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PREFACE

The ARIES study is a community effort to develop several visions of tokamaks as
fusion power reactors. The aims are to determine the potential economics, safety, and
envirommental features of a range of possible tokamak reactors, and to identify physics
and technology areas with the highest leverage for achieving the best tokamak reactor.

Three ARIES visions are planned, each having a different degree of extrapolation
from the present data base in physics and technology. The ARIES-I design assumes a
minimum extrapolation from current tokamak physics (e.g., 1st stability) and incorporates
technological advances that can be available in the next 20 to 30 years. ARIES-11is a DT-
burning tokamak which would operate at a higher beta in the 2nd MHD stahility regime.
It employs both potential advances in the physics and expected advances in technology
and engineering. ARIES.-11] will examine the potential of the tokamak and the D*He fuel
cycle.

Following is a collection of 14 papers on the results of the ARIES study which were pre-
sented at the IEEE 13th Symposium on Fusion Engineering (October 2-6, 1989, Knoxville,
TN). This collection describes the ARIES research effort, with emphasis on the ARIES-I
design, sununarizing the major results, the key technical issues, and the central conclusions.

The ARIES-1 reactor is a 1000 MWe (net) reactor with a plasma major radius of 6.5m,
a minor radius of 1.4m, a neutron wall loading of about 2.8 MW/m?, and a mass power
density of about 90kWe/tonne of fusion power core. Parametric systems studies show
that the optimum 1st stability tokamak has relatively low plasma current (~ 12MA),
high plasma aspect ratio (~ 4 — 6), and high magnetic field {~ 24T) ai the coil. The
ARIES-] reactor operates at steady state using ICRF fast waves to drive current in the
plasma core and lower-hybrid waves for edge-plasma current drive and start-up. The
current-drive system supplements a significant (~ 57%) bootstrap current contribution
that is consistent with thecretical predictions and recent experimental observations. The
impurity control system is based on high-recycling poloidal divertors. Because of the high
field and large Lorentz forces in the toroidai-field magnets, innovative approaches with
high-strength naterials and support structures are used. The ARIES-I blanket is cooled
by He and consists of SiC-composite structural material, Li4SiO4 solid breeder, and Be
neutron multiplier, all chosen for their low activation and low decay after-heat in order to
enhance the safety and envirommnental features of the design. The ARIES-I design has a
competitive cost of electricity and potentially superior safety and environmental features
relative to advanced fossil or fission power plants.
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Abstract: The ARIES study is a community effort to
develop several visions of the tokamak as fusion power reactors.
The aims are to determine their potential economics, safety, and
environmental features and to identify physics and technology
areas with the highest leverage for achieving the best tokamak
reactor. Three ARIES visions are planned, each having a
different degree of extrapolation from the present data base
in physics and technology. The ARIES.I design assumes a
minimum extrapolation from current tokamak physics (e.g.,
1st stability) and incorporates technological advances that can
be available in the next 20 to 30 years. ARIES-II is a DT-
burning tokamak in 2nd stability regime and employs both
potential advances in the physics and expected advances in
technology and engineering; and ARIES.III is a conceptual
D3He reactor. This paper focuses on the ARIES-I design.
Parametric systems studies show that the optimum 1st atability
tokamak has relatively low plasma current (~ 12MA), high
plasma aspect ratio (~ 4 — 6), and high magnetic field (~ 24T
at the coil). ARIES-I is 1000 MWe (net) reactor with a plasma
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major radius of 6.5m, a minor radius of 1.4m, a neutron wall
loading of about 2.8MW/m? and a mass power density of
about 90kWe/tonne. The ARTES-I reactor operates at steady
state using ICRF fast waves to drive current in the plasma
core and lower-hybrid waves for edge-plasma current drive.
The current-drive system supplements a significant (~ 57%)
bootstrap current contribution. The impurity control system
is based on high-recycling poloidal divertors. Because of the
high field and large Lorentz forces in the toroidal-field magnets,
innovative approaches with high-steength materials and support
structures are used. The ARIES-] blanket is cooled by He
and consists of SiC-composite structural material, Li SiO4 solid
breeder, and Be neutron multiplier, all chosen for their low
activation and low decay after-heat in order to enhance the
safety and environmental features of the design. The ARIES-1
design has a competitive cost of electricity and superior safety
and environmental features.

INTRODUCTION

The ARIES study is 2 community effort {1] to investigate
the potential of tokamaks as fusion clectric-power systems. The
ARIES study is developing three visions for tokamak reactors,
each with a different degree of extrapolation in physics and
technology. The aim is to determine the potential economics,
safety, and environmental features of a range of possible tokamak
reactors. Furthermore, a comparison of the ARIES designs will
provide a host of physics and technology areas with the highest
leverage for achieving the best tokamak reactor.

All three ARIES designs are 1000 MWe {net) power reac-
tors. The ARIES-I design assumes a minimum extrapolation
in physics and, hence, is cloee to present tokamak data base
(¢e.g., ARIES-I operates in the first MHD stability regime). The
ARIES-I reactor incorporates technologies that would be avail-
able over the next 20 to 30 years given the existing trends and
gradients for these technologies within and cutside the fusion
program. The ARIES-II design mssumes potential advances in
plasma physics, such as second stability operation, which are
predicted by theory but are not yet well established experimen-
tally. Because of the improved plasma performance in ARIES-II,



the technology needs may be less demanding than those of
ARIES-1. The ARIES-1II vision will study the potential of tokn-
maks to operate with fuel systems such as D*He as alternatives
to deuterium and tritium. Such systems may have the potential
{for even greater environmental and safety advantages and for
highly efficieat conversion of fusion power to electricity [2].

In this paper, a description of the ARIES-I research effort
is presented. The general features of the ARIES-1 reactor are
described aad the plasma engineering and fusion power core
design are summarized, including the major results, the key
technical issues, and the central conclusions.

GEN FEATURES OF THE ARIES- ACTOR

Extensive parametric system studies have been performed
to select and optimize the design point and then to determine
the overall sensitivity of the design to the physics and engineer-
ing sssumptions and extrapolations. Specific parameters of the
design, appropriate to the overall configurational options, were
optimized to result in reactors with minimum cost-of-electricity
{COE) [3). These design points were then subjected to detailed
engineering analyses and subsystem design, with the conceptual
design results fed back to the systems code for further optimiza-
tion and refinement.

