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THE TITAN OSCILLATING-FIELD CURRENT-DRIVE SYSTEM'
C. G. Bathike for the TITAN Research Group. Los Alamos National Laboratoryv, Los Alamos., NM %7545

Abstract: The TITAN study uses oscillating-field current drive
(OFCD) for steady-state operation in a reversed-field-pinch (RFP)
fuson reactor. A circuit mndel which simulates the plasma, first
wal’, blanket, and coils has been developed and applied to two
TITAN reactor designs to assess OFCD efficiency and power-supply
requirements. Methods for optimizing current-drive efficiency and
minimizing power-supply requirements have been identified.

1. INTRODUCTION

The TITAN fusion reactor study'? is exploring the poten-
tizl of high power-density operation based on the reversed-field
p'nch (RFP). Steady-state plasma operation has been mandated
by considerations of total power balance, thermal cyclic fatigae,
and tne costs associated with onsite energy storage and thermal
storage. The TITAN study has adopted oscillating-field current
drive (OFCD) as the means to sustain the 18-MA steady-state
toroida! plasma current, /.. Two high-power-density designs were
considered: a Li/Li/V (breeder/coolant ‘structure) poloidal loop
configuration (TITAN-I) and a LiINO3 H.O ferritic-steel configura-
tion immersed in a water pool (TITAN-11). The first option uses
the integrated-blanket-coil (IBC) concept.’ wherein currents are
driven in the Li breeder/coolant to produce the toroidal magnetic
field. The second option uses an aqueous-loop blanket with normal-
conducting Zu toroidal-field coils ( TFCs) encasing the blanket. The
different TFC locations and resistivities of the two designs impact
the current-drive efficiency. The OFCD requirement for both de-
signs are quantified using a untfied model

2. PLASMA/CIRCUIT MODELS

An inductive but oscillatory (i.e.. not consumptive of electro-
magnetic flux) means of steady-state current drive has been pro-
posed for the RFP.4 The minimum-energy RFP state 1s defined” "
primarily by holding the toroidal flux, #, and the magnetic helicity.
K J A. Bd\,, inverient within a conducting shell surrounding
the plasma. where Al - © . A)isthe magnetic vector potential
and the integration is performed over the plasma volume. Intrinsic
plasma processes related to turbulence and or resistive instabilities
generate voltage and current within the plasmu in order to increase
o reduce poloidal flux te maintain the hehcity constant and the
plasmia in a near-minimium-energy staie.  This nonlinear coupling
between plasma and magnetic fields can be used to rectify current
oscillations created at external coils into a net steady-state current
within the plasma. This process is envisaged to transform toroudal
magnetic flux {(poloidal currents) into toroidal currents (polowdal
magnetic flux) through the plasina relaxation responsible for man.
taining the near-minimum-energy corfiguration
2.1. Plasms Model

Power.flow in OFCD can be describcd by energy balance
cather than helicity balance * A power halance imposed at the
plasms surfoce, a detinition of the piasma internal magnetic energy,
and a positive Faraday's Law (1% dgodt) el the following
expression for the toroidal voltage ar~und the piasma, 1,
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where 1,4 are the torodal and poloidal voltages applied to
the plasma. Jf, is the plasma remstance, [, 1 the plasms
nternal nductance (not mcluding vacuum toroidal flux), /-

Betrp) (Heoo 8 Ho(r,) By ol o nr',': s an average

toroidal field within the plasma minor radius. 1.
vacuum toroidal inductance

and 1, 1s the

Oscillations of 1, in proper phase at frequency less than
- 2m. TR can give a net time-averaged current. [. . with .
= 0 (1.e.. no net flux change) where g is the instability relaxation
time responsible for poloidal-flux generation Hence. a non-intrusive
means to drive current using primarily the mam confining coil system
in a low-frequency, low-amplitude mode becomes possible

In evaluating Eq. (1) to determine the flux changes. feld
oscillations, and power flows associated with OFCD as applied to the
RFP, the relationship between I and ©, as well as the dependence
of field, B. and current, ; grofiles on © in order to determune /.,
and R, must be determined A circularized. one-dimensional MHD
model described in Ref 8 is used. The densty, temperature. and
i = pay - B/ B? profiles required as input to the MHD model are
based on one-dimensional plasma simulations reported in Ref 1
Given a poloidal beta, Jg. and /. the MHD model determines the
corresponding F and @. An F' © curve s generated by varying /,
From the MHD-model produced B and | profiles, the ©) dependency
of L, and 17, also is obtained.

