 10722 1.12 x 1072
13.5 2.21 x 10722 1.215 x 10724 (@)
15.0 2.71 x 10722 1.20 x 10724
20.0 4.29 x 10722 1.07 x 10~
25.0() 5.95 x 10722 9.52 x 107%

(a) Maximum value.

(b) Out of the nominal range of the fitting function used.

Differences in physics assumptions between the TITAN study and earlier CRFPR
studies [2,3] are summarized in Table 3.2-1I. For purposes of the TITAN study, a lower
value of poloidal beta, 3¢, and flatter radial profiles of plasma temperature and density
have been assumed (the flatter profiles are a result of 1-D RFPBURN-code plasma sim-
ulations, described in Section 5.3). These profiles are displayed in Figure 3.2-1. The g
values reported in Table 3.2-II measure the peaked profile enhancement of fusion power

(9pr), ohmic heating (gomnr), and Bremsstrahlung (gggr) relative to the values obtained
from flat profiles.

Generally, the volume-averaged power densities are given by
P; = (Fi(r)) = (fi[B(r), j(r), n(r), T(r)]), (3.2-2)

where the subscript j denotes fusion, radiation, or ohmic-heating power density. The

systems model calculates volume-average power densities, P;, using average parameters;
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Table 3.2-11I.

COMPARISON OF PHYSICS PARAMETERS

OF RFP REACTOR STUDIES

Parameter CRFPR [2,3] TITAN
1 (r<r)
w(r)/1(0) BT e cr o) (Section 5.3)(@
Ty, —T*
T(r)/T(0) Jo(pr) (Section 5.3)(@
n(r)/n(0) Jo(pr) (Section 5.3)()
Ion temperature, T; (keV) 10. 10.
Electron temperature, T, (keV) 10. 9.5
Poloidal beta, 3¢ 0.20 0.20 (0.22)®
Pinch parameter, © 1.55 1.556
Reversal parameter, F' -0.12 -0.10
Fusion reactivity enhancement, g, 2.23 1.403
Ohmic-heating enhancement, gogam 5.08 2.924
Bremsstrahlung enhancement, gggr 1.52 1.172
Lawson parameter, ntg, (s/m?3) (¢ 1.60 x 10%° 1.92 x 10%°
Effective plasma charge, Z.¢; (%) ~ 1.0 1.69(4)

(a) Profiles of plasma parameters from 1-D simulations of Section 5.3.

(b) Includes contribution of fusion-product alpha particles (E, ~ 60keV) and

impurities (T'xe = T; = 10keV).
(c) At T ~ 10keV.

(d) Zegs = anZf/ > n;Z;, where j denotes the ion species.

Defining f; = n;/n;, typically fpr = fr = fp = 0.48484, f, = 0.0030, and
fxe = 0.00033 with Zx. = 45 for the partially stripped Xe impurity ions.
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Profiles of core-plasma normalized density, n, temperature, T, and

K = Hoj - B/B? as obtained from 1-D simulations (Section 5.3).

all profile information is contained in the profile-enhancement factors g;, where

Pj:gjf.‘i(<B>7 (J)a (n), (T>)

(3.2-3)

Henceforth, these quantities are volume-averaged and ( ) is dropped except otherwise
specified so that the notation can be simplified.

The average current density, plasma density, and temperature used in Equation 3.2-1

are defined as follows:

Jé

L

2 (3.2-4)
%’; [ nryrar, (3.2-5)
2r_ [ T(r)n(r)rdr, (3.2-6)

n A, Jo
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where I, is the toroidal plasma current and A, = 72 is the plasma minor cross-sectional
area. The profile factors are then defined as

27\' Tp
g.‘l = PJ Ap o P](r) Tdr . (3.2_7)
The ohmic-heating profile correction factor, for example, becomes
2r fr, ‘2 ”
oHM m(n, T)IZ A, n(r), T(r)] |Je(r) + Jo(7)| rdr, 3.2-8
s T T, J M) TN (i3 + 53] (3.28)

where 7 is the classical Spitzer resistivity (o< Z.s;T."%/?).

The profiles of fields and current densities in the plasma are found using the ideal
MHD equations,

VxB = p,j= UO(jII +Jj1), (3.2-9)
jxB = Vp, (3.2-10)

where jj and jy are, respectively, the components of the current density parallel and
perpendicular to the magnetic field. It is the natural tendency for the RFP configuration
to relax to a force-free Woltjer-Taylor minimum-energy state [15,16]. These relaxed
states are characterized by the reversal parameter, F', the pinch parameter, ©, and the
parameter pu(r), where

F = i‘g:;’), (3.2-11)
® = %’é’;—‘;l, (3.2-12)
u(r) = &i(%;B&, (3.2-13)

with B, and Bg being flux-surface-averaged quantities. Typically, u(r) is constant within
the central plasma and decreases to zero across the cold plasma edge, where the highly
resistive edge plasma cannot support large current densities.

The parallel and perpendicular component of the current density can be found, respec-

tively, from the definition of u(r) (Equation 3.2-13) and the ideal MHD pressure-balance
Equation 3.2-10 to be

. (-B)B

J = T  =Hr)B, (3.2-14)
Vpx B
j. = RxX= (3.2-15)

B2
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Substituting for the components of the current density in Equation 3.2-9 and expand-

ing the resultant equation in the cylindrical coordinates yields the following working
equations:

8B¢ . 8}) B¢
- = Hojo = o o, 3.2-16
e Hod = 11Bo + o 5~ 5 ( )
r 8T(TB6) = HMol¢p = IJ’Bd) — Mo 5; B2 . (32—17)

These equations are derived based on a large aspect-ratio approximation. For a given
p and pressure profiles, these equations yield the components of the magnetic field.
Usually values of poloidal beta, (3, toroidal plasma current, Iy, and either reversal or
pinch parameters are specified as the boundary conditions. The plasma-surface-averaged
poloidal magnetic field, By(r,), is approximated by

_ o1
Bo(r,) = Eo=¢. (3.2-18)

2w,

Except for special cases, such as the Bessel-function profiles, these equations must be
integrated numerically (Section 5.2).

The plasma self-inductance, L,, can be approximated by

8R l;
L,(H) = poRr [m( T) +3 —2.0] , (3.2-19)

Tp

where I[; = (BZ) / BZ(r,) is the plasma internal inductance per unit length normalized to

to = 4m x 107" H/m. The vertical field, By, required to maintain the plasma toroidal
equilibrium becomes [17]

poly 8Rr L, 3
= ——— _— — - ,2- 0
By(T) rym {1n<rp)+/39+2 5| (3.2-20)

which must be provided by the EF-coil pair (Section 4.6).

As implemented in the PSA code, the plasma inductance is expressed as a sum of
an external inductance, L, .., and an internal inductance, Ly i, (i.€., Lp = Lpin + Lpez)-

The external inductance is taken to be that for a wire with the same dimensions as the
plasma [18]:

Lyes = poRr [m(gRT) _-2.0] . (3.2-21)

Tp
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The plasma internal inductance, as derived from results of the 1-D equilibrium calcula-
tion, is given by

1 . P2
Lp,in = E I:ZWRT(Wg + Wq_!,) — 2Lo] y (3.2—22)

where the internal magnetic energies, Wy and Wy, the toroidal magnetic flux, ®, and the
vacuum toroidal inductance, L, are given by

Wy = — /r” B2 ,(r)rdr (3.2-23)
Ho JO '
& = on /rqus(r)rdr, (3.2-24)
0
et} s
L, = SRy (3.2-25)

Neglecting corrections for Z.s¢s > 1, the plasma pressure balance can be written in
the approximate form

2% 1/2
I, = 2nr, Gon , (3.2-26)

where the average plasma pressure is p ~ 2nkgT and kp is the Boltzmann constant. The

plasma line density is N = n7r2 and the streaming parameter £ = vp/vrae < I/NV/T.,
where vrg. = (2kpT./m.)/>.

The PSA code searches for minimum-COE design points satisfying the steady-state
burn condition, while balancing the plasma ohmic and fusion-product alpha power inputs
against combined radiation and transport losses, such that

Poum + Py = Prap + Prr, (3.2-27)

at a profile-corrected Lawson parameter, nrg, that is consistent with the stipulated
plasma density and temperature profiles and the average plasma operating tempera-

ture, T' [19]). The prompt alpha-particle loss to the first wall is expected to be negligible
for typical RFP-reactor plasma currents of 15 to 20 MA.

The plasma ohmic power, Pogar, is given by

Poum = goum I3 Ry = gormm) is Vo (3.2-28)

where R, is the plasma resistance and V,, is the plasma volume. The TITAN reactors
operate with a highly radiating plasma. A fraction frap = Prap/(Porm + P.) =~ 0.95
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Table 3.2-III.

RFP ELECTRON ENERGY CONFINEMENT
SCALING PARAMETERS®

v C, (s/m?-MAY)
1.50 0.1400
1.40 0.1140
1.25 0.0837
1.20 0.0614
1.10 0.0620
1.05 0.0554
1.00 0.0500
0.90 0.0407
0.80 0.0331

(a) T8 = 2(1/7Be + 1/78:) 71,

TEe = C, I3 135 TBi = 47E.

of plasma power is radiated uniformly to the first wall to reduce the heat flux on the
divertor-plate surfaces to a manageable level. Simultaneously, the plasma temperature
and density in front of the divertor plate are reduced such that the sputtering of first-wall
and divertor-plate structural surfaces is acceptable (Section 5).

The RFP electron energy confinement time, 7g., is assumed to scale from values
obtained in present-day experiments (Section 2.3.5) according to

T.(PHYS) = C, Iy} f(B) (3.2-29)

with typical values of the current scaling exponent, v, and the corresponding numerical
coefficient, C, summarized in Table 3.2-11T and Figure 2.3-20. The function f(3¢) models
the soft beta limit and is assumed to have a value of one for beta values below the beta
limit and going to zero when the maximum beta value is exceeded.
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The electrons lose energy by radiation and conduction (convection), while the ions
lose energy only by conduction (convection). The total loss from the plasma, P, is
1.571,,' kB Ti 1.57’1.,3 kB Te
TEi - TEe
where it is assumed that 7g; ~ 7.; >~ 47g. is the ion energy confinement time and 7g. is
the electron energy loss time given by Equation 3.2-29 above, which also includes the
radiation losses (Section 5). For n =n; ~ n, and T = T; ~ T., and defining the plasma

internal energy as W, = 3nkgT, the global plasma-energy loss rate can be rewritten as

P = , (3.2-30)

\

W, 3nkgT /1 1 .
p= -2 (—— ) . (3.2-31)
TE 2 TEi  TEe
Therefore, the global energy confinement time, 75, is given by
1 1\t
TEi TEe

In the limit 7g; — oo, 75 = 27g., and for Tg; = Tge, TE = TEe. A typical result for the
TITAN design points is 7 >~ 0.2s.