The ARIES-1 plasma operates in the first stability regime
and the plasma beta is consistent with the predictions of
MHD stability theory, which has proven to be it remarkable
agreement with experimental findings. The parametric studies
pointed to optimum first-stability tokamaks which have rela-
tively low plasma current (I, ~ 12MA), high plasma aspect ra-
tio [A ~4 —6), and high magnetic field (Bt ~ 24T ot the
coil). Low-current, high-nspect-ratio, ARIES-1 class reactors
have the following distinctive features: (1) plasma beta is low
and is compensated by a high toroidal field. {2) Because of low
current, the poloidal bete 35 high which, together with relatively
high safety factors, results in a high bootstrap current fraction,
fBs = Igs/I,. (3) Because of low current and high fgs, the cost
of the current-drive system and the recirculating power fraction
i5 reduced which compensates the higher tost of the toroidal-
field coils. (4) Because of Jower plasma current, the disruption
forces are much smaller and the poloidal-field system is cheaper.

The trade-offs among the plasma current, nspect ratio, and
toroidal field for first stability tokamaks are shown in Figure 1.
This figure compares the cost of electzicity (COE) of 1000-MWe
tokamak power plants for different aspect ratios and maximum
fields at the coil. For a given 4, a drastic reduction in COE is
evident for higher peak fields, mainly because the fusion power
density is increasing and the device i5 becoming smaller. For
& given peak field, the increase in COE st low A reflects the
larger plasma current, higher cost of the current-drive system,
and higher recirculating power. At larger A, the plasma current
is not decreasing much with A, and the cost of toroidal-feld
magnets become dominant. The mirimum-COE design occurs
at A~4-3% The exact location depends on the unit cost
of the toroidal-field magnets and current-drive system and the
efficiency of the current drive.

A reference design point, corresponding to a plasma aspect
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Figure 1. Relative COE of first-stability, 1000-MWe tolmmak
reactors with different aspect ratios and peak field at the coils
{Beoit). The peak stress in the cail is set at 1000 MPa. Values
given in parenthesis are those of the toraidal field on atis and
plazma current.

Table 1: ARIES-I Major Parameterss

Major plasma radius 6.52 m
Minor plasma redius 1.45 m
Plasma aspect ratio 4.5
Plasma elongation, xps 1.6
Plasma current 12 MA
Toroidal field (on axis} 13T
‘Toroidal field (on coil) 24T
Plasma beta 2%
Average electron density 1.6x103% m—?
Average elsctron temperature 20 keV
Neutron well loading 2.8 MW/m?
Fusion power 1991 MW
Net electric output 1000 MW
Gross thermal efficiency 0.48

{  Net plant efficiency 0.35

ratio of 4.5 and the peak field of 24 T, was chosen for the ARIES-]
reactor. Details of the ARIES-I trede-off studies leading to this
design point are given in Reference [3]. The major parameters of
the ARIES-I reactor are summarized in Tahle 1. Figure 2 shows
an elevation view of the ARIES-I fusion power core (FPC).

In addition to economic competitiveness, the ARIES-Istudy
has placed & great empbasis on safety and environmental features
aiming for Level 1 (inherent safety) or Level 2 (large-scale passive
safety) of safety assurance [4]. This safety goal has been achieved
by using low-activation, very-low decay-afterheat material in the
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Figure 2. Elevation view of the ARIES-I1 FPC design.

FPC 20 that the inventory of radicactive material is low and the
decay afterhest in the FPC is not sufficient to release hazardous
material [5. The ARIES-I FPC compconents also qualify as
Class-C waste for shallow land burial [6].

S- SMA G

Self-consistent plasma profiles have been used for equilib-
rium and stability, current-drive, transport, and edge-plasma
analyses. A standard radinl pressure profile, p{r} = p,[l —
(r/a)®]%s, is used with a, = o, + a, where a, and a, are the
respective profile exponent factors for density and temperature.
For ARIES-] design, a, = 0.3 and a, = 1.1 are used, based on
the results of the transport calculations; similar values have been
used for ITER. One should note that a more peaked density pro-
file (i.c., larger an) would result in higher fusion power density
and larger bootstrap current fraction leading to a lower COE
(COE decreases by ~ 10% for an, = 0.6). The more peaked den-
sity profiles, however, require & central fucling scheme and/or an
agomalous inward-pinch process and were ruled out for ARIES-]
design.

The ARIES-1 plasma equilibrium is constrained by several
physics and engineering constraints, the most important being
the vertical stability requirements. The growth rale of an
externally excited vertical instability is on the order of the Alfven
time scale (10us). Usually a conducting shell is required to
retard the growth rate to  mpore manageable value set by the
electric time constant of the shell. An active feedback system
then provides the necessary stabilization for longer times.

The ARIES-I blanket is made of SiC structural material
which has a low electrical conductivity and, thus, cannot pro-
vide any passive stabilization. In order to maintain the excellent
safety features of the ARIES-] blanket system, the passive sta-
bilization shell is located behind the blanket, 0.9m from the
separatrix. Several models huve been used to estimate the loca-
tion and size of the conducting shell for passive stabilization [7].
Time-dependent simulations with TSC eode [8] are used to de-
termine the current, voltage, location, and size of the active
feedback coils [7]. For ARIES-I plasma with an aspect ratio of
4.5 and a separatrix elongation, x, = 1.8 {xps = 1.6), a growth
rate of 5.757! is predicted for a 1-cm-thick, toroidally contin-
uous, aluminiuin vacuum vesse] positioned behind the blanket.
The active feedback coils are located outside the teroidal-field
coils (3 m behind the separatrix) and require ~ 2 MVA to correct
a 50-mim vertical displacement of the magnetic axis.