The algorithm for finding steady-state solutions to Eq (1) 1s
to fix the amplitude, 60 ¢, of a sinusoidal toroidal-flux function
and iterate upon the amplitude, 41°. 'V}.. of a sinusoidal toroidal-
voliage function until the plasma-current becomes periodic. 1e .
Ia0ty = Jalt 4 2m, w). The torodal-flux and -voltage functions
are in phase to produce the maximum current drive  An tial
guess for 4174V, is obtained from the constraint that the time-
averaged helicity is conscant (dl\ dt 0) which yields the
following condition on the amplitudes of the toroidal-flux and
-voitage oscillations (8¢, @.) (¢V4 Vau) - 2 The plasma current
is reset to the desired value at the beginning of each simulation
period. The time scale also is adjusted to ensure that the mean
current during a period is the same as the current at the beginning
of the period
2.2, CIRCUIT MODEL

An assessment of OFCD efticiency requires the modeling of the
circuit elements external to the plasma in addition to the plasma
itself to account for all powet dissipation as schematically depirted in
Fig 1. The governing matrix circuit equation 1s written as follows

o d . .
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where / and |’ are column vectors representing the currents and

voltages, respectively. K is a diagonal matrix of resstances, and !
is the inductance matrx The inductances in Eq (2) are assumed
to be time independent Circuit =quations are deri.ed for poloidal
and toroidal current paths and are labeled (4. .+) according to the
current direction

A shell model 13 used to determine the inductances and the
resistances used in the matrices The self inductances in the toroidal
and poloidal direction for the :'* element are given by the following
formulae """
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respectively, where 9, = r; "R and 40 = ro 'R7. the vacuum
magnetic permeability is ;.. the major and minor radu of the shell
are Rt and r., respectively. and the inner and outer minor radii
of the shell are »; an. . ). respectively. The internal inductance is
ignored in Eq. (3). The mutual inductance between the /'" and
7'" elements, A/, is the smaller of the ;** and ;'* self-inductances
in the shell model. The mutual inductance between two elements
then is the self-inductance of the element with the smaller minor
radius for poloidal currents and the self-inductance of the element
with the larger minor radius for toroidal currents The resistance of
the '* element is given by R, = n, Rr/(r? — r})  where n, is the
resistivity of the material in the conducting shell

The circuit elements simulated are the plasma. first wall,
the toroidal-freld coils (TFCs), a portion of the windings of the
ohmic-heating coils (OHCs). a portion of the blanket. a primary
equilibrium-field coil (PEFC) set, and a secondary equilibrium-
field coill (SEFC) set (Fig. 1). which represent the largest power
dissipators The current vector | of Eq. (1), then, has components
corresponding to each circuit element listed above. The plasma
current in the toroidal-circuit . the I, solution to Eq. (1) The
plasma current in the poloidel circuit is a model artfact required
for inductive transfer of magneiic freld energy to the plasma from
the external elements and acts like, but is not. » plasma skin current

The TFC for TITAN-I has been separated into six indwidual
current-carrying elements that physically cofrespond to the six
radial rows of IBC tubes. because the tube rows are connected
electrically in parallel’!!? and the current penetration skin depth
at the frequencies considered (25 Hz) 1s comparable to the tube
diameter. The plasma resistance 1s taken as zero in Eq  (2). because
it is already included n Eq (1) The plasma inductances in Eq (2)
are only the exterrial inductances, because the internal inductances
already appear in Eq. (1)

The voltage vector of Eq (2) contains the voltage sources for
the elements representing the coils. which are connected to power
supplies. The voltage on the TFC is determined by requiring the
toroidel freld at the plasma surface be produced by all the elements
with continuous poloidal current paths The voltage of the OHC s
derived from the solution for /., from Eq (1) In the case of the
PEFC, the voltage is maintained at a constant value corresponding
to the mean equilibrium field The SEFC voltage i3 determined
by requiting the EFCs to track the oscillating equilibrium-freld
requirement of the plasma '* For the passive elements, first wall
and blanket, the voltages are zero In the toroidal version of Eq
(2) the plasma voltage 15 taken to be - 1., because |, is a voltage
drop as written in Eq (1) In the poloidal-circut equatior, the
plasma voltage is taken to be 1y because a positive Faraday's law
» used