The global energy confinement time of a minimum-COE design point, 7g(OPT), at
Pg ~ 1,000 MWe as determined from the PSA code is typically consistent with v ~ 1.0.
Smaller output reactors with smaller values of r, typically require v > 1.0 (i.e., better
intrinsic energy confinement). The effective global diffusivity is defined for parabolic
temperature and flat density profiles such that xg = (3/16)r3 /7g. The confinement time
parameter space for the TITAN-I reference design is illustrated in Figure 3.2-2. A viable

design requires Tg(ECON) < 75(PHYS), so that only a sufficiently high value of v is of
interest.

In steady state, the fusion alpha-particle confinement time, 7,4, is defined by
. Ng
Ne = 0.25g,.n7(ov),, — — =0, (3.2-33)
Tpa
The impurity control and particle exhaust system should be designed to have adequate
pumping efliciency to remove the alpha ash. The fuel-ion fractional burnup, fg, is given

by

fB = (1 + 2 )_ : (3.2-34)
9pr ni<av>DT Tpi

A typical result for a TITAN design point is fg ~ 0.06.

The PSA code couples the above-described physics model with engineering and models
described in the following subsections. Elaboration of the physics basis and related issues
of the TITAN study is found in Sections 2 and 4 through 8.
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design point is denoted by the filled circle.
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3.2.2. Reactor Engineering Model

Given a stipulated target for the net electric-power output, Pg, the thermal-power
output, Pry, is determined for a nominal value of the thermal conversion efficiency, nrm,
such that Pg = nry(1 — €)Pry, where € = 1/Qg is the recirculating power fraction. The
gross electric-power output is Pgr = nrgPry. A fraction fayx of Pgr is allocated for
auxiliary functions, such that Psyx = fauvx Per. A fraction foump of Per is allocated for
primary-coolant pumping power, such that P,,mp = fpumpPer. Of this latter contribution
to the recirculating power, it is assumed that 0.85 Ppymp is recoverable as useful thermal
power in the primary loop. The plasma ohmic-heating power, Pogpr, joule dissipation in
the respective resistive coil sets, PRz and P{., and current-drive power, Pcp (including
Porn) complete the components of recirculating power for the TITAN. Power dissipation
attributable to OFCD in the various coil sets and in the first wall, blanket, and shield
is calibrated by separate calculations (Section 7). If the EF coil is taken to be super-
conducting, PJp = 0. Additionally, following the start-up transient, the OH-coil current

would be slowly ramped to zero, such that for purposes of the average steady-state power
balance, Pg; = 0.

The engineering Q-value figure of merit, Qg, can be written as

1 MyPy + Py + Popnr + 0.85Ppump + PIQBC
QE = — = NTH Q Q )
€ Paux + Poump + P#r + Ppr + Pep

(3.2-35)

where My is the blanket neutron energy multiplication ratio and is found from neutronics
calculations to be 1.2 for the TITAN-I design (Section 10.3) and 1.36 for the TITAN-II
design (Section 16.3). For the TITAN-I design with the IBC option [13], the dissipated

power, PfL., in the resistive TF and divertor IBCs is also included in the useful thermal
power, Pry.

The average 14.1-MeV neutron first-wall load, I,,, is given by

14.06 PF:B
17.58 4724 rg ’

. (3.2-36)
where Pr is the DT fusion power and « = r,/r,, is the plasma filling fraction. A nominally
constant scrape-off layer thickness is presently assumned such that r, = r, + 0.06 m for
TITAN designs. The ratio of the first-wall radius to the plasma radius is r,/rp, >~ 1.1
at the TITAN reference design points. The dependence of I, on r, for TITAN-I is
illustrated in Figure 3.2-3. For these reactors, the various components of Qg included in

Equation 3.2-35 adjust among themselves so that Qg itself is quite insensitive to FPC
size, as is also illustrated in Figure 3.2-3.
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erence design point is denoted by the filled circle.
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The resistivity of the copper coil is taken to be pc, = 2.0 x 1078 Qm at the coil oper-
ating temperature ~ 20°C. Typically, the effective resistivity is increased by 1/A., where
Ae =~ 0.7 is the assumed conductor filling fraction, pending a more detailed design of the
coil internals. The mass density of the copper coils is consistent with a composition
of 10% coolant, 10% structure, and 10% insulator (all by volume). A similar assump-
tion applies to the superconducting EF coils resulting in a effective coil mass density

of p. ~ 7300kg/m®. For superconducting EF coils, the maximum coil current density is
given by [20]

96 — Bg.
1 + (Be./12)15 7

where By, is the local magnetic-field strength, in units of tesla, calculated at the EF-coil
surface.

Jm(MA/m?) = (3.2-37)

The OH-coil set is sized by applying the start-up flux-swing condition,

L,I14(1+ fres) = Mgrpler + Moup,Alon, (3.2-38)

where Mgr, is the mutual inductance between the EF-coil set and the plasma, Moy,
is the mutual inductance between the OH-coil set and the plasma, Alog = I$y — Igy
is the change (swing) during the start-up rise time, 7g, of the OH-coil current from its
initial (back-bias) value I5g to its value at full plasma current, Ij;. After the OFCD
system is fully operational, the OH current is slowly ramped down to zero. The factor

frRES =~ 2gomm % TR (3.2-39)

Ly,
provides for resistive flux dissipation in the plasma during the start-up transient. The
parameter f¢ = I}/ | I5g | is used to characterize the symmetry of the bipolar current
swing and fg = 1 achieves a symmetric OH-coil current swing. Smaller values of fg

represent deeper initial back-bias current (i.e., larger I5;) and result in higher values of
OH-coil stress at back bias.

Both resistive and inductive factors contribute to the power supply requirements and
cost of the separate OH and EF-coil sets according to

L./R. Al
TR Ic ’

P. = I’R, (1 + (3.2-40)
where subscript ¢ denotes either OH or EF coils. The two-stage ramp-up of the TITAN
RFP draws power from the grid only during the slow second stage (~ 8 to 15s) which fol-

lows the discharge of the stored magnetic energy in the OH-coil set during the first-stage,
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Figure 3.2-4. Dependence of back-bias OH-coil von Mises stress at fg = Igg/Idy = 1.0
on plasma minor radius. The TITAN-I reference design is denoted by a
filled circle. The stress for fg = 0.2 approaches the nominal design limit
of 200 MPa.

fast-ramp phase (1 to 2s). Therefore, the PSA code approximates Aloy ~ (I + 3) MA
and Algr ~ (Ifp — 13) MA for purposes of Equation 3.2-40. A more detailed start-up
simulation is considered in Section 6.2.

The OH-coil stresses are estimated approximately using a von Mises stress [21] given

by
oon = (02 + 05 —2von o, 0)', (3.2-41)

where o, and oy are the respective radial and loop stress components and vomg =~ 0.3 is
the effective OH-coil Poisson ratio. A maximum upper limit to OH-coil stress evaluated
at the back-bias condition is taken to be oy < 200 MPa. The dependence of ocop on 7,
for TITAN-I is illustrated in Figure 3.2-4.



3-20 PARAMETRIC SYSTEMS STUDIES. ..

TITAN reactors operate at steady state using an OFCD system to maintain the
plasma current (Section 7). Factors calibrating the AC joule dissipation in the first wall,
blanket, shield, and coils have been calculated separately and incorporated into the PSA
model. The efficiency of the OFCD power supply is monitored by means of a circuit Q-
value, Q@ps >~ 100. The Prp term in Equation 3.2-35 represents the sum of these losses.

Drained blanket, shield, and coil masses are calculated using homogenized densities.
The FPC mass, Mppc, is used to compute mass utilization Mppc/Pry (tonne/MWt)
and mass power density, MPD (kWe/tonne), figures of merit (Reference [22] and Ap-
pendix C of Reference [5]). These figures of merit have been found to be useful, but

not rigorous, predictors of cost trends. Minimum-COE TITAN design points occur for
MPD ~ 800 kWe/tonne.

The small physical size and mass of high MPD reactors makes a single-piece main-
tenance procedure feasible. In this scheme, the entire reactor torus is replaced as a
single unit. Single-piece maintenance is expected to have a strong influence on the plant
availability. System redundancy, steady-state operation, ease of reactor torus replace-
ment, and development of reliable components should permit the nominal overall plant
availability of py ~ 76% for the TITAN designs. Steady-state operation should also con-
siderably improve reliability for the application of economically optimumn engineering
safety factors. The plant availability is reduced from 100% because of the outage time
for unscheduled maintenance, t,,, and scheduled maintenance, t, (days per year),

tu+t,
ottt

Ps = 365

(3.2-42)

The scheduled outage time, t,, is the maximum of the outage time for the maintenance
of the balance of plant, t,,, and the maintenance of the FPC, t:PC = 7,/t, where 7, is the
reactor-torus replacement time (in days) and ¢t = (I, 7)/(,pys) is the operational lifetime

of the FPC (in years) which is limited by the fluence lifetime of the first wall, I,,7.

To achieve the target availability, the unscheduled outage time, t,, is set at 60 days
per year, the scheduled maintenance of the balance of plant, t,, is set at 28 days per year,
it is assumed that scheduled maintenance of the FPC requires 7, = 28 days per reactor-
torus replacement, and a typical first-wall fluence lifetime of I,,7 = 15 MWy/m? is used.
For a plant availability of 76%, the operational lifetime is one year at I, ~ 20 MW /m?.
For lower wall loads, the lifetime of the FPC is longer than one year and the FPC can
be replaced during the scheduled maintenance time of the balance of plant. Then, the

scheduled outage time, t, = t,, = 28 days per year and the plant availability remains at
76% and independent of I,,.
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Figure 3.2-5. TITAN plant availability, ps, as a function of neutron first-wall load,
I,, for the indicated nominal parameters. At very high I,,, the FPC
change-out rate becomes large such that ps is penalized.