The MHD equilibrium and stability of the ARIES-] design
are sunumnarized in Reference [9]. The reference MHD equilibria
for ARIES-] are computed using the HEQ code [10] which
calculates free-boundary solutions for a given plasma position,
shape, and linked poloidal Bux while minimizing the stored
energy. The on-axis safety factor for the reference equilibrium
5 go = 1.45, qos = 4.85, and the plasma triangularity at the x-
point is 0.70 . High-n ballooning modes and the n = 1 kink
niode were examined to determine the stability # Lmit for
& conducting wall at infinity. The intermediate-n ballooning
modes are avoided by retaining small gradients in the g-profile
near the plasme axis. Steble equilibrium has been found with



0 = 1.9%, corresponding to a Troyon coefficient, Cr = 3.2 [9].
The bootstrap current fraction, fps = Ips/1, for the ARIES-1
reference equilibria is estimated at 0.57 [11).

The ARIES-I reactor operates at steady state using ICRF
fast waves.to drive the current at the core plasma, lower-hybrid
waves for edge-plasma current drive, and bootstrap current.
An alternate current-drive system based on high-energy neutral
beam injection is also analyzed f11].

Substantial experience has heen accumulated in recent
years with high-power ICRF fast-wave heating in large toks-
maks. Fast-wave current drive has been observed in smaller
machines {12} and more definitive experiments are planned on
DIII-D and JET. Details of ARIES-] current-drive system is
given in Reference [11]. Self-consistent current-drive caleula-
tions have been performed to ensure that the total driven cur-
rent density {including bootstrap) match the target equilibrium
current-density profile.

The ICRF frequency is set at 158 MHz and the wave spec-
trum is centered 8t ) = 1.6 to avoid wave absorbtion by ener-
getic alpha particles and minimize the power absorbed by the
fuel jons. The fast-wave launcher is located above the equatorial
plane on the outboard side to generave the desired broad cur-
rent profile. The current-drive power is estimated at 160 MW.
Recent calculations suggest that by further optimization, the
current-drive power can be reduced to ~ 130 MW [11].

The fast-wave launcher is the folded wave guide {11} with
a high-power handling capability of ~ 40 MW /m? [11,13]. The
ARIES-] launching system consisis of four modules with a total’
coverage of 1.6% of the first-wall area. Each module is 3.6-m
wide, 0.6-m high, and includes an array of 12 folded wave guides.
The four launcher modules are located in two special blanket
segments, each having two poloidally stacked modules (at 25°
and 46° in the poloidal direction, above the equatorial plane) to
generste the desired target equilibrium current profile (11].

The impurity-control /particle-exhaust system for the ARTES
design consists of a double-null divertor configuration with a
toroidally contipuous target plate. Because ~ 50% of core-
plasme energy is radiated {manly by synchrotron radiation) and
because of the high upstream separatrix density of ~ 102%m~3,
a high-recycling divertor mode is expected. The peak heat flux
on the divertor target is estimated at about 5 to 7MW /m? with
& divertor plasma temperature of ~ 25¢V. The divertor target
is coated with a high-Z, tungsten-rhenium alloy to reduce the
sputtering erosion to negligible levels.

Extensive transport calculations have been performed, us-
ing BAULDER code [14], to gain confidence that the ARIES-I
plasma would ignite and ackieve the predicted steady-state burn
condition (15|. These calculations show that the confinement
needs of ARIES-I are consistent with present data base; only
enhancement factors between 1 to 2 over L-mode, depending on
the scaling relation used, are peeded.

THE ARIES-I FPC DESIGN

The ARIES-1 design uses advanced superconductor toroidal-
field coils with & peak field of 24 T. Details of the ARIES-I
mugnet design are given in Reference [16]. Currently availahle

NbySn-based superconductors are capable of producing fields
up to ~ 20T [17). For higher fields, oniy NbN, NbaAl, and
Nby[Al,Ge) have demonstrated the capability of sufficient cur-
rent density, J.. In particular, the Nb3{Al,Ge)-tape supercon-
ductor is capable of J. ~ 300MA/m? at B=31T [18]. This
level of performance, however, is only obtained in a supercon-
ductor tape and not in a multifilamentary wire. Therefore, the
ARIES.-I magnet uses Nba(Al,Ge} tape superconductor in the
high-field region of the coil (B > 18,T), while multifilamentary
NbaSn and NbTi superconductor wires are utilized in the Jow-
field region. The ARIES-I magnet system consists of 16 coils
with a tatal stored energy of 105 GJ and an overall current den-
sity of 30MA/m?, :

One of the features of the ARIES-1 magpet is the CuNb sta-
bilizer, a high-strength, high-modulus, low-resistivity compesite,
which carries some of the structural load [16]. This stabilizer
offers superior mechanical properties when compared with the
metalic stabilizers such as Al or Cu.

A large number of fibrous materials exist that have longitu-
dinal ultimate tensile strength in the range of 2100 to 7900 MPa
and longitudinal tensile modulus in the range of 150 to 700 GPa.
The primary fibrous materials today are polymers, C, and SiC.
As fibers tend to bave poor transverse compressive strength,
magnet applications require the incorporation of the fibers into
a matrix that can support the compressive loads in the inner
leg. For this reason, the ARTES-]1 magnet uses a C-fiber/Cr-Ni
stee] composite siructural material. The composite consists of a
40% C-fiber fraction (fiber strength of 6 GPa and fiber modulus
of 485GPa) in a Cr-Ni matrix (50% volume {raction) and 10%
interface (assumed to support negligible loads). The compos-
ite modulus is estimated at ~ 300 GPa and the allowable stress
is estimated to be ~ 1.7Gpa, much higher thaa the allowable
stress used in the ARIES-1 magnets [16].

A superstructure is used to support the out-of-plane
loads and consists of a bucking cylinder and two structurai
caps (16,19]. The bucking cylinder is 5.6.m high and the out-
of-plane loads are transierred by the use of keys and key-ways
thet are cut in the bucking cylinder. The break peints hetween
the center post and the top and hottom caps ere located at the
zero shear-stress points. The caps, therefore, are in near equi-
librium, with the loads in the inner past of the coil balanced by
the loads in the outer part. Somc s:nall keys and key-ways are
provided to carry the small unbalanced forces that may occur
during start-up or disruptions.