TOROIDAL

POLOIDAL

Fig. 1. Schematic diagram of the OFCD power flow depicting the
majot power dissipators

Calculations with a continuous first wall described in Sec 3
indicate a need to model passive slements with resistive breaks or
gaps. The model derived here for circuit elements with gaps treats
each passive element as consisting of an inner and outer current
path. as is shown in Fig 2. The current 15 assumed to flow in the
smaller of either half of the radial build of the passive element or a
current penetration skin depth The self-inductance of the gapped
element 15 the difference of the self-inductances of the :nner and
outer current path elements. The mutual inductance between a
gapped element and a continuous element 15 the difference between
the minimum of the self-inductances of the inner current path
element and the continuous element and the mimimum of the self-
inductances of the outer current path eiement and the continuous
element. H the continuous element has a smaller self-inductance
than erther the inner or outer current path elements then 2 zero
mutual inductance results in the shell model The resistance of the
gapped element 13 the sum of the resistances of the inner and outer
current path elernents

The time-dependent current and voltage solutions to the
toroidal and polodial versions of Eq (2) are solved in conjunction
with the /(1) solution to Eq. (1) The electrical time constants of
the external circuits are sufficiently short so that periodic solutions
to Eq. (1) and (2) sre obtained simultaneously The dissipated
powers and peak reacitve powers of the entire system are derived
from the calculated current and voltage wave forms

3. RESULTS

The first application of the algorthms described in Sec 2
was to the TITAN-| design shown in Fig 3 with a continuous
first wall_ but the blanket. PEFC, and SEFC circunt elements were
not included in the simuiations. The most prominent result of
this reduced circuit simulation s the largs ( 120-MW) first-
wall dissipation Efforts to reduce the dismpated power initially
focused on varying the toroidal flux swing éc .. and the drive
frequency. . The first-wall dinsipation displays a shallow nummum
in 60 ¢, Lowering the frequency reduces the ‘irst-wall dissipation
but dissipations below 100 MW are sttainable because reversal 1s
lost Raming the first-wall resistance. Jfp1i . lowers the first wall
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dissipation, Pry . which scales as Priu x R; :‘ . but the first-
wall resistance cannot be changed because the first-wall design
ts determined by thermalhydraulics considerations To increase
first-wall resistance, a more resistive first-wall material is required
However, a more resistive material with good thermal and structural
properties was not found.!? In addition the nominal fi, st wall meets
the requirements for plasma wall stabilization which are dependent
only on the first-wall resistivity and dimensions Consequently. the
only means available to eliminate the OFCD induced currents in the
first wall is with gaps or insulating breaks

The gap model was applied to the same reduced circuit model
of the TITAf.| design described above The primary effect of the
first-wall gap is to reduce the first-wall dissipation from 120 MW
to ~0.01 MW, The introduction of gaps improved the current-drive
efficiency from 0.09 A 'W for a continuous first wall to 033 A'W.
Consequently, the use of gaps in all passive elements was adopted

The full circuit model was then exercised on the TITAN.| and
-1 designs shown in Fig. 3 initially the SEFCs were not simulated
which resuited in an ~7-GW reactive power in the PEFCs  The
SEFCs. subsequently, were simulated to reduce the EFC reactive
power because thc power supplies are costed at --10 M$ per GW
of reactive power !® The results of a 40 . parametrization for the
fuil circurt simulation of TITAN-I and TITAN-I! are shown in Fig
4. The operating window of &0 ¢. is bounded above and below
because of a loss of field reversal The upper bound 15 the result of
too large oscillat.ons in @ at a shallow reversal (F' - (1) The
lower bound is the result of too large oscillations in [, ( - 5%) and.
hence, © which result it loss of reversal because adherence to an
F - © curve 1s required. The ¢ o, operating window completely
disappears between 5 and 10 Hz  The TITAN-| design dissipates
slightly more power than TITAN.II. but has smaller coll reactive
powers