For wall loads higher than 20 MW /m?, the operational lifetime of the FPC is less than
one year and the scheduled outage time is t, = tfPC = r,/t, which results in a decrease

in the plant availability factor for high I,,. This dependence of ps on I, is expressed by

5 tumto _ g5  for S o L ym
365 (T.7) = 0.76
Py = (3.2-43)
365 —t, for Lo o Lo
365 + (I 7s)/(1wT) (I,T) = 0.76

and is illustrated in Figure 3.2-5. For wall loads such that I, < (I, 7)/ps, the annual
change-out of the FPC is assumed such that p; ~ 0.76. As I, exceeds I, 7/pys, the FPC
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minor radius for a radiation fraction of frap = 0.95. The TITAN-I ref-
erence design point is denoted by a filled circle.

change-out rate is accelerated and ps is penalized as is shown. It is seen that at very

high wall loads, the periodic first-wall and blanket replacement becomes an important
operational feature.

A high-power-density RFP reactor must operate with a highly radiating plasma to
distribute the plasma energy uniformly on the first wall and reduce the heat flux on
the divertor plates to a manageable level. The TITAN plasma radiates a considerable
fraction, frap =~ 0.95, of the combined plasma power, P, + Pognm (70% radiation from
the core and additional 25% from the scrape-off layer). Assuming three divertors with

area Aprv ~ 7m? (Section 11), the average surface heat load for TITAN-I design is
illustrated in Figure 3.2-6.
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3.3. COSTING

The estimated cost of electricity (COE) is the most important evaluation tool to
optimize and compare with alternative energy sources. The estimated COE is the object
function of the PSA code. Both constant-1986 and then-current-1992 dollar analyses are
used to evaluate the TITAN economic parameters for an assumed six years construction
time. The general equation for bus-bar energy cost is given by

Cac + (Coenr + Cscr + Cr) (1 +y)¥

COE = 3.3-1
8760 PE Dy ’ ( )

where

COE  Cost of electricity in constant or then-current dollars (mill/kWh),

Cac Annual capital cost charge, equals the “overnight” total capital cost
(TCC) multiplied by the fixed charge rate (FCR),
C; Cost of account 1,

Cogm Annual operations and maintenance (O&M) cost, Cyo + Ca1 + ... + Car,
Cscr  Annual scheduled component replacement (SCR) cost, Cso + Cs1,

Cr Annual fuel costs, Coy and Cos,
Y Annual escalation rate,
Y Construction period (year),
Pg Net plant electric-power output (MWe),
Py Plant availability factor,
26

TDC  Total direct cost = Z C;,

1=20

Cipc Interest during construction, Cy7 = frpc TDC,
Cgpc Escalation during construction Cegs = fgpc TDC,

98
TCC  Total capital cost = Z C;.

i=20
The detailed methodology for calculating the TITAN time-related cost factors is de-
scribed in References [20] and [23] and will not be repeated here. This description differs
from the U. S. fusion-reactor-community standards [24 - 26] used in the period 1980-1985
because of a slightly-different “s-shaped” spending profile assumed, but represents the
pending standard for U. S. fusion-reactor studies for the forseeable future [27]. Fixed
charge rate (FCR) values are summarized in Table 3.3-I. The reference TITAN case
assumed an annual inflation/escalation rate, y = 0.06/y, to give, under the standard
assumptions (23] an annual utility cost of money (COM) of = = 0.09/y, a constant-
dollar-mode levelized annual fixed charge rate (LAFCR) of 0.08/y, and a corresponding
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then-current-dollar-mode LAFCR of 0.136/y. Factors used to obtain interest-during-
construction (IDC) and escalation-during-construction (EDC) costs are summarized in
Table 3.3-II. The TITAN study uses the upper set of factors, consistent with y = 0.06/y
and ¢ = 0.09/y. The lower set, assuming y = 0.05/y and = = 0.10/y, is characteristic of

the older U. S. fusion-community standard [23 - 25]. Differences between the standards
are not large.

The direct cost account entries, C;, are obtained by applying relevant (installed) unit-
cost estimates (e.g., $/W, $/kg, $/m®), where known, to the calculated usage of these
items in the conceptual design, such that C;($) = u;($/unit) X;(unit). A learning-curve or

Table 3.3-1.

EFFECTIVE COST OF MONEY (COM) AND
LEVELIZED ANNUAL FIXED CHARGE RATE (LAFCR)©

Escalation Rate, y COM, z LAFCR
(%/y) (%/y) (%/y)
0 4.2 8.0%)(10.0)(ed)
2 5.8 9.7
4 7.4 11.6
5 NA NA (15.0)
6(%) 9.0 13.6(9) (16.5)()
8 10.6 15.8
10 12.2 18.1

(a) Reference [23].
(b) TITAN reference case for constant-dollar mode.
(c) Reference [20].
(d) Reference [24].

(e) TITAN reference case for then-current-dollar mode.
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Table 3.3-11.

TIME-RELATED COST FACTORS(® AS FUNCTIONS OF
CONSTRUCTION LEAD TIME

Lead Time, Y Capitalization Factors Interest Factor
(v) ‘ep (current-dollar) f! . (constant-dollar) fipc

For y = 0.06/y and z = 0.09/y:®

1 0.0788 0.0177 0.0556
2 0.1558 0.0287 0.0908
3 0.2386 0.0399 0.1274
4 0.3273 0.0513 0.1652

0.4224 0.0629 0.2042

6(c) 0.5244 0.0747 0.2444
7 0.6338 0.0866 0.2858
8 0.7511 0.0986 0.3284
9 0.8768 0.1109 0.3723
10 1.0117 0.1233 0.4176

For y = 0.05/y and = = 0.10/y:

1 0.0812 0.0297 0.0617

2 0.1558 0.0484 0.1011

3 0.2359 0.0676 0.1424

4 0.3217 0.0873 0.1853

5 0.4135 0.1076 0.2299

6 0.5120(%) 0.1282(<) 0.2761(4)

7 0.6174 0.1494 0.3240

8 0.7303 0.1711 0.3738

9 0.8512 0.1933 0.4254
10 0.9808 0.2161 0.4790

((1) fj =1 + f _;.

(b) ¢f. Table D.I, p. 237, Reference [20].

(c) TITAN reference case for Y = 6y construction time.
(d) cf. Reference [24]:

ftap = (Fipc + Fepc) = (0.316 + 0.190) = 0.506, f, o =0.129, fipc = 0.316.
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mass-production credit is taken for a “tenth-of-a-kind” commercial reactor installation,
consistent with U. S. fusion-reactor-design-community practice. Often, the cost data
base consists of cost-scaling relationships of the form

Ci(3) = (X5, (3.3-2)

where X can be either a descriptive variable (e.g., power, mass, volume) or a scaled
variable, X,/ Xgrgr, related to a reference value, Xggr of X;, and e; is an appropriate
scaling exponent (usually 0 < e; < 1). Equation 3.3-2 can be rewritten in the form

(o G(X)TY (X) _[ c; ] _
¥ (Xj)t== NG )l

(3.3-3)

which allows the definition of a (variable) unit cost

uj = [——(inj;_ej}, (3.3-4)

which is a dependent function of the descriptive variable, X;, itself. While the cost
accounting scheme allows for detailed cost breakdowns (to four levels), only a relatively
sparse, but comprehensive, subset of items are estimated reported explicitly. The cost
scaling exponents, e;, used in the TITAN study are typically consistent with those of
the U. S. nuclear-fission-reactor experience [28] and represent the inclusion of quality-
control costs associated with nuclear-grade (“N-stamped”) components. Potential cost
savings derived from the substitution of conventional (non-nuclear) components under the
condition of demonstrable inherent safety (Sections 13 and 19) are significant [29,30] but
controversial [31]. These savings (up to 25% on selected items) have not been included
in the TITAN data base. The essential elements of the TITAN cost data base [2,5] are
summarized in Table 3.3-III. Costs which date from sources using a 1980-dollar reporting
base are scaled to a 1986 reporting base using the multiplicative factor 1.348 [5].

For purposes of costing in the PSA code, the reactor building is divided into a variable-
volume reactor cell, housing the FPC and vacuum tank, and a fixed-volume region,
housing the primary heat-transport loops. The volume of the latter portion is estimated
to be 1.55 x 10° m® and is similar to that of the STARFIRE [32] design after escalat-
ing costs. The reactor room is modeled by a rectilinear enclosure extending horizon-
tally 9m beyond the FPC with a height approximately three times that of the FPC,
such that Vgp (m®) = 16(Rr + 7, + 9)? (6r,) + 1.55 x 10°. The basic building struc-
ture (Account 21.2.1) is priced at 300 m®, a value between that of STARFIRE [32] and
MARS [33] designs. To this value, 2MS$ is added for building services (Account 21.2.2),
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Table 3.3-II1.
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SUMMARY OF TITAN COST DATA BASE(®?

Acct. No. Account Title Cost (M$, 1980())
20. Land and Land Rights 3.3
21. Structures and Site Facilities
21.1 Site improvements and facilities 11.28
21.2 Reactor building 3.0 x 107*Vgrp + 39.5
21.3 Turbine building 33.5
21.4 Cooling structures 7.135 ( Pgr/1000)°3
21.5 Power supply and energy storage bldg. 9.16
21.6 Miscellaneous buildings 76.5
21.7 Ventilation stack 1.81
22. Reactor Plant Equipment (RPE)
22.1 Reactor equipment
22.1.1.1 Breeding material:
Liquid metal (LM): PbLi(¢®) (see Acct. no. 26.1)
Li(4f) (see Acct. no. 26.1)
Water solution: LiNO3(@9) (7.83fs,, +2.46) x 1073 M
22.1.1.2 Blanket and first-wall structure 0.0533 Mpy,
22.1.1.3 Be multiplier(9) 0.3338 Mg,
22.1.2 Shield:
V alloy(f) 0.1855 Msyp
Ferritic steel(9) 0.0157 Msup
22.1.3 Magnet coils:
Normal conducting 0.065 M,
Superconducting 0.130 M.
22.1.4 Supplemental (RF) heating systems(*) 1.65 Prr
22.1.5 Primary structure and support 0.1125 Vstr
22.1.6 Reactor vacuum system

0.015 M), + 2.5 (kg/d)
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Table 3.3-II1 (Cont’d)

PARAMETRIC SYSTEMS STUDIES. ..