The ARIES-I blanket is made of SiC/SiC compaosite struc-
tural material, is cooled by He at 5 MPa and includes Be neutron
multiplier and Li(5i0O4 solid breeder [20]. The SiC/SiC compos-
ite allows a high operating temperature operation and features
very low activation and very low decay-afterheat characterisitics.
The breeder and multiplier material are also chosen tc meet the
low-activation, low-afterbeat requirements. The first wall and
blanket are constructed as a single unit. The internals of a blan-
ket module is shown in Figure 3. Each blanket module is 0.35-m
wide in the toroidal direction and 0.8-m long in the radial di-
rection. The first-wall tubes are oval shaped and form one side

»f the blanket module. The blanket is divided into three zones.



Figure 8 The ARIES-I blanket module.

The multiplier zone is 0.25-m thick and consists of ~ 21% SiC
and ~ 51% Be in average volume fraction. The tritinum-breeding
zone is 0.20-m thick and consists of 19% SiC and 54% LiySi04
solid breeder. The reflector zone is 0.33-m thick and consists of
95% SiC. The shield is located behind the blanket and is 0.5-m
thick on the inboard side and 1-m thick on the outboard side.
There is a 1-cm thick, aluminum vacuum vessel between the
blanket and shicld coumnponent which alsc provide passive stabi-
lization for vertical stability of the plasma. At a ®Li enrichment
level of 20%, the tritium breeding ratio for this design is 1.12
and the blanket energy multiplication is 1.37 {§].

The He coolant enters a blanket module at the bottom,
flows upward through the first wall, breeder, and reflector zones
and then downward throuch the multiplier zone. The coolant
inlet temperature is 350° C and the the outlet temperature is
650° C.

The ARIES-] reference power cycle is 2 supercritical steam
Rankine power cycle [21] which is similar to that proposed by a
recent EPRI study [22] for present or near-term coul-fired plants.
For a maximum steam temperature of 600 C, the estimated gross
thermal efficiency of the ARIES-I power cycle is 48%, similar to
that of Reference [22].

The ARIES-1 blanket uses SiC/SiC composites as the struc-
tural material. Monolithic ceramic materials have been consid-
ered for fusion applications in the past. However, the brittle
fracture response of bulk ceramic material causes the frazture
tensile streugth to liave a wide statistical distribution, making
the failure points unpredictable. Furthermore, failure of mono-
lithic ceramic material is generally catastrophic. These concerns
can be alleviated by using s ceramic composite with fibers dis-
persed in a ceramic matrix. High strength can be achieved by
transferring the load from the matrix to the fibers, taking ad-

vantage of the superior tensile strength of the fibers. Fracture-
toughness values for ceramic-matrix composites are very high
because energy is absorbed as fibers are pulled away from the
matrix causing crack deflection or arrest and reducing the prob-
ability of catastrophic failure significantly.

Recent advances in developing high-performance compos-
ites, especially by the areospace industry both as light-wight,
bigh-strength air-foil material and for high-temperature heat-
engine application have been phenomenal. In particular the
development of SiC-fiber-reinforced SiC matrix composites has
shown great improvements in failure-mode behavior, strain tol-
erances, and fracture toughness.

For the ARIES-1 design, micromechanical design equations
were used to estimate the thermomechanical properties of the
SiC composite material. A conservative maximum allowable de-
sign streas of 180 MPa was estimated for a matrix with 60% fiber
volume fraction and 10% porosity, operating at 1000° C [22].
Preliminary finite-element analyses of the thermal and pressure
stresses indicate that these stresses are well below the estimated
design limits [22].

A modular maintenance approach is envisioned for sched-
uled maintenance of the ARIES-1 FPC (19). The reactor is di-
vided toroidally into 16 medules, each containing one toroidal-
field coil and cryostat, nine outhoard and six inboard blanket
modules, a section of the shield, upper and lower divertor mod-
ules, and part of the vacuum vessel. The mass of one modules
is estimated at 440tonnes. Access to the FPC requires that
the upper toroidal-field-coil superstructure to be lified. Each
FPC module can then be removed by vertical movement as one
complete unit. This type of maintenance approach is expected
to provide a more rapid turn-around time for scheduled repairs
by eliminating a majority of the interfaces that will need to be

" removed with remote maintenance equipement [19), Another

key feature of this approach is that all hydraulic, vacuum, and
electrical connections are made and broken with few, dedicated,
single-function actuators that require a minimal amount of op-
erator interaction.

SUMMARY AND CONCLUSIONS

The ARIES study is pursuing three visious of tokamaks as
fusion power reactors, each wiih a different degree of extrapola-
tion in physics and technology data bese. The ARIES-I design
assumes minimum extrapolation in tokamak physics and uti-
lizes advanced technologies that would be available in the next
30 years, given the present trends.

The ARIES-I reactor has superior safety and environmen-
tal features. All FPC material qualify as Class-C shallow-land
buria! waste. Because of the use of low-activation, low-decay-
afterheat material through the ARIES-1 FPC, the temperature
rise during an accident would be so emall that no materials would
be released from the blanket. Therefore, more of the plant can
be constructed from industrial-grade components rather than
from those of nuclear-safety grade. It has been estimated that a
cont reduction of up to 25% can be achieved by avoiding nuclear-
safety-grade equipement [23). The projected cost of electricity
for ARIES-I reactor is 69 mill/kWh (55mill/kWh with safety
credits) and is competitive with fission PWRs which range from
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Figure 4. The mass power density and the FPC power density
of several conceptual fusion reactor designs, including ARIES-1,
a fission PWR, and a fission RTGR.

46 to 78 mill/kWh (using the same cost methodology) and GEN-
EROMAK [24] with 57 mill/kWh. The economic competitive-
ness of ARIES-I, as characterized by the mass-power-density
figure of merit, is also illustrated in Figure 4.

Techuological requirements for ARIES-] are meay; the most

importapt are the development of high-fieid superconductor coils.

aud 5iC composite material. But, noting the recent development
in these areas in recent years, and assuming that these historical
trends will continus, these technologies would be available in the
next 30 years. )

The ARIES-I reactor is & low-current, high-aspect-ratio,
high-field tokamak operating in the first MHD stability regime.
The ARIES-1 reactor operates at steady state using ICRF fast
wave current dri ¢ and bootstrap current. The cop--uement
needs for ARIES-1 plasme are consistent with present projection;
only enhancement factors of 1 to 2 over L-mode, depending
on the ncaling relationship used, are needed Given the relative
conservatism in ARIES-I plasma performance projections, the
successfu] outcome of CIT and ITER programs will provide the
necessary data base for ARIES-1-class resctors.

