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Advances in Fusion Reactor Design: The TITAN 
Reversed-Field Pinch Reactor Study 

Farrokh Najmabadi I and the TITAN Research Group 

The TITAN research program [1-3] began in 
January 1986 as an effort to determine the technical 
feasibility of reversed-field pinch (RFP) fusion reac- 
tors, especially at high power density. The TITAN 
program is multi-institutional with UCLA as the lead 
organization and major participation by Los Alamos 
National Laboratory, GA Technologies, and Rensse- 
laer Polytechnic Institute. Scientists from Argonne 
National Laboratory, the Canadian Fusion Fuel 
Technology program, the TSTA program at Los 
Alamos, and Fusion Engineering Design Center are 
also involved. I should also acknowledge that one 
scientist from Culham Laboratory in the United 
Kingdom has been stationed at UCLA for the dura- 
tion of the project and also there have been two 
workshops on RFP reactor design with researchers of 
the University of Tokyo. 

During the past few years, the compact reactor 
option has been identified as one approach toward a 
more affordable, competitive, and "attractive" fusion 
reactor. The main feature of a compact reactor is a 
high mass-power-density fusion power core. Mass 
power density (MPD) is defined as the ratio of net 
electric power to the mass of the fusion power core 
(FPC), which includes the plasma chamber, first wall, 
blanket, shield, magnets, and related structure. The 
increase in mass power density is achieved by in- 
creasing the FPC power density and /o r  reducing the 
size and mass of the FPC. A comparison of mass- 
power-density values for fusion reactor designs in- 
cluding TITAN are shown in Fig. 1. A generally 
accepted minimum target value is 100 kWe/ tonne  
[4]. 
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Fig. 1. The mass power density and the FPC power density of 
several conceptual fusion reactor designs, including TITAN and a 
fission PWR. 
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The inherent characteristics of RFPs allow RFP 
reactors to achieve very high mass power densities in 
the range of 500-1000 kWe/tonne.  Parametric sys- 
tem studies consistently point to this window as the 
optimum range of operation for RFP reactors. The 
goal of the TITAN study is to determine the techni- 
cal feasibility of RFP reactors, especially at high 
power densities, and to determine the potential eco- 
nomic (cost of electricity), operational, safety, and 
environmental features of high-mass-power-density 
fusion systems. 

We have performed extensive parametric studies 
to select and optimize the design point and to de- 
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termine the associated design window for an attrac- 
tive RFP reactor. These design points were then 
subjected to detailed engineering analysis and sub- 
system design, with the conceptual design results fed 
back to the systems code for further optimization 
and refinement. This combination of parametric and 
point design work is referred to as a "parapoint" 
study. We have identified an attractive RFP design 
window with neutron wall loadings in the range of 
10-20 M W / m  2 and mass power densities in the 
range of 500-700 kWe/tonne. The cost of electricity 
(COE) is an insensitive function of the neutron wall 
loading in this window. We have chosen the TITAN 
reference design point at the upper limit of the 
design window at 18 M W / m  2 of neutron wall load- 
ing in order to determine the technical feasibility and 
key developmental issues for the entire design 
window. 

Two TITAN conceptual designs have been de- 
veloped. The TITAN-I fusion power core (FPC) is a 
liquid-metal design with liquid lithium as the coolant 
and breeder and vanadium alloy (V-3Ti-ISi) as the 
structural material. The TITAN-I design incorpo- 
rates the integrated-blanket-coil (IBC) as the toroidal 
and divertor-field coils. The general arrangement of 
TITAN-I is illustrated in Fig. 2. The entire FPC is 
contained in a vacuum tank. This vacuum tank and 
the entire primary coolant circuit is in a confinement 
building filled with inert gas (At) to impede the flow 
of air into the system in case of an accident. The 
TITAN-1I FPC design, shown in Fig. 3, is an aque- 
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Fig. 3. Elevation view of TITAN-II FPC design. 