Acct. No. Account Title Cost (M$, 1980(°))
22.1.7 Power supply (switching, energy storage):
Normal-conducting coils 18.55 $/kVA
Superconducting coils 296.7 $/(kVA)°®
IBCY) 37.09 $kVA
OFCD 37.09 $/kVA
Other 1.0
TF IBC busbars(f) 3.034
DF IBC busbars(f) 1.625
22.1.8 Impurity control system 0.66 Aprv
22.1.9 Direct energy conversion(®) 0.0
22.1.10 ECRH breakdown system 1.589
22.2 Main heat-transfer system
22.2.1 Primary coolant:
Li(9) u; = 0.2013 [Prg (1 — f,)]7%2 @
X; = Pru(1 — fu)
H,0@ u; = 0.1030 [Prg(1 — f,)]702 )
X; = Pru(1— fu)
22.2.2 Intermediate-coolant system u; = 0.1030 Pygy* @)
X; = Prg
22.2.3 Secondary-coolant system w; = 0.1030 ( Prg f,)7%2 ()
X; = Pra fuw
22.3 Auxiliary cooling systems 6.7 x 107* Pry
22.4 Radioactive-waste treatment 1.2 x 1072 Pry
22.5 Fuel handling and storage
22.5.1 Pellet injectors 3.709 M$ each x2 (f9:9)
22.5.2 Fuel processing system 0.5 (g/day)%”
22.5.3 Fuel storage 3.709
22.5.4 Atmospheric tritium recovery 0.2 (m®/h)%¢
22.5.5 Water-detritiation system:

TITAN-I
TITAN-II

140
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Acct. No. Account Title Cost (M$, 1980())

22.6 Other reactor plant equipment 1.09 x 1073 Pry

22.7 Instrumentation and control 23.41

23. Turbine Plant Equipment

23.1 Turbine generators 59.9 (Pgr/1000)%7

23.2 Main steam system 4.80 (Pry/2860)

23.3 Heat rejection systems 0.0632 (Prg — Pgr)°®

23.4 Condensing system 13.8 ( Pgr/1000)°°

23.5 Feed heating system 7.55 (Pru /2860)

23.6 Other turbine plant equipment 40.9 (Pgr/1000)°%¢

23.7 Instrumentation and control 7.8 (Pgr/1000)%3

24. Electric Plant Equipment

24.1 Switchgear 8.6 (Pgr/1000)

24.2 Station service equipment 14.2 (Pgr/1000)

24.3 Switchboards 5.4 (Pgr/1000)

24.4 Protective equipment 2.11

24.5 Electrical structures and wiring containers 11.12 + 6.28 ( Pgr/1440)

24.6 Power and control wiring 23.0 + 13.0 ( Pgr/1440)

24.7 Electrical lighting 8.2

25. Miscellaneous Plant Equipment

25.1 Transportation and lifting equipment 15.68

25.2 Air and water service systems 12.35

25.3 Communications equipment 6.22

25.4 Furnishings and fixtures 1.20

26. Special Materials

26.1 Reactor LM coolant /breeder(?
PbLi(®) (7.83fsr; + 2.46) x 1073 Mpp
Li¥) (1169 fer; + 58.0) x 1073 Mpp

26.4 Other 0.25

26.5

Reactor-building cover gas (Argon)f)

0.13
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Table 3.3-II1 (Cont’d)

Acct. No. Account Title Cost (M$, 1980(9))
90. Total Direct Cost (TDC)

91. Construction Services and Equipment (10% of TDC)
92. Home-Office Engineering and Services (10% of TDC)
93. Field-Office Engineering and Services (10% of TDC)
94. Owner’s Cost (5% of TDC)

95. Process Contingency (5% of TDC)")

96. Project Contingency (10% of TDC)

97. Interest during Construction (IDC)

98. Escalation during Construction (EDC)

99. Total Capital Cost (TCC)

(a) Gross electric power, Pgr, net electric power, Pg, and total thermal power, Pry,
are given in MW. Volumetric V' (m?) or corresponding mass M (tonne) unit costs
for the fusion power core (FPC) and related items are given as follows:

Reactor building, Vrg = 4(Rt + 5 + 9)%(67,) + 1.55 x 10° (m?),

Blanket structure (5%), Mpr (tonne), Shield, Msyp (tonne),

Magnet coils, M (tonne), Structure, Vsrg (m?),

Vacuum tank, My 4c = (0.07)(7.8)2x[(Rr + 7, + 3)> + 4r,(R + rs + 3)] (tonne),
Divertor-plate surface area, Apry (m?).

(b) Refer to Appendices A and B for detailed TITAN design cost summaries.

(c) 1980 costs are multiplied by 1.348 to yield 1986 costs.

(d) Liquid metal, M (tonne): ®Li enriched, 0.075 < feor; < 0.90.

(e) Applicable to CRFPR.

(f) Applicable to TITAN-L

(9) Applicable to TITAN-IIL

(k) Not applicable to TITAN.

(2) ¢f. Equation 3.3-4.
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40 M$ for containment structures (Account 21.2.3), and 10.1 M$ for architectural costs
(Account 21.2.4). The TITAN FPC is represented by most of the Reactor Equipment
(Account 21.1) items. Supplemental-RF-heating system (Account 22.1.4) and direct-
energy-conversion system (Account 22.1.9) are not applicable to the TITAN design. On
a unit-cost basis, superconducting-coil power supplies are considerably more expensive
than resistive-coil power supplies. Power supplies for IBC and associated electrical buss-

ing are more expensive than power supplies for conventional multi-turn resistive coils.

The main heat-transfer system for TITAN-I includes a liquid-metal primary loop
serving the blanket, divertor, and shield. Allowances are made for a fraction, f,, of
thermal power to be delivered to a pressurized-water loop. The cost of the liquid-metal
loop (Account 22.2.1) calibrated by the dual-media (PbLi and water) MARS design [33]
with a reduction of 80% of the dominant piping costs of that design to reflect the shorter
pipe runs in the TITAN case. This model results in an ~ 50 M$ increase in cost over the
pressurized-water main heat-transfer system in STARFIRE [32]. In the TITAN-I case,
where Li is the sole primary coolant, f,, is zero; in the TITAN-II case, f,, is one. The
liquid-metal inventory in the system consists of 95% of the blanket volume, corrected
by a factor of 1.09 to account for the FPC ducts connecting the blanket through the
magnet sets to the main manifolds. To this variable volume is added a fixed increment
(~ 5001m3) for the primary-loop inventory, a value assumed to be relatively constant
over the parameter range of interest. The cost of the liquid metal in the primary loop is
reported under Special Material (Account 26), insofar as it is salvageable and reusable.
The unit cost of the liquid metal (PbLi or Li) is a linearly increasing function of the ®Li
enrichment, fer;, as shown on Figure XIV.3-1 of Reference [34].

The reactor-torus replacement-cost estimate applies a factor of two to the direct cost
of these components to allow for the handling and replacement of the spent reactor torus.
For an assumed first-wall fluence life, I, = 15 MWy/m? at a cost-optimized neutron wall
loading of I,, >~ 20 MW /m? and a plant factor p; ~ 0.76, routine FPC replacement occurs
annually. Account 50 represents ~ 9% of the basecase COE for TITAN-I and ~ 3% for
TITAN-II, and is distinct from the nominal annual operations and maintenance (O&M)
charge (Accounts 40-47, 51), conservatively estimated [24,25] to be 2% of the direct cost.
This scheme costs the first reactor, first wall, and blanket twice, and credit is not taken
for any reuse of reactor-torus components (i.e., TITAN-II TF coils or shield).
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3.4. TITAN-I DESIGN POINT

3.4.1. Design Point Selection

The Los Alamos CRFPR framework studies [2,3,35,36] focused on a design with a
first-wall neutron wall load of I,, ~ 20 MW/m?, and high-coverage, poloidal pumped
limiters. This design uses lithium lead, PbgsLi;7, as the coolant and the breeder, ferritic-
steel (HT-9) as the structural material, and a thin (0.10m) steel shield. The magnet
system includes closely coupled, copper-alloy TF and poloidal-field (PF) coils. The PF
coils include both OH and EF coils. The CRFPR design operates at steady state using
OFCD [37,38]. A single-piece FPC maintenance procedure was envisioned. The heaviest

components are the PF-coil set at 800 tonne and the reactor torus (first wall, blanket,
shield, and TF coils) at 300 tonne.

During the TITAN study, a wide range of FPC configurations were considered and two
main engineering design options emerged for detail design: (a) TITAN-I, a self-cooled
liquid-lithium design with vanadium alloy (V-3Ti-1Si) as the structural material; and
(b) TITAN-II, a “loop-in-pool” configuration with an aqueous solution with dissolved
LiNOj salt as the coolant and breeder, and ferritic steel alloy 9-C [39] as the structural
material. The TITAN-II FPC is submerged in pool of water to achieve a high level of
safety assurance. The TITAN-I design incorporates the IBC concept [13], wherein the
toroidal magnetic field is produced by poloidal currents conducted in the liquid-lithium
coolant, with joule losses being recovered directly in the thermal cycle. The TITAN-II
design uses copper-alloy TF and divertor coils. The TITAN designs operate at steady
state using OFCD, feature high-recycling toroidal-field divertors for impurity control and
particle exhaust [40], and operate at an aggressive first-wall neutron load of 18 MW /m?.
Because of the small physical size and mass, the TITAN FPCs are made of a few factory-
fabricated pieces that are assembled on-site into a single torus, tested to full operational
condition, and installed as a single unit in the reactor vault.

In order to eliminate steady-state power consumption in the resistive EF coil (53.5 MW
for the CRFPR design [2,3]), the TITAN designs use superconducting (SC) EF coils. This
option also allows a more open FPC geometry, which requires higher currents in the EF
coils because of the poorer coupling of PF coils to the plasma. The OH and TF coils in
TITAN, however, are normal conducting (NC) to retain a compact reactor torus, with
the OH-coil set being used and sized for start-up conditions only. Both OH and TF
coils (or a subset of their windings) may also serve OFCD functions, depending on the
electrical design of the intervening first wall, blanket, and shield.
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The systems model described in References [2 - 3] was expanded for the TITAN study
to include a self-consistent treatment of separate OH and EF coils (Figure 3.1-3). The
scaling of poloidally symmetric toroidal-field divertors and OFCD was also included in
the revised optimization algorithm. The basic computational algorithm remains essen-
tially as described in Reference [3]. As for any model of this nature, the best choices are
made on the basis of separate and detailed analyses of various subsystems such as neu-
tronics, plasma equilibrium, OFCD, divertor, and thermal-hydraulic calculations. Some
important trade-offs like construction time versus size and complexity, mean-time-to-
repair versus mean-time-to-failure as a function of power density and size, and elasticity
of nuclear and size economies of scale for key components remain inadequately resolved
and in need of future work. Table 3.4-I lists key design variables that were either fixed
or varied in the re-optimization of the RFP reactor for the TITAN study.