1]

2

(3]

[4)

(20)

(11]
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(13)
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THE ARIES-f HIGH-FIELD-TOKAMAK REACTOR: DESIGN-POINT DETERMINATION AND PARAMETRIC STUDIESt

R. L. Miller and the ARIES Teoen, Los Alarmos National Laboratory, Los Alamos, NM 87545

AASTRACT: The multiinstitutions] ARIES study has examined the
physics, lechnology, safety, and economic istues stsaciated with the con-
saptusl design of 3 tokamak magnetic-fusion reactor. The ARIES-I var
ant emvisions 8 DT-fueled device based on advanced superconductirg coil,
Blanket, and power-convarsion technologias and a modest extrapolation of
xisting lahfnti hyun A wdmwe systems and trade study has
boen d &3 an integral and ongoing part of the reactor assessment

" i order to identify an acceplable dasign point 10 be subjacted to detailted
analysis snd integration as well 3« to characterize the ARIES-1 operating
space. Results of parsmatric studies ieading to the identification of such
» dazsign point are prasented.

1. INTRODUCTION

The Advenced Reactor Innovation and Evaluatisn Study (ARIES)!
& » multhyesr, multi-institutional effort to develop severa) visions of the
tokamak as an sttractive magnetic-fusion reactor with anhanced economic,
-ﬁ'ty n‘ environmental fertures. One approach, ARIES-I, b

ducting coii, banket, snd power-conversion technolo-
g with s modest extrapolation of existing first-stabikey-regima tokamak
physics (i.e.. equilidrium, stzbility, and transport). This approach,? which
contrasts with possible axtrapeiations? of oth aese-term physics and engi-
meering, attacks the current-drive problem by reducing the plasma current,
with increased onaxis field being used to compensate for the etherwise
low-beta plasma tha results. As a part of this study, the reactor oper-
ating space, key tradecffs, ard crucial sensitivitiss are sxamined uting 3
comrehensive sy model to identify an ncceptatle ARIES. desigr
point to be subiecied to detailed engineering-design analysis ard integra-
tion. Additionally, ths parametric variations characterize the robustress
of the ARIES-] “design window™ and extablish the context of any spe-
cific design point, g ven unresolved uncertzinties an future developments
in both physics and cn‘inam'n;. The APIES stud; provides an oppor-
tunity in the decade since the STARFIRE study! to integrate in & fairly
detsiled model the key tokamak f and subsystema that have been
examined in recant years using simpler models.*4, R-ulu of plasma engi-
woering. hlanket angd shield, impurity-control, mag
maintenance, tritium-handling, sefety, and other lnllyu. L] lm;mrd
BOMetimLs in spproximate form, into & systems optimizatica model, ovkich
typicslly uses cost of electricity (COE) as an cbject function. Key sspects
of the ARIES-! physics mous! are sumer stized in Sac. I, snd the engineer-
ing and casting modls ure discussed e Sec. Il Reprasentative parumetric
results leading 10 the seferance ARIES-| design point are presented in Sec.
V. Conclusions of the work 1o date are summarized in Sec. V.

B PHYSICS MODELS

The i ic tokamek pl wquilbrium i described by the
major tomidal rndnu. Ry, minor plasma radivs, 8, vertical elongation
& = bfa, tiangulsrity, §, end standard radial profiles of density {3(r) =
1,{1 - (r/a)]**}, tempsratore {T(s) = T.[1 ~ ("/')'l"l presure

current & The

Combining the definitions of the edge safaty facter, ¢, and Cr., the
plasma beta, a3 mon.tured by separate aquilibrium and stalility studies,”
scales apprecimately ae

p=5C,SE St | )

¢ (- t’)

where Cg = (1.17 = 0.65¢), 5 2¢ [(1 4 53) ' /]}%; the on-nxis safity factor
[ s~ +1.3. Valves ol - appton:hm; 2 rusirable from the viewpoint of
e g B, are for of vertical stability
(o5 pansive-shell placement bebind tre blanket).* Higher values of A
result in lower beta end current for fixed ¢ and k. A DT thermonuclear
burn model that includes fusion-product contribution %0 p (2, = 1.6}
aaicclates the fusion power snd satisfies the Lewson criterion Irnyrg =
173(10)%%/m> at Xy = T, = 20 keV] for a driven (heating power
intludes aiphs powes, F,, and sbecrbed CD powsr, Pop, plus ohmic
hesting powsr, F) system with radiation {synchrotron power, Psy, and
bmnsﬂrlhhmg, Par) and transport loases. The < oamating tamperature
i obtained by balancing considerations of fusion power dentity and €D
awpln; chocnncy Tnnqon it calibrated sgainst & number of tokamak
grelations® [eg., Ho = 12/re(GCOLDSTON) =~ 13].
Impurity J is provided by ‘wo poloidal-field divertors.  Steady-
stale operation i ach; ‘by nductive CD provided by ICRF fart
waves [with neutral-beam mpchon {NBI) as & backup option). The
efficiency of the CD process is characterized by the coupling efficiency
F10PA/m* W) ® nRrle/Pop o TET and the hardware afficiancy,
ncro, appropriate for either CD option. The ratic of fution power, Pp,
te absorbed current-drive power, Fcp, is dencted by the goin, Q). A
tgnificant fraction (fpc = 0.57 for A = 4.3 and the assumed valves of
ay 30d ay) of the plasms toroidal current, J,, is provided by *he presaure-
gradient-driven hootstrap effect, calculated self-consistently.19
W, ENGINEERING AlD COSTING MODELS
Th: ARIES-1 fusion powsr core [FPC ie., firt-wall (FW), blanket.
shield, coil set, and divertor sy d in the sy
mode! in order to estimate the mt-ul-olmnmy {COE, (mill/kWeh}]
figure of marit, which is a strong and counteracting functicn of the
FPC mass power density [MPD (kWe/tonne]]. and the engineering Q-
value, Q = Prr/Fc, where Pgr is the grosa electric power and
Pg s the total ncwr.ulnmg powes, The SiC ecomposite ceramic first
all is a ively pror reflector of diation, but the high
vadistion fraction Urap = (Ppn + Psr)/(P. + Pop + Fy) = 0.5)
serves 1o spread the heating power over the entire firyt.wall surface and
kit the W divertor-plate pesk hest load (gpr = 5.5 MW/m?) and
the edge tempanture (Toz = 27 eV') to reduce sputter erosion. The
gas-cooied blanket consists of & 5iC composite ceramic structure, » Be
(mtal) neutron multiplier, snd Liz §i0q teivium breeder. The shield is
nposed of bulk SiC and BeC. The inboard blanket /ehield stand-off in