ous loop-in-pool concept with a dissolved Li salt as 
the breeder and a reduced-activation, high-strength 
ferritic steel as the structural material. The TITAN-II 
FPC and the primary coolant system are submerged 
in a pool of low-temperature, low-pressure water to 
achieve passive safety. Both designs have common 
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Fig. 2. Elevation view of TITAN-I FPC design. 
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Table I. Major Parameters of TITAN Reactors 

Plasma major radius 3.9 m 
Plasma minor radius 0.6 m 
Neutron wall loading 18.0 MW/m 2 
Net electric power 960.0 MWe 
Fusion power 2300_0 MW 
Mass power density 700.0 kWe/tonne 
Net plant efficiency 33% 
Plasma current 18.0 MA 
Poloidal fl 0.2 
Average plasma density 9.0 x 1020 m -3 
Average plasma temperature t0,0 keV 
Energy confinement time 0.2 s 
Reversal parameter, F -0.1 
Pinch parameter, | 1.55 
Toroidal field (at plasma surface) - 0.4 T 

plasma physics features. At this time, the TITAN-II 
design is not completed; therefore, I use the TITAN-I 
design to summarize the major results and the central 
conclusions of the study. 

The major parameters of the TITAN reactors 
are summarized in Table I. The reactor operates at 
steady state, using oscillating-field current drive 
(OFCD) to maintain the 18-MA plasma current. The 
TITAN OFCD system is estimated to achieve a high 
efficiency of 0.3 A / W  delivered to the power supply. 
The TITAN plasma is ohmically heated to ignition 
using resistive copper ohmic heating (OH) coils. The 
toroidal-field and divertor coils are also normal-con- 
ducting and are integrated-blanket-coil (IBC) in 
TITAN-I and copper coils in TITAN-II. The equi- 
librium field is produced by a pair of superconduct- 
ing coils to reduce the required recirculating power. 

The design of the impurity control system poses 
some of the most severe problems in a fusion reactor, 
especially for high-power-density devices. TITAN re- 
actors employ three toroidal field magnetic divertors 
located 120 ~ apart toroidally with an "open" geome- 
try, i.e., the divertor collector plates located close to 
the null point to take advantage of the flux expan- 
sion which occurs in that region. The divertor collec- 
tor plates are made of tungsten alloys and overlay 
the divertor plate coolant channels. In order to re- 
duce the heat load on the divertor target plates, the 
core plasma of the TITAN reactor is deliberately 
doped with xenon impurities such that a large frac- 
tion of the plasma energy is uniformly radiated to the 
first wall. Experimentally, RFP devices have been 
shown to operate at a soft fl limit with no degrada- 
tion in global energy confinement time. The de- 
liberate injection of high Z impurities was used in 
some experiments to radiate up to 85% of the input 

power. For TITAN, the core plasma radiating power 
fraction is 70%. Strong radiative cooling due to the 
xenon impurity results in a low plasma temperature 
at the first wall (T e = 2eV) so that sputtering erosion 
is insignificant, even accounting for charge-exchange 
neutral atom bombardment. 

The RFP magnetic-field topology, in particular 
the low toroidal field at the plasma edge ( - 0.4 T), 
allows innovation in the engineering design, In par- 
ticular, TITAN-I utilizes the integrated-blanket-coil 
(IBC) concept for the toroidal-field and divertor coils 
wherein the required electric currents are conducted 
in the lithium coolant with the joule losses directly 
recovered in the primary-coolant circuit. Several ben- 
efits of the IBC are the elimination of the shielding 
normally required for copper toroidal-field (TF) coils, 
the easier access for maintenance to first wall and 
blanket because TF coils need not be removed, re- 
duced toroidal-field ripple because of the full-cover- 
age coil design, and, as a whole, simplification of the 
FPC. 