A typical PSA code output curve is shown on Figure 3.4-1, which displays COE as
a function of plasma minor radius, r,, for fixed aspect ratio, A = 6.5, and net power
output Pg = 970 MWe. The higher dashed curve illustrates the COE based on then-
current dollars, and the solid curve illustrates the constant-dollar-mode, which is reported
exclusively in the remainder of this section. The minimum-COE design point is denoted
by an open circle on the solid curve. It should be noted that the choice of costing mode
does not alter the value of plasma radius producing the minimum-COE design point.
The minima in the curves result from the trade-off between higher capital cost for larger

FPCs as r, increases and the reduced plant availability factor, py, for small values of r,
as neutron first-wall load, I, increases for fixed Pg.

A feature of Figure 3.4-1 is the shallowness of the COE versus r, (and hence, I,,)
minimum, although the compressed COE scale should be noted. Nevertheless, increasing
I, from 5 to 10 MW/m? and then to the near-minimum-COE design at I,, ~ 18 MW /m?
results only in a 3% and 11% reduction in COE, respectively. Other developmental and
operational incentives (i.e., single-piece maintenance) not included in the present costing

model may justify the higher-I,,, high-MPD design points that reside closer to the COE
minimum.

The variation of the cost of near-minimum-COE design points with plasma aspect ra-
tio, A = Rr/rp, is weak in the range examined (A = 4 to 8), as illustrated in Figure 3.4-2.
Establishing a maximum grid power of Pgrip ~ 300 MWe delivered to the OH coil in
the back-bias condition during start-up, and maintaining the peak (inboard) von Mises
stress in the OH coil at ooy < 200 MPa set a limit of A > 5.5 to 6; a TITAN baseline
value of A = 6.5 was selected to allow for added start-up flux and provides sufficient
symmetrization of the TF for an efficient magnetic-divertor design (Section 4.4).
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Table 3.4-1.

FIXED AND VARIABLE PARAMETERS FOR TITAN REACTOR
OPTIMIZATION AND SENSITIVITY STUDIES

Parameter TITAN-I TITAN-II

Varied Parameters (%)

Plasma aspect ratio 6.5 6.5
Plasma minor radius (m) 0.60 0.60
Poloidal beta 0.20 0.20
Plasma average temperature (keV) ~ 10. ~ 10.
Lawson parameter, ntg (102°s/m?) ®) 1.92 1.92
Reversal parameter, F' -0.10 -0.10
Pinch parameter, © (©) 1.56 1.56
TF- and divertor-coil options Cu or IBC Cu
EF-coil option SC or NC SC or NC
EF-coil shield standoff (m) 0.5 (SC), 0.0 (NC) 0.5 (SC), 0.0 (NC)
FPC radiation lifetime, I, 7 (MWy/m?) 15. 15.
Plant factor, p; (@) <0.76 < 0.76

Fixed Parameters

Primary coolant Liquid lithium Aqueous solution
Structural material Vanadium Ferritic steel (9-C)
Blanket energy multiplication ratio, My 0.44 0.35
First-wall, blanket, & shield standoff (m) 0.77 0.50

SC current density, j. (MA/m?) Equation 3.2-37 Equation 3.2-37
Cu current density, j. (MA/m?)(®) < 50 < 50

(a) Nominal design values are given.

(b) Consistent with plasma temperature. Also n = ¥ n;f; with
fo = fr = 0.484, f, = 0.03, fx. = 0.003; Z.;; = 1.69.

(c) Consistent with reversal parameter, plasma current, poloidal beta, etc.

(d) Calculated from Equation 3.2-43 and consistent with FPC lifetime, 28 days FPC
scheduled maintenance, and 60d/y of unscheduled maintenance.

(e) Trade-offs between cost of the power supply and cost of copper usually set
Je below this limit. Typically j. = 10 to 15 MA/m?.
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Figure 3.4-1. Dependence of COE on plasma minor radius for constant-dollar and then-
current-dollar costing modes analyses. The minimum-COE operating
point is denoted by an open circle. The net power output is fixed at
Pg = 970 MWe and the plasma aspect ratio is A = 6.5.
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Figure 3.4-2. Dependence of COE on plasma aspect ratio, A = Rr/r,. Minimum-
COE design points for each value of A are denoted by open circles.
The near-minimum-COE TITAN-I reference design point at A = 6.5 and
rp = 0.60m is denoted by a filled circle.
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Dependence of COE on plasma minor radius for a fixed plasma aspect
ratio, A = 6.5, for various indicated values of net power output, Pg.
The crowding of the curves at higher values of Pg is indicative of the
nuclear economies of scale built into the cost data base (cf. Table 3.3-
III). For each value of Pg, the minimum-COE design point is denoted by
an open circle. The dashed lines are contours of constant neutron wall
loading, I,,. The near-minimum-COE TITAN-I reference design point at
Pg = 970 MWe, I, = 18.1MW/m?, and r, = 0.60 m is indicated by the
filled circle.
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The dependence of COE on Pg given on Figure 3.4-3 is typical of nuclear economies
of scale, resulting in smaller marginal cost benefits as Pg increases. The TITAN-I design
window is also elaborated in Figure 3.4-3, which displays contours of constant neutron
first-wall load, I,,, together with contours of net power output Pg for the indicated fixed
parameters. Above values of I, >~ 20 MW /m? for the nominal first-wall and blanket
fluence lifetime, I,,7 = 15 MWy/m?, faster than annual change-out of the FPC results in
plant availability, ps, reduced below 76% and higher values of COE. Only a modest cost
penalty is incurred for operation at lower values of I,, (i.e., down to 10 MW /mm?). Below
this value, however, the applicability of a single-piece FPC maintenance approach, which
is important to the justification of the nominal value p; ~ 0.76, becomes questionable.
It should be noted that the shallowness of these cost minima is a result of the FPC in
TITAN already representing a small percentage of the total direct cost.

The TITAN PSA model was used to characterize several tentative designs before set-
tling on a reference TITAN-I case during an iterative process involving input from the
subsystem design activities of the study. Several of these preliminary designs are sum-
marized in Table 3.4-II. Case A is a conventional copper-coil configuration conceptually
similar to the CRFPR [2,3]. Case B incorporates the IBC option for both the TF and
divertor-field (DF') coils functions, but retains a copper EF-coil pair. Higher recircu-
lating power results in significantly higher neutron first-wall load, I,,, and COE for the
same value of net power output, Pg. Case C, the TITAN reference case, retains the IBC
option but uses a superconducting EF coil pair to reduce the steady-state recirculating

power, offsetting the increased capital cost of the superconducting EF coils to give COE
performance nearer that of Case A.

The PSA geometric model (Figure 3.1-3) assumes an annular-shell representation for
the OH-coil set. After appropriate magnetics discretization (Section 4.5), a tentative
TITAN-I FPC model results. This model is subsequently refined by more detailed engi-
neering analysis (Section 10), and appropriate adjustments are made to a re-calibrated

PSA model.

The average neutron wall load for the TITAN-I reference design is I,, ~ 18.1 MW/m?.
The NEWLIT code [8] was used to map the poloidal variation of I,,. The volumetric
neutron source distribution assumed is illustrated in Figure 3.4-4. The peaking is consis-
tent with the g, ,.n?(r)(ov),,[Ti(r)] source distribution of Equation 3.2-1. The outward
Shafranov shift of an RFP plasma at the nominal aspect ratio A = 6.5 is negligible. For
purposes of NEWLIT modeling, the TITAN-I first-wall tube bank is represented by an in-
scribed polygon with 16 sides. This approximation results in a geometric correction such
that I, = 18.1 =T, (16/7) sin(7/16). The minimum wall load modeled by NEWLIT is
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Table 3.4-11.
SUMMARY OF TITAN-I REACTOR DESIGNS(ab)

Parameter Case A Case B Ref. Casel®)
EF-coil option Copper  Copper sc(@
DF-coil option Copper IBC®) IBC()
TF-coil option Copper IBC(®) IBC(®)

Plasma Parameters

Plasma current, I4(M A) 18.24 18.23 17.82
Plasma ion density, n; (102°°m~3) : 8.75 9.36 8.93
Plasma electron density, n. (102°m=3) 9.14 9.78 9.33
Poloidal field at plasma surface, Bg(rp) (T) 5.88 6.08 5.94
Thermal diffusivity, xg (m?/s) 0.308 0.330 0.315
Fusion power density, Pr/V, (MW /m?) 79.7 91.1 83.0
Plasma ohmic dissipation, Pogar (MW) 28.0 29.8 28.5

Poloidal-Field Quantities

OH-coil thickness, dog (m) 0.23 0.27 0.27
Average minor radius of coil, rog (m) 1.57 1.57 1.56
OH-coil field, Bg. (T) 2.24 2.33 2.28
OH-coil current density, jog (MA/m?)(f) 15.8 13.7 13.1
Mass of OH-coil set, Moy (tonne) 290. 343. 343.
EF-coil current density, jgr (MA/m?) 6.6 6.1 19.2(4)
Mass of EF-coil set, MgFr (tonne) 521. 573. 305.
Poloidal-field stored energy, Wasg (GJ) 1.8 1.8 5.2
OH-coil dissipation during back-bias (MW) 211. 132. 121.

Toroidal-Field Quantities

TF-coil thickness, é7F (m) 0.03 0.28(¢) 0.28(¢)
Average minor radius of coil, rrF (m) 1.45 0.68 0.68
Mass of TF-coil set, MrF (tonne) 31. 41. 41.
Reversed toroidal field, —Byg (T) 0.378 0.391 0.382
Toroidal-field stored energy, Wy (GJ) 0.73 0.17 0.16
TF-coil current density, jrr (MA/m?) 15.8 1.68 1.64
Ohmic dissipation during burn, P{ (MW) 30.2 28.9 27.6
Mass of DF-coil set, Mpr (tonne) 2.0 0.57 0.55

Ohmic dissipation in divertor, P2, (MW) 12. 145. 142.
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Table 3.4-I1 (Cont’d)

Parameter Case A Case B Ref. Casel®)

Engineering Summary
Neutron first-wall loading, I, (MW /m?) 17.4 19.9 18.1
Engineering Q-value, Qg = 1/¢ 6.20 3.20 4.02
Fusion power, Pr (MW) 2,207. 2,526. 2,301.
Total thermal power, Prg (MW) 2,630. 3,207. 2,935.
Net electrical power output, P (MWe) 970. 970. 970.
Fusion-power-core minor radius, r, (m) 1.69 1.70 1.70
Masses (tonne)

- First wall and blanket 41. 41. 41.

- OH-coil “hot shield” 267. 267. 267.

- EF-coil shield 0. 0. 325.

- Total coil set 843. 917. 648.

- Total fusion power core(9) 1,152. 1,225. 1,282.
FPC power density, Prg/Vepc (MWt/m?) 12.0 14.4 13.2
Mass power density, M PD (kWe/tonne)(9) 842, 792. 757.