{(r) = pJ1 - (r/a')]*. @y = ax + A7), 20d
stio A ® Ry/a = 1/c i the plasma sapect natio, with A = 36
being the range of parametric interest. The ratio of plasma pressure
to magnetic-field pressure (i, § = < p > [(B},/2p,) is taken to
be Limited by the Troyon relation: 8 = Crly/(8B,,) where J (M A)
s the toroidal plasma anrent, Byu(T') is the vacuum tormidal magnetic-
#ald sirength on axis (R = Rr), and Cy = 0.032 s a neasly constant
cosfficient [Cr = S(A, x, 6, #tc.)] st by kink a+ hallooning stability
considerations.”

1Work supported by US DOE, Office of Fusion Energy.

14 m and the autboard (top/bottom) steadofl is 1.8 m. The blanket
reutron-energy inubtiplication is My = 1.4, and thermalconversion
afficiency (supercritical-steam Rankine cycle) is 48%. The iarudal-ﬁeld
(TF) coll model sssumes a D-cail (N = 16} incorporating an
superconductor [(e.g.. Nby(AL, Ge) with 46-T critical ﬁch} to sllow peak
field strengths on the inboard TF-coil legs, By = 24 T. Tha stabilizer
current density is jsr = 200 MA/m?, and stress is o5y = 800 GPa
and the TF.cail structural olmblc strass is o4 = 1000 2f Pa. TF-coll
cantening forces me d by » bucki linder constrained by elastic
buckling and pask hoop stress (o = 1000 M Pa} limits. The TF-enil
thickness is determined by » current-density/field-strength scaling.?? The
coil cenductor technology ané structural requirrm:;m are taken to be
. ations from existi o

Ul b hialibed L] &y



The ARIES-1 resctor power-balants equstions sre solved subject to
» specihed mat sutput pownr (o.x., Fg = 1000 MWe). The nominal
ICRF fost-wave systemn sfficiency i nep =08%. The recicculstiag power
is deminated by the CD requirement, with 5% of the gross electric power,
Pry, wed for primary-coclant cicculation and other site-power uses. The
udpudﬂihnmﬂatupuhctm-hﬂdbylhwm|
Q-valve, Gx. Appropridte unit costs, summarized in TABLE 1, are wsad to
detormine the tots] direct cost, TOC, Standard ssswmptions’>14 regarding
construction time (r. = & yr), plant swaiability (p; = 0.75), sconcmise
of xale, and speration and maintenance {O & M) charges ore used to
estimmate the constant-dollar (1082) COE. In the cost ertimates prasented
hervin, 0o safety-assurance cost cradits,)? which may ba expected to result
from the wem of low activation materisis, fave boen taken, Calculated
on o consistent basis, the projected’® COEs for “medisn-mxperience”
and “Better experience™ Rasion PWR (Pr = 1100 MWe) are T8 and
45 mill/EWeh, rospectively, with a coal (Pr = 2 X $50 MWe) cost

projected!® at 50 mill/kiWeh.

TABLE L ARIES.| UNIT COSTS(
LiySi0, . (8/kg) 7
SiC (compesits corpmic FW/blsnlat) ($/kg) 106
SiC (bwkks shield) $/kg) 2%

" Be wautron ($/xg) 530
PF coilis (NbsSn) (s/xg) 70-80
TF colls [Nba{£.L, Ge)} (8/xg) 90
{CRF fast wive CD power (ncp = 0.68) (s/w) 16
NBI CD power (ncp = 0.75) ($/w) 0

LH CD power {3'w) 1%
(=) including 10th-of-a-kind lesrning-curve credits.

The systerru code incorporates a series ©f computationsl search
bwc (ex. fined A and vatisble 2) which soive for the FPC physics

characteristics.  Subject to certsin constraints (eg.,

5* < Barax, rodisl huild, etc.), cost dependencies are identified and
the by internctions between system nrubks are determined. Dm‘n
points ientilied by this procedure are subjected 10 more detailed
and subsystern design, mcuupml-lqnmhshmgﬁd back to
the sysierns-design code throughout the project for fnnm qmmnmn

and refmerrent. Oagoing calib with sep ks are
made. The system code, thersfore, llﬂ‘lﬂwuﬂulbdnthdnntm
concoptusl-angineering-design procass.

. REBILTS

A DEBIGN BPACE

A typical senatt of the systems mode! is summarized in Fig. 1, leading
0 the choice of the ivference Pr = 1000 — M We minimum-COE design
point at A = 4.5, The cost of the tokamak reactor (for any A) increases
o8 its s increases (ie. le-ger & or Ry with fixed A). Small values of & are
assccisted onth higher values of By, and By, resulting in a thicker bui's
of the TF-coul inboard leg and a thicker bucking cylinder. The ARIES-
cperating space is summarized 83 in Fig. 2 1o emphasize the interaction
{satwoun plasma current, I, and peak TF.coil held, By, i setting the cost
miniwwrn. The locus of minimum.COE points tracks from 75 mik/kWeh
(A =35, By = 16T) t2 65 mll/kWeh (4 = 45, Boe = 2T), m3 1y
detrenses from 12 iouHA.