A more detailed comparison of TITAN-| and -1l 13 provided in
Table |. The first-wall dissipations are the same because each design
uses the same gapped first wall. The gapped blanket dissipation s
larger in the TITAN-! primarily because of a lower blanket resistance

UNMODELED
PARASITIC

Fig. 3. Cross-sectional views of TITAN | and TITAN It showing
the circuit elements simulated and ther locations
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Fig. 4. Plots of the coil reactive power. I’ where 1 denotes

the EFCs. OHCs. and TFCs, and total dissipated power excluding
dissipation in the power supplies. P}, versus torowdal-tlux swing
60 @o. tor TITAN-I (solid curves) and TITAN-Hl (dashed curves) at
a drive frequency of 25 Hz

Because the blanket in TITAN-1 15 positioned outside of the TF(s
none of the poloidal circurt elements couple to the blanket and no
power is dissipated in the blanket in that circuit  The dissipated and
reactive powers in the coils of the toroidal circut (1c . OHC PEFC
and SEFC) are siightly larger for TITAN.Il because the toroudal-
circuit blanket inductance is larger for TITAN- || mearing the blanket
is less transparent to the power flowing through its surfaces The
TFC reactive power 1s larger in TITAN-II than TITAN.| because
the TFCs :n TITAN-(I are positioned further from the plasrna  The
TFC dissipation, however s smaller in TITAN-II even though the
DC powers are nearly equal because the TFCs are series wound
snd have s uniform curreri density. whereas the TFCs in TITAN |
are connected in parallel with an overall radial build greater than
the current penetration skin depth which results in a radial praking
of the current density The TITAN.Il design dissipates less power
in the first wall, blanket and coils than TITAN-I. but has a larget
terminal reactive power When the power-supply efliciency (Q
100) 15 included in the current-drive efficiency both designs operate
at comparable efficiencies of -1 3 A W

4 CONCLUSIONS

A circuit model was developed that mimulates the e
viements asmocisted with OFCD which inject and or dusuipate
power The model was used to determine that toroidal and poloidal
gaps or insulsting breaks are required of those structures such as the
first wall which will have induced currents as the results of OFCD to
achieve ac ‘eptable current.drive efliciencies (1 3 A W) Detailed
analysis of the TITAN | and .|l denmgns revealed a preference for
series winding of all OFCD coils. the pomtioning of these coils
as close to the plasma as possible and in the case of coil sety
with small amplitude oscillatinns about Iarge average curtents the
spiitting of the coil set into a set devoted tc the oscillation and
a second set to produce the mean current  Future work shovld
focus on eflects of field errors inttoduced by gaps duning currem
oscilistions



TABLE . OFCD COMPARISON OF TITAN-{ AND TITAN-II

Average Plasma Current. [, (MA)
Drive Frequency, fiH:)
Toroidai-flux swing. éo. o,
© Varia..on
F Variation
Toroidal, Poloidal Circuit (MW):
Plasma Poynting power, I’
Plasma dissipation, Py,
First-wail dissipation, Fru
Blanket dissipation, Pg
Terminal Reactive Power, /" (A1)
OHC
TFC
PEFC
SEFC
Coil Dissipation, P,(AM 1)
OHC
TFC
PEFC
SEFC

Real (lost) Terminal Power. 7 (A1)

OHC
TFC
PEFL
SEFC
DC TFC power. P7S(AW)

Power-supply dissipation. Ppc(A/117) '

Total dissipation. PV
Current-drive power, P (MW)

Current-drive efficiency. 1o Fopid 1)

TITAN

I TITAN N

17.82
25
0C35

1499 - 1616
-0.032--0.173

3.959.99.247.31

28550
0000
1040

7492
503 88
~0
113 44

013
47.38
~0

195

162
74 00
~0

344
2915

6 92
8s 98
56 43

031

(0} Assumes the power supplies are 99% e ficient

0 285500
01 000001
0.01'019

101 9¢
141317
~0
147 16

017

35.69
~Q

249

115
62 50
~0

346
2913
16 62
8374
54 61

0233

(0) This efficiency is based on total power consumed in the system
An equivalvent estimate for » f current drive in tokamaks 1s - 0 06
A ‘W assuming a conversion efficiency of 0 3
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