Cost Summary

Cost of electricity, COE (mill/kWh)(*) 37.6 42.3 39.7
Unit direct cost, UDC ($/kWe) 1,449. 1,627. 1,531.
Total cost, TC (M$) 2,267.  2,545. 2,396.
FPC unit cost ($/kg) 147. 144. 146.
Fractions of total direct cost (TDC):

- Reactor plant equipment, RPE/TDC 0.42 0.45 0.43

- Fusion-power-core cost, FPC/TDC(9) 0.12 0.11 0.13

(a) All designs are for baseline parameters given in Table 3.4-I:
A=65Rr=39m,r, =0.60m,V, = 27.7m3, r, = 0.66 m.

(b) My = 1.20, nTg = 0.44, and water detritiation system cost ~ 5 MS$.

(c) Iterated basis for detailed elaboration and analysis.

(d) Superconducting coils.
(e) Integrated blanket coil (IBC).

(f) Symmetric bipolar swing (fg = ISH/IC;H =1),
I3 g subsequently decays to zero upon initiation of OFCD.

(9) Includes first wall, blanket, shield, and coils, but not FPC support structures.

(h) Costs reported in constant 1986-dollars, assuming 6 years construction time.
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Figure 3.4-4. Un-collided fusion neutron source distribution used in the modeling of the
poloidal variation of the neutron wall loading for the TITAN-I reference
design point (with r, = 0.60m, r,, = 0.66 m, and Rr = 3.9m) using the
NEWLIT code [8]. The first wall is represented by an inscribed polygon
with 16 sides.
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Figure 3.4-5. Poloidal variation of the neutron wall load, I, for the TITAN-I refer-
ence design point. The inboard and outboard first-wall locations in the
equatorial plane occur, respectively, at the poloidal angles § = 180 and 0
degrees. The fusion power is Pr = 2300 MW. The first wall is represented
in the NEWLIT code (8] by an inscribed polygon with 16 sides.
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16.24 MW /m? on the inboard side at the first wall in the equatorial plane, and the max-
imum wall load is 19.22 MW /m? at the outboard equatorial plane. The fine structure in
the profile shown in Figure 3.4-5 is an artifact of the NEWLIT polygonal approximation
and of negligible importance. The general poloidal variation in I, is sufficiently small
for A = 6.5. The surface heat-flux distribution resulting from the distributed radiated
power, Pr(6) = frap(Px + Ponm), is qualitatively similar to P,(6) « I,(6). Therefore,
local peaking of the surface heat load on the first-wall coolant tubes is also small. Peak-

ing in a low-aspect-ratio device is potentially more severe, resulting in a constraint on
accessible values of I,.

3.4.2. Trade-off and Sensitivity Studies

In addition to the TITAN design points emerging from the PSA code, trade-oftf and
sensitivity studies were performed to establish and characterize the “design window” of
attractive RFP reactor operation. Several of the key fixed parameters are re-examined

with a view toward establishing the sensitivity of the reference design to changes in these
parameters.

The reference TITAN-I plasma operating temperature is T' ~ 10keV. Table 3.4-1II
summarizes the sensitivities of key reactor parameters such as COE, engineering Q-value
QE = 1/¢, and first-wall neutron load I, on T in the range 10 to 20 keV. The variation of
these global parameters is fairly small on this temperature range although a slight peaking
nearer to T ~ 15keV may be indicated, consistent with the peaking of (ov),,./T? at
T ~ 13.5keV. Separate studies suggest operation at the higher temperatures to maximize
the efficiency of OFCD (Section 7). An overriding consideration suggesting the lower
values of T, however, was the establishment of a high-frap core plasma with edge-
plasma conditions consistent with efficient magnetic-divertor operation (Section 5). For
fixed values of By and magnetic field, temperature trades off directly with density for

constant pressure, but the plasma fusion-power density and neutron wall load, I, are
nearly constant.

Consistent with the best operation of present-day RFP experiments, the nominal
TITAN poloidal-beta value is 3y = 0.20; this value includes only thermalized fusion-
product alpha-particle and Xe impurities at Tx. = 10keV. The energetic alpha-particles
add about 0.02 to this beta value. The response of the TITAN-I design to lower values
of B3¢ is shown in Figure 3.4-6. The COE increases as (3 is decreased which is caused
primarily by the need to establish and drive more plasma current, as reflected in increased
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OFCD power consumption, increased coil mass, and reduced MPD. Values of 3y much
below ~ 0.1 would result in large increase in COE.

Using the experimental scaling of the confinement time, 7ge o< I r§ f(Be), the impact
of the plasma current scaling exponent, v, on achieving the minimum-COE TITAN-I
design is illustrated in Figure 3.4-7. For each respective constant v curve, the condition
m5(ECON) < 7g(PHYS) = 2(1/7ge + 1/78:) ™" with 7g; ~ 47g. is met to the right (i.e.,
higher r,). The accessibility to minimum-COE designs depends on the value of v. In
addition, for v values much below ~ 0.8, the demands on the OH-coil system during the
ohmic-heating transient to ignition and burn can be serious. Also, it should be noted
that the flexibility of operation of the TITAN-I device at lower than nominal power (as

for load following or checkout) requires better intrinsic plasma confinement (i.e., higher
v).

Table 3.4-III.
DEPENDENCE OF KEY TITAN-I PARAMETERS ON ION

TEMPERATURE®

Ion temperature, T; (keV) 10® 15 20
Lawson parameter, ntg (102°s/m?) 1.92 1.30 1.10
Electron temperature, T, (keV) 9.5 14. 19.
Plasma current, I, (MA) 17.82 17.87 18.60
Fusion power density, Pr/V, (MW /m?) 83.0 82.3 82.6
Plasma ion density, n; (102° m~3) 8.93 5.99 4.87
Neutron wall load, I, (MW /m?) 18.11 17.96 18.01
Engineering Q-value, Qg = 1/¢ 4.02 4.16 4.11
Cost of electricity, COE (mill/kWh) 39.7 39.5 39.8

(a) Fixed geometric parameters: A = Rr/r, = 6.5 and 7, = 0.60 m.

(b) Reference TITAN-I case.
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Parametric trade-off of TITAN-I cost with level of confinement required
(TEe = CI ;rg f(Bs), TEi = 47E.), expressed as the magnitude of exponent
v required for 7g(ECON) < rg(PHYS)= 2(1/7g; + 1/7g.)”'. Accessible
design points are to the right of curves of constant ». Minimum-COE
design points with 7g(OPT) = 7g(ECON) for fixed net power output
Pg are indicated by open circles. The near-minimum-COE TITAN-I

reference design at Pz = 970 MWe and I, = 18.1 MW /m? is denoted by
a filled circle.



3.4. TITAN-I DESIGN POINT 3-47

The magnitude of the reversal parameter, F' = By(r,)/(By), drives the magnitude of
the toroidal field at the coil, and the power required by the magnetic divertor system,
Ppr, to locally cancel that field. The dependence of key TITAN-I parameters on F
is illustrated in Figure 3.4-8. For deeper reversals compared with the reference value
F = —0.1, the divertor power, Ppr, grows linearly and reduces Qg = 1/¢e. To maintain
the nominal net power output of Pg = 970 MWe, the plasma current rises slowly and
I, x I; increases until I,, ~ 20 MW /m?, whereupon the plant availability, ps, begins to
decrease below 0.76 (cf. Figure 3.2-2). Because the dissipated power in the divertor and
toroidal-field IBC sets is recovered in the thermal cycle, this power can actually displace
some primary fusion power, resulting in somewhat lower values of I, near F' = —0.3.
The current-drive efficiency, I/ Pcp, also decreases as F' becomes more negative, further
lowering Qg, although it should be mentioned that a self-consistent modeling of the
OFCD system was not done at these deeper values of F. The nominal value of F' in this
study was not raised above —0.10 so as to provide a reasonable margin for the OFCD

oscillations in F' without loss of reversal altogether. Further, more exact (coupled) work
in this area is warranted.

Figures 3.4-9 and 3.4-10 show the impact on COE of parametrically increasing the re-
sulting poloidal-flux consumption as the ramp-up rise time, 7g, is increased, with the main
cost drivers being the OH-coil power supply (power-grid-driven rectifiers at 25$/kVA) and
the increased coil mass; the increased power, current, and von Mises stress in the OH
coil, ooy, are also shown for both symmetric (f¢ = 1) and asymmetric (fe = 0.2) cur-
rent swings. To provide for the increased poloidal-flux consumption as 7g is increased,
a deeper back-bias current must be provided (i.e., higher I5y). For the symmetric case,
Iog = I = I}y The resistive flux consumption in the plasma during start-up scales
as fresLyls and is directly proportional to 7g as given by Equation 3.2-39.

The dependence of OH-coil back-bias stress, cog, and OH-coil power-supply require-
ment is illustrated in Figure 3.4-11. For the superconducting EF-coil option selected for
TITAN, a symmetric OH-coil current swing (fg = 1) is preferred from the viewpoint of
minimizing coxg and Pog (cf. Equation 3.2-40). The cost of the copper OH-coil power
supply (258/kVA) does not result in a significant cost impact for the values of fg exam-
ined. A model that included a thicker value of doy (as fg decreases to prevent ooy from
increasing) would provide additional cost incentive for the choice of fg ~ 1 for TITAN.
A copper EF-coil option (¢f. CRFPR) leads to a preference for fg ~ 0.2.

The dependence of TITAN-I operating parameters on the assumed efficiency of the
OFCD power supply, monitored by a circuit Q-value, Qps, is illustrated in Figure 3.4-12.
For a range of values Qps > 75, performance is relatively insensitive to @ps. Below
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Qps =~ 50, however, the OFCD system becomes inefficient and the recirculating power
fraction, € = 1/Qg, begins to increase significantly. As a result, higher values of neutron
wall load, I,,, is needed to maintain Pr = 970 MWe and higher values of COE as p; drops
below 0.76 (cf. Figure 3.2-5).