The factors leading to the COE depandance on A are
Ium'nang.3.l¢wu|uud.\pnldhnghervalmndﬁlndnduud
By, The carresponsingly higher valuss of J, result in higher Fcp and,
sogether with & iower bootst t fraction, fuc = Inc/ly. yiuld
lovesr voloes of Q. Hl‘hnnhudB“MbghuAnmlﬁ\mh
8 more massive coll set and lower MPD valves. The conts of mamire coils
ot “igher A trade with the dominpat conts of current drive at low A to

gn T 1 7
§n -— ]
g. _ _
5 T
gL eeds ]
® [} L1 lJ [} 1 [} IJ 1 i 4 i
w0 15 20 25
PLASMA MINOR RADIJS, & {m)

Pig. 1. Dependence of COE (1988 doltars) on ARIES-1 minor radius,
a(m}, for fixed net efactrical power, Pe = 1000 MWe, plasmas vertizal
elongation, x = 1.6, and edge safety factor, g = 4.0. The minimum-COE
point (~49 mill/kWeh) occurs near plasria aspect latic A B Rr/o = 4.5,
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Fig. 2. ARIES-!| operating space exprazsed in terme of plasma current, Iy,
and pesk TF-coil feld, B.‘. for the indicated fixed parameters. Shown
e of aspect ratio, A & R:-fa. and constant
COE (milfikWeh). The roferences ARIES I design point at A= 4.5 is
indicated.

8. DESIGN POWNT

Key operating parsmeters of the ARIES-| design point a3 determined
by the aystems tradeoffs described in Figs. 1-4 are summarized on
TABLE ). This design point provides » basis for more detailed concepiual
engineering design laading 10 » “reference” Cesign ax well a5 serving as 1
point of departure for sensitivity studies of important physics (e.g. plasma
profiles, Troyon coefficient, hootstrap-current fraction, etc.), engineering
{u.g. blanket/shiekd thickness, coil stress, conductor field Fimits, thermal-
um:mieu wffiziency, etc.), and cost (unit costs, plant svailability, ete.)

mminimite the COE nesr A = 4.5. The tradecl FPC cont reflected
8 MPD and recirculsting power costs smsociated with CD seflected in Qg
ic & recurrent thame in optimizing the toksmak reactor, which, for the unit
conts assumned, generally favars high MPD at the expanse of meduced Q
for o given A; this balance is illustrated i Fig. 4. Low values of O slso
result i increased 1i:armal-cycls and slectric-power-generstion tosts, pot
= the FPC itmW, but in the balance of plant (BOP).

As an example of # physics sansitivity study, Fn; Sluplay: variations
in ARIESI performance 2s 3 function of the density profile
wxporent, an. An incressad value of a results in higher Qr a5 the
bootstrap- fracti Inc, A more efficient system
nquices lowsr By walues {i.2. thinner coils and increased MPD). The
value of a, sppropriate for ARIES-1 is cakulated separately by plasma
transport models. Other “hidden” tradeoffs include the increase :n frap
83 A increases and the faverable dependence of Yon Fand T,
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The advantage of sccers te the regime of high-field operation
relative to an extrapcation of nearer-term (NT) N&ySn coil technology
is dlusteated w0 Fig. 6. Using 1CRY fast-wave CD, the KT walues of
COE we > 80 mill[kWeh in large rystems. The cdvanced-coil feature
of ARIES-I opens the parareter space to allov smaller systems with COE
= 20 mill/kWeh. it may be noted that systems based on NT technology
optim’ze at A 2 1.5, i with p experj ) expen [3
may be noted thet the ratio By /By, decreases with increasing A. Abso,
the TF stored magnetic snergy, Wp(GJ), increases with increasing A,
peiding a safety disincentive for higher-A opiration.
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Fig. 8. Cost of dectricity, COE, as o function of tokamak plasma minor
radius, a(m), for the indicated fixed parameters snd various values of
plasma aspect ratio, A & Rr /o, for nearer-term (N7} eoil technolegy and
the sdvanced ARIES- coil extrapolation.



TABLE 1. ARIES-) DT-FUELED TOKAMAK REACTOR

Stebility Regime First
Aspect natio, A = Re /a 45
Major tc. sdel radius, Ry(m) 6525
Miner plasma radius, a(m) 145
Plasrns vertical slongation, x = bfa 16
Plasme ssfsty factor, ¢ 40
Troyon coefficient, Cr[ﬁ = Crly/aByd) 0.032
Pissma tarciddl beata, 8 0.0194

Pissma temperature, T, = T;(hV) 0
Plasma ion density, #,{10%/m® ) 142
Plasma slectren density, #,(10% /m?) 162
Lowson parameter, u;rg(s/m®) 18

Plasma Q-valee, @, x Pr/Fcp 127
On-uxis toroids] magnatic field, Bee(T) 130
Peak TF-Coll magnatic field, Bec(T) 375
Stored magnatic energy, Wa(GJ) 180.0
Pissrra toroidsl current, I¢(ll A) 309
Bootstrap cument fraction, f| 057
Carent-deive efficiency, 7 (10” AfmIW)A/W]  0.3140.03)
Absorbeg current-drive power, Fop(MWe) w7
34.1-MeV neutron wall loading, Jo(MW/m?) an
Therma! power, Pry(MW1) 812
Gross slectric power, Per(MWe) 1306
Nd .l-oan: power outpul, Pe(MWe) 1000

g power fraction, 1/Qx 023
Magnet costs (M$) 500
€O costs (MS) 52
Current drive FW/Blanket/Shield costs (M$) i1
Total direct cost TDC (MS) an
Unit direct cost UDC (3/kWe) an
Total comt (M§) 37
Cost of ehectricity, COE (mill/kWeh) 639
Mass powsr density, MPD (kW e/tonne) | 1]