The first wall and blanket (IBC) are made of 
extruded vanadium alloy tubing. The single-pass 
coolant flow paths are illustrated in Fig. 4. The flow 
paths are aligned with the dominant potoidal field in 
order to reduce MHD pressure drops and pumping 
power. The TITAN-I first wall is capable of handling 
up to 5 M W / m  2 of heat flux. The first wall and IBC 
components have a lifetirne of one full power year. 
The hot shield is replaced every five full power years 
based upon setting the maximum atomic displace- 
ment in the vanadium alloy structure to be 200 dpa. 
The TITAN-I design meets Class-C waste-disposal 
criteria for the FPC as a whole. 

The key safety feature of the TITAN-I design is 
the complete enclosure of the lithium primary loop 
system in a confinement building filled with an inert 
gas. As a result, the blanket containers, vacuum 
vessel, and confinement building form three barriers 
to prevent lithium fires and protect the public from 
radioactive materials in case of an accident. The 
reactor torus is the lowest point in the primary- 
coolant circuit, thereby eliminating the possibility of 
a credible complete loss-of-coolant accident (LOCA). 
Lithium drain tanks are provided with passive valves 
that could drain all the lithium inventory within 
approximately 30 s. We have performed two-dimen- 
sional thermal analyses of the loss-of-coolant and 
loss-of-flow accidents (LOCA and LOFA) in the first 
wall and blanket regions. The maximum temperature 
during a first-wall LOCA and system LOFA is 991~ 
and thermal creep-rupture analysis of the vanadium 
structure indicates that failure will not occur during 
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the temperature excursion period of the accident, 
about 5 to 6 days. We have also studied lithium fire 
accidents and calculated site-boundary dose for such 
accidents. The maximum temperature during a 
lithium fire is 747~ in the combustion zone. The 
results from these accident evaluations indicate that 
the TITAN-I design achieves Level 3 of safety as- 
surance. 

The TITAN-class reactors are physically small. 
Because of their compact designs, the FPC is made 
of a few small and relatively low mass components, 
making toroidal segmentation of the FPC unneces- 
sary. We have developed a single-piece maintenance 
procedure for TITAN designs in which the replace- 
able first wall and blanket is removed as a single 
unit. In this approach, the complete FPC is made of 
a few factory-fabricated pieces which are assembled 
on-site into a single toms and tested to full oper- 
ational conditions where coolant leaks, coil align- 
ment, thermal expansion effects, etc., would be cor- 
rected prior to committing to nuclear service using 
rapid, and inexpensive, hands-on repair procedures. 

The pre-testing of the FPC greatly reduces early 
failures and should improve the reliability of the 
system. Also, since the FPC is replaced as a single 
unit, the number of connections in the nuclear en- 
vironment is greatly reduced and there can be no 
adverse effects resulting from the interaction of new 
modules put into service with the older modules 
which have been subjected to radiation damage. We 
therefore expect the scheduled maintenance period to 
be reduced. In addition, the recovery from unsched- 
uled events should be more standard and rapid. 
Furthermore, a single-piece maintenance procedure 
allows continuous modification of the FPC design, as 
may be indicated by reactor performance and tech- 
nological developments. 

The TITAN FPC designs provide for top access 
to the reactor with vertical rifts used to remove the 
components. The annual torus replacement requires 
that the reusable ohmic-heating coil set and the up- 
per shield assembly be removed and temporarily 
stored in a hot cell. The used first wall and IBC 
assembly is drained and disconnected from the 
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Fig. 4. Poloidal cross section of the first wall, IBC, and hot-shield of TITAN-I. 
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coolant supply system, then lifted to a processing 
room where it is cooled and prepared for Class-C 
waste burial. The new, pre-tested first wall and 
blanket assembly is then lowered into position and 
the removal procedure is reversed to complete the 
replacement process. We expect this maintenance 
procedure to help improve the plant availability. 

In summary, TITAN conceptual designs show 
that high-neutron-wall-loading, compact, and high- 
mass-power-density fusion systems can be technically 
feasible and economically attractive even with neu- 
tron wall loadings up to 20 MW/m2; that single-piece 
maintenance of the FPC is possible and advanta- 
geous; that the economics of the reactor is enhanced 
by its compactness; and that safety and environmen- 
tal features need not be sacrificed in high-power-den- 
sity designs. 
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