Generally, the TITAN-I design point is fairly robust and insensitive to perturbation
in values of key parameters, whether physics or engineering. Most such choices are fairly
conservative and are grounded in experimental performance (Section 3.3) or engineering
practice. Incorporation of the IBC option for the TITAN-I divertor coils introduces a
significant recirculating power contribution, which is offset by the negligible joule losses of
the superconducting EF-coil set, in contrast to the all-copper-coil CRFPR. The impact
of using expensive (250$/kg) V-alloy structures in the TITAN-I FPC for safety and

environmental reasons is mitigated by the small physical size and impact of the FPC on
total cost.
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Figure 3.4-11. Dependence of OH-coil back-bias stress and OH-coil power-
supply requirement on the OH-coil current-swing symmetry factor,

fo = I34/I5y, for TITAN-L
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3.5. TITAN-II DESIGN POINT

3.5.1. Design-Point Selection

The TITAN-II FPC design is an aqueous loop-in-pool concept with a dissolved Li
salt (LiNO3) as the breeder, a Be neutron multiplier, and a reduced activation, high-
strength ferritic steel 9-C [39] as the structural material. The complete FPC and the
primary coolant system are submerged in a pool of low-temperature, low-pressure water
to achieve passive safety. The TITAN-II pool configuration, therefore, provides an alter-
native approach to inherently safe operation of an RFP reactor, but does not require a
significantly different plasma performance or FPC configuration. The TITAN-I IBC con-
figuration is replaced by a more conventional blanket, hot-shield, TF-coil configuration

in TITAN-IIL

The full coil optimization procedure of the PSA code (Section 3.1) applies to the
TITAN-II FPC configuration. The overall coil thickness, é., including the copper TF-coil
thickness, é7r, followed by a gap thickness, grr/on, and the homogenized OH-coil-set
thickness, om. The overall coil thickness is varied to obtain a minimum-COE design
point, trading the cost of the recirculating power (joule dissipation) in the TF-coil set
with the direct cost of the FPC. The dissipated power in the TF-coil set, P, decreases
monotonically as the TF-coil thickness, é7F, is allowed to increase and the current density,
JTF, decreases for relatively fixed values of Itg and By = p, ITr/(27Rr).

The TITAN-II plasma aspect ratio, A, is retained at 6.5 to facilitate comparison
with TITAN-I. As a function of minor plasma radius, r,, the minimum-COE design
point occurs at r, = 0.575m and corresponding neutron wall load, I,, = 19.58 MW /m?,
for a fixed net power output, Pr = 900 MWe. It was decided to move slightly off of
the minimum-COE design point to r, = 0.60m (the same value as used for TITAN-I,
which is itself slightly off of its own minimum-COE design point) in order to obtain
nearly equal values of I,, ~ 18 MW/m? and corresponding surface heat fluxes for both
TITAN-I and TITAN-IL It is not possible to simultaneously achieve equal values of net
power output, Pg (970 MWe for TITAN-I and 900 MWe for TITAN-II), while fixing the
FPC geometry because of the differences in power flows between the two TITAN reactor
embodiments. The dependence of COE on coil thickness is illustrated on Figure 3.5-1
for both the minimum-COE (r, = 0.575m) and near-minimum-COE TITAN-II reference
case (r, = 0.60m). The PSA code searches to find the total coil thickness, §., and
partition, é7r/80n, that minimizes the overall COE. For each value of r,, there exists
a similar, but shifted, curve of COE versus .. The greatly expanded COE scale of
Figure 3.5-1 exaggerates the sharpness of the minima of these curves.
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Table 3.5-1.
SUMMARY OF TITAN-II REACTOR DESIGNS(a?)

Parameter With THX(®)  Without THX(¢)
EF-coil option sc(@) sc()
DF-coil option Copper Copper
TF-coil option Copper Copper

Plasma Parameters

Plasma current, I,(M A) 17.80 17.80
Plasma ion density, n; (102°m—3) 8.91 8.91
Plasma electron density, n. (102°m=3) 9.31 9.31
Poloidal field at plasma surface, Bgy(r,) (T) 5.93 5.93
Thermal diffusivity, xg (m?/s) 0.314 0.314
Fusion power density, Pr/V, (MW /m?) 82.6 82.6
Plasma ohmic dissipation, Pogar (MW) 28.5 28.5

Poloidal-Field Quantities

OH-coil thickness, dop (m) 0.38 0.37
Average minor radius of coil, rog (m) 1.37 1.37
OH-coil field, By (T) 2.60 2.61
OH-coil current density, jox (MA/m?) (¢) 9.1 9.2
Mass of OH-coil set, Moy (tonne) 420. 414.
EF-coil current density, jgr (MA/m?) 20.5(9) 20.5(4)
Mass of EF-coil set, Mgr (tonne) 247. 247.
Poloidal-field stored energy, Wasg (GJ) 4.1 4.1
OH-coil dissipation during back-bias (MW) 106. 107.

Toroidal-Field Quantities

TF-coil thickness, é7r (m) 0.047 0.046
Average minor radius of coil, rrp (m) 1.11 1.11
Mass of TF-coil set, Mr (tonne) 41. 41.
Reversed toroidal field, —Bggr (T) 0.381 0.381
Toroidal-field stored energy, Wy (GJ) 0.43 0.43
TF-coil current density, j7r (MA/m?) 9.1 9.1
Ohmic dissipation during burn, P, (MW) 13.4 13.6
Mass of DF-coil set, Mpr (tonne) 2.0 2.0

Ohmic dissipation in divertor, PR (MW) 12. 12.
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Table 3.5-1 (Cont’d)

Parameter With THX()  Without THX(®)

Engineering Summary

Neutron first-wall loading, I,, (MW /m?) 18.0 18.0
Engineering Q-value, Qg = 1/¢ 7.22 7.20
Fusion power, Pr (MW) 2,289. 2,290.
Total thermal power, Prg (MW) 2,985. 2,986.
Net electrical power output, Pg (MWe) 900. 900.
Fusion-power-core minor radius, r, (m) 1.56 1.55
Masses (tonne)

- First wall and blanket 21 21.

- OH-coil “hot shield” 106. 106.

- EF-coil shield 287. 286.

- Total coil set 711. 704.

- Total fusion power core(/) 1,125 1,117.
FPC power density, Prg/Vrpc (MWt/m?) 16.0 16.1
Mass power density, M PD (kWe/tonne)(f) 800. 806.

Cost Summary

Cost of electricity, COE (mill/kWh)(9) 40.2 38.0
Unit direct cost, UDC ($/kWe) 1,635. 1,543.
Total cost, TC (M$) 2,347. 2,488.
FPC unit cost ($/kg) 118. 119.
Fractions of total direct cost (TDC):

- Reactor plant equipment, RPE/TDC 0.51 0.48

- Fusion-power-core cost, FPC/TDC() 0.09 0.10

(a) All designs are for baseline parameters given in Table 3.4-I:
A=6.5,Rr =3.9m,r, =0.60m, V, = 27.7m3, r,, = 0.66 m.

(b) My = 1.36, nrg = 0.35, and water detritiation system cost ~ 140 M$.
(c) Intermediate heat exchanger (IHX) loop.
(d) Superconducting coils.
(e) Symmetric bipolar swing (fg = I} /Iy = 1),
Ig g subsequently decays to zero upon initiation of OFCD.
(f) Includes first wall, blanket, shield, and coils, but not FPC support structures.
(g) Costs reported in constant 1986-dollars, assuming 6 years construction time.
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Two TITAN-II options are summarized on Table 3.5-1, the first including an interme-
diate heat exchange (IHX) loop and the second without it. Because of the significant cost
savings and because of no significant adverse consequences on the area of tritium removal
and safety (Section 16, 18, and 19), the second option was selected as the TITAN-II ref-
erence design. The deletion of the IHX system increases the relative impact of the FPC
on the total capital cost, resulting in a small reduction in the optimal coil thickness and
changes in other parameters leading to a slightly different near-minimum-COE configu-
ration.

Plasma parameters for TITAN-II are quite close to those of TITAN-I so some of
the plasma engineering effort has not been duplicated. Magnetic-divertor performance

(Section 4) and OFCD results (Section 7) are modified somewhat by the influence of a
different coil set.
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Figure 3.5-1. Dependence of COE on coil thickness at a fixed net power out-
put, Pg =900MWe. The minimum-COE case (r, =0.575m and
I, = 19.58 MW /m?) is denoted by an open circle. The TITAN-II near-
minimum-COE reference case (r, = 0.60m and I, = 18.0MW/m?) is
shown as filled square.
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3.5.2. Trade-off and Sensitivity Studies

Because the TITAN-I and TITAN-II embodiments share similar plasma configura-
tions, it is not necessary to repeat the temperature, poloidal beta, and reversal parameter
variations considered in Section 3.4.2. The rationale of the choice of a superconducting
EF-coil set for TITAN-I remains valid for TITAN-II although it is significantly weakened
by the reduced lost power in the TITAN-II copper-alloy divertor coil set (~ 12 MW) rela-
tive to the divertor IBC selected for TITAN-I which consumes (1 — nrg) x 145 = 81 MW.

Several representative TITAN-II design options are summarized in Table 3.5-I. Case
A includes a copper EF-coil set similar to the TITAN-I Case A of Table 3.4-1I. The
large water-detritiation-system cost of TITAN-II (~ 140 M$) results in a ~ 2mill/kWh
COE penalty, offsetting the cost savings of lower FPC blanket and shield costs (9-C
versus V alloy). Case B incorporates a superconducting EF-coil set and an exaggerated
gap between TF and OH coil sets, grr/og = 0.31m. For this case, the TITAN-II OH-
coil set is nearly coincident with that of TITAN-I, substituting a water-filled gap for
part of the thicker blanket and shield annulus of TITAN-I. A penalty associated with
this option is less-than-ideal coupling of the OH-coil set to the plasma and higher COE
relative to the reference case, so this option was de-emphasized. Case C includes a
nominal gap, grr/og = 0.05m and an asymmetric OH-coil current swing characterized
by fo = I5g/I5y = 0.2. The TITAN-II reference case, with the lowest COE projection
of these four options, has a symmetric OH-coil swing (fg = 1.0).

3.6. SUMMARY AND CONCLUSIONS

The operating space of a compact RFP reactor has been examined using a compre-
hensive parametric systems model which includes the evolving state of knowledge of the
physics of RFP confinement and embodies the TITAN-I and TITAN-II engineering ap-
proaches. Two key figures of merit, the cost of electricity (COE) and mass power density
(MPD), are monitored by the parametric systems model, both of which are displayed in
Figure 3.6-1 as functions of the neutron wall loading. Figure 3.6-1 shows that the COE
is relatively insensitive to wall loadings in the range of 10 to 20 MW /m? with a shallow
minimum at about 199 MW /m?. Mass power density is found to increase monotonically
with the wall load. For designs with a neutron wall load larger than about 10 MW /m?,
the FPC is physically small enough such that single-piece FPC maintenance is feasible.
These considerations point to a design window for compact RFP reactors with loading
in the range of 10 to 20 MW/m?. The TITAN-class RFP reactors in this design window
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Table 3.5-11.

SUMMARY OF TITAN-II REACTOR DESIGNS(@?

Parameter Case Al©)  Case B(4¥ Case C(©¢) Ref. Case(f)

EF-coil option Copper sc(a) scla) scla)
DF-coil option Copper Copper Copper Copper
TF-coil option Copper Copper Copper Copper

Plasma Parameters
Plasma current, I,(M A) 17.89 17.83 17.82 17.80
Plasma ion density, n; (102°m~3) 9.00 8.94 8.93 8.91
Plasma electron density, n. (102°m~3) 9.40 9.34 9.33 9.31
Poloidal field at plasma surface, Bg(rp) (T) 5.96 5.94 5.94 5.93
Thermal diffusivity, xg (m?/s) 0.317 0.315 0.315 0.314
Fusion power density, Pr/V, (MW /m3) 84.3 83.2 83.0 82.6
Plasma olumic dissipation, Pogar (MW) 28.7 28.6 28.5 28.5

Poloidal-Field Quantities
OH-coil thickness, dop (m) 0.22 0.31 0.44 0.37
Average minor radius of coil, rog (m) 1.27 1.59 1.39 1.37
OH-coil field, By, (T) 2.82 2.25 2.56 2.61
OH-coil current density, jog (MA/m?) 16.1(f) 11.4(9) 10.8() 9.2(f)
Mass of OH-coil set, Moy (tonne) 226. 403. 500. 414.
EF-coil current density, jgr (MA/m?) 4.6 20.2(9) 20.4(9) 20.6(9)
Mass of EF-coil set, MgF (tonne) 674. 259. 251. 247.
Poloidal-field stored energy, Wasg (GJ) 14 4.4 4.2 4.1
OH-coil dissipation during back-bias (MW)  181. 153. 176. 107.

Toroidal-Field Quantities
TF-coil thickness, é7r (1) 0.026 0.037 0.039 0.046
Average minor radius of coil, rpp (m) 1.10 1.10 1.10 1.11
Mass of TF-coil set, Mt (tonne) 23. 33. 35. 41.
Reversed-toroidal field, —Bygr (T) 0.383 0.382 0.382 0.381
Toroidal-field stored energy, Wasy (GJ) 0.43 0.43 0.43 0.43
TF-coil current density, jrr (MA/m?) 16.1 11.4 10.8 9.2
Ohmic dissipation during burn, P{, (MW)  23.6 16.8 15.9 13.6
Mass of DF-coil set, Mpr (tonne) 2.0 2.0 2.0 2.0
Ohmic dissipation in divertor, P3, (MW) 12. 12. 12. 12.
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Table 3.5-11 (Cont’d)
Parameter Case Al Case B(?9 Case C(¢®) Ref. Caself)

Engineering Summary
Neutron first-wall loading, I,, (MW /m?) 18.4 18.1 18.1 18.0
Engineering Q-value, Qg = 1/¢ 6.41 6.92 7.00 7.20
Fusion power, Pr (MW) 2,336. 2,305. 2,300. 2,290.
Total thermal power, Prg (MW) 3,047. 3,006. 3,000. 2,986.
Net electrical power output, Pg (MWe) 900. 900. 900. 900.
Fusion-power-core minor radius, r, (m) 1.38 1.74 1.70 1.55
Masses (tonne)

- First wall and blanket 21. 21. 21. 21.
- OH-coil “hot shield” 91. 91. 106. 106.
- EF-coil shield 0. 295, 289, 286.
- Total coil set 926. 697. 787. 704.

. Total fusion power core(P) 1,053. 1,119. 1,204. 1,117.
FPC power density, Prg/Vrpc (MWt/m?) 20.8 12.9 15.0 16.1
Mass power density, M PD (kWe/tonne)(" 854. 804. 747. 806.

Cost Summary
Cost of electricity, COE (mill/kWh)() 39.8 38.4 38.5 38.0
Unit direct cost, UDC ($/kWe) 1,617. 1,561. 1,563. 1,543.
Total cost, TC (M$) 2,608. 2,267. 2,269. 2,239.
FPC unit cost ($/kg) 118. 119. 116. 119.
Fractions of total direct cost (TDC):

- Reactor plant equipment, RPE/TDC 0.50 0.48 0.49 0.48
- Fusion-power-core cost, FPC/TDC(") 0.09 0.10 0.10 0.10

(a) All designs are for baseline parameters given in Table 3.4-I:

A =65, Rr =3.9m, r, = 0.60m, V, = 27.7 m?3, r, = 0.66 m.
(b) My = 1.36, nTy = 0.35, and water detritiation system cost ~ 5 MS$.
(c) Gap between TF coil and OH coil, Grr/og = 0.05m.
(d) Gap between TF coil and OH coil, Grp/og = 0.31m.
(e) Asymmetric bipolar swing (fg = I3 g/I5 = 0.2),

Ig 5 subsequently decays to zero upon initiation of OFCD.
f) Symmetric bipolar swing (f¢ = I35 /I5y = 1).

) Superconducting coils.

(
(9
(h) Includes first wall, blanket, shield, and coils, but not FPC support structures.
(

1) Costs reported in constant 1986-dollars, assuming 6 years construction time.
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Figure 3.6-1. The COE and mass power density as functions of neutron wall load for the
TITAN RFP reactor. Minimum-COE TITAN-I design point is indicated
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have a MPD in excess of 500 KWe/tonne, and a FPC engineering power density in the
range 5 to 15 MWt/m?3, representing improvements by factors of 10 to 30 compared with
earlier fusion reactor designs. The FPC is a smaller portion of the total plant cost (typi-
cally about 12%) compared with 25% to 30% for earlier RFP designs [41,42]. Therefore,

the unit direct cost, UDC ($/kWe), is less sensitive to related physics and technology
uncertainties.

The reference TITAN design points have been identified at a high neutron wall load-
ing of I, ~ 18 MW/m? with 4 = 6.5, r, = 0.60m, and net power outputs of 970 MWe
(TITAN-I) and 900 MWe (TITAN-II). The TITAN reference designs are summarized in
Table 3.6-1. Previously reported TITAN-I results [43,44] are updated and superceded.
Detailed subsystem design for TITAN-I and TITAN-II FPCs are reported throughout this
report. The parameters of the TITAN-I and TITAN-II reference design points, based on
detailed subsystem design, are included in Appendices A and B, respectively, following
the DOE/OFE standard reporting format. The Appendices also include detailed cost
tables and parametric systems code predictions of subsystem parameters for comparison

with DOE/OFE tables.
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Table 3.6-1.
SUMMARY OF REFERENCE DESIGNS OF TITAN REACTORS®

Parameter TITAN-I®)  TITAN-II(®
EF-coil option sC(d) sC(d)
DF-coil option IBC(®) Copper
TF-coil option IBC'®) Copper

Plasma Parameters

Plasma current, I4(M A) 17.82 17.80
Plasma ion density, n; (102°m™3) 8.93 8.91
Plasma electron density, n. (102°m—3) 9.33 9.31
Poloidal field at plasma surface, Bg(r,) (T) 5.94 5.93
Thermal diffusivity, xg (m?/s) 0.315 0.314
Fusion power density, Pg/V, (MW /m?) 83.0 82.6
Plasma ohmic dissipation, Pogpr (MW) 28.5 28.5

Poloidal-Field Quantities

OH-coil thickness, oy (m) 0.27 0.37
Average minor radius of coil, 7oy (m) 1.56 1.37
OH-coil field, By, (T) 2.28 2.61
OH-coil current density, jog (MA/m?)(f) 13.1 9.2
Mass of OH-coil set, Moy (tonne) 343. 414.
EF-coil current density, jgr (MA/m?) 19.2(4) 20.6(4)
Mass of EF-coil set, MgFr (tonne) 305. 247.
Poloidal-field stored energy, Wasg (GJ) 5.2 4.1
OH-coil dissipation during back-bias (MW) 121. 107.

Toroidal-Field Quantities

TF-coil thickness, é7F (m) 0.28(¢) 0.046
Average minor radius of coil, 77 (m) 0.68 1.11
Mass of TF-coil set, Mt (tonne) 41. 41.
Reversed-toroidal field, —Bgg (T) 0.382 0.381
Toroidal-field stored energy, Wyry (GJ) 0.16 0.43
TF-coil current density, jrr (MA/m?) 1.64 9.2
Ohmic dissipation during burn, P#, (MW) 27.6 13.6
Mass of DF-coil set, Mpf (tonne) 0.55 2.0

Ohmic dissipation in divertor, P2, (MW) 142. 12.
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Parameter TITAN-I®  TITAN-II(®)

Engineering Summary
Neutron first-wall loading, I,, (MW /m?) 18.1 18.0
Engineering Q-value, Qg = 1/¢ 4.02 7.20
Fusion power, Pr (MW) 2,301. 2,290.
Total thermal power, Prg (MW) 2,935. 2,986.
Net electrical power output, P (MWe) 970. 900.
Fusion-power-core minor radius, r, (m) 1.70 1.55
Masses (tonne)

- First wall and blanket 41. 21.

- OH-coil “hot shield” 267. 106.

- EF-coil shield 325. 286.

- Total coil set 648. 704.

- Total fusion power core(9) 1,282. 1,117.
FPC power density, Prg/Vrpc (MWt/m?) 13.2 16.1
Mass power density, MPD (kWe/tonne)(9) 757. 806.

Cost Summary

Cost of electricity, COE (mill/kWh)(") 39.7 38.0
Unit direct cost, UDC ($/kWe) 1,531. 1,543.
Total cost, TC (M$) 2,396. 2,239.
FPC unit cost ($/kg) 146. 119.
Fractions of total direct cost (TDC):

- Reactor plant equipment, RPE/TDC 0.43 0.48

- Fusion-power-core cost, FPC/TDC!(9) 0.13 0.10

(a) All designs are for baseline parameters given in Table 3.4-I:
A=6.5,Rr =39m,r, =0.60m, V, = 27.7m>, r,, = 0.66 m.

(b) My = 1.20, nrg = 0.44, and water detritiation system cost ~ 5 M$.

(c) My = 1.36, nryg = 0.35, and water detritiation system cost ~ 140 M$.

(d) Superconducting coils.
(e) Integrated blanket coil (IBC).

(f) Symunetric bipolar swing (fg = I}y /I5y = 1),

Ig 1 subsequently decays to zero upon initiation of OFCD.
(g9) Includes first wall, blanket, shield, and coils, but not FPC support structures.
(k) Costs reported in constant 1986-dollars, assuming 6 years construction time.
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