v. coumem
ARIES-1 explorss one of 1 le approsches to improving

eventual DT tokamak reactor nrfermannbywbduh'hﬁidwﬂo-
tion in ordar to redisce the current-drive powsr requirements of steady-state
zpevation. The bootstrap curiant fraction, fac, incresess snd the plasma
current, Iy, itself deops o aspect i, A, ncreases. The increasing field
offsets the lower beta values st higher A 10 maintain an adequate fusion
power density. At higher values of A, the incressing coil mass resuHs in
Mum:nddcmnkrahnlhdmCOE Adcﬁnn-
cost advantage of the advanced-coil ARIES-1 approach rel
Mmmu—wmhdlubn-uu,mllmbuhnmm
ﬁouﬂn‘-ldtehmlphynumnNMW The specific
referenca design point and the studies that blish
m&mfs-ldummdunumﬂnpmbhbmﬁdmm-
overview of future tok=mak rssctor improwements. The attractiveness of
the ARIES-] design point is dependent on the future svailsbidity of ad-
wancad, high-fiald-coil technology. The high-radistion plasms cpensting
regime is critical 1o efective divertor performance. The high bootsirep-
current contribution depends on appropriate pl profile shaping. These
concamns and possibie imp inua 10 be sddransed in the courm
of the engoing ARIES study.
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Abstract: ARIES-1 is 2 1000 MWe commercial tokamak
reactor design based on minimal extrapolation of present-day
physics and expected technological development in the next
a0 years, such as high-field, superconducting magnets and low-
artivation silicon carbide composite materials. This paper sum-
marizes the design integration of the fusion-power core and tbe
rearior subsystems. Consideration has been given to such de-
tails 2= support of the toroidal field coils, divertor module ac-
ress, blanket access, design and support of the RF antennas, lo-
cation of the primary vacuum and eryostat vacuiun boundaries.
Tire maintenance procedure being considered for ARIES-I is a
mndular approach. With this type of maintenaace, a module
consisting of the first-wall, blanket, shield, divertor module, and
toroidal field coil is replaced as a single unit at the end-of-life
of the madule. Rapid replacement of the irradiated FPC com-
jnents is expected. Should the Arst-wali or blanket fail beform
the end of its design lifetime, in-asitu repair and replacement
schemes are proposed for blanket sub-modules. Replacement
of the divertor plate assernblies is simplified by providing a di-
rect access path through which damaged plates can be removed
and new plates installed without interfering with the other FPC
romponents.

L INTRODUCTION

The ARIES-I research program ic a multi-institutional ef-
fort to develop several versions of the tolamak as an attrec-
tive magnetic-fusion reactor with enhanced economic, safety,
and environmental featutes (1j. The ARIES-T design is a D-T
burning, first stability 1000 MW, (net) reactor based on modest
rxtrapolation from the present physics datzbase and featires
advanced technology such as utilization of very high-field su-
perconducting magnets and a low-activation blanket. As part
of this study, the reactor opersting space, key tradeoffs, and
crucial sensitivities are examined using 2 comprehensive sys-
tetas model {2| Lo identify an acceptable ARIES-[ design point
which is suhjected to detailed engiueering-design analysis ar.d
integration. The desiga integration task provides feedback to
the other systems designers [¢.g., blankets, magnets and sup-
ports, current drive launching structures, etc.) to maintain self-
cansistency throughout the detailed design stage of the study.
During the detailed design process, attention is ‘ocused on ar-
can which are perceived to be key feasibility and credibility

i Present addrese: Advanced Cryomagnetics,
P.O. Box 210132, San Diego, CA 92121

issues. Several technical areas have beep identified for which
the existing database is insufficient to predict performance with
cerfain aceuracy. Since these items bave the potential for in-
rreasing the attractiveness of the tokamak reactor, the ARIES
team will outline possible research and development pathways
such that these advanced technologies will be available in the
timeframe necessary for commercial fusion reactor construction
and operation.

The general configuration of the ARIES-I fusion power core
{FPC) is presented in Section II. The options for maintepance
of the FPC and divertor are nresented in Section IIl. A sum-
mary of outstanding issues and orgoing activities is covered in
Section V.

II. MACHINE CONFIGURATION

Major operating parameters of the ARIES-I reactor are
listed in Tahle I. The plasma major and minor radii are 6.525 m
and 1.45m, respectively, with an aspect ratio of 4.5 design point
corresponding to a minimum <ost-of-electricity (COE) [2]. An
elevation view of ARIES-I is shown in Figure 1. The primary
structural material in the blanket is a silicon carbide/silicon
carbide composite allowing high temperature operation while
inceting requirements for low levels of activation and afterheat
{3). The first-wali and blanket are constructed as a single unit
with the first-wall tube-sheet forming the front side of the
blanket submodule. The internals of the blanket submodule
fori three zones; a neutron multiplier zone, a tritium breeding
zone. and a reflector zone. Overall radial depth of the blanket
is Rlem on the outhoard and T0¢m on the inboard. The
nultiplier material is beryllium and the breeder is Li;Si04. All
three blankel zones and the first-wall are cooled by helium with
moderate operating pressure of 5MPa. A detailed description
of the blanket design and analysis can be found in Reference
{1). Only 2% of the neutron pawer is recovered in the shield,
Incated belind the hlanket, so lower-temperature operation is
expected. A peak operating temperature in the shield which is
less than the design limit will assure that reactor operation ¢an
continue in the event that same of the shield channels become
plugged.

Between the high-temperature blanket-zone and the shield
i= the plasma chamber vacuum houndary. The vacuum vessel .
is an aluminum shell with appropriate stand-offs far support .
of the blanket modules. The peak nuclear heating rate in the *
vacuum vessel is less than 1 W/ec, and helium cooling should he
adequate. The blanket is not electrically conducting, therefare



nn appreciable forces will be transferred te the vacuum vessel
Auring a plasma disruption. Forces produced by eddy cutrents
in the vacuunt vessel will need to be calculated and restrained
appropriately. The vacuum vessel is toroidally continuous and
provides passive vertical stabilization of the plasma. Active
vertical control coils are located outside the boundary of the
tornidal field coils envelope.

ARIES-I utilizes a double-null divettor configuration with
soroidally continuous divertor targets. The high-recycle diver-
tor has a high-Z surface made of a tungsten-rhenium {W-Re)
allov. The present design l:as a SiC-composite substrate with
a thin plasma-side layer of the W-Re. This type of duplex
structure minimizes the amount of W-Re, which is not low ac-
tivation. The low.activation SiC also acts as a heat sink in the
event of a loss-of-flow or loss-of-coolant accident. An alternate
rdesign heing considered has a vanadium alloy substrate with a
W-Re coating. The peak heat flux is about 5 MW/ /m? and the
feasibility of a gas-cooled design is being studied. High volume
flow rates and pumping power of the helium may offset the ben-
«fit of energy recovery from the target, however, plant design
anel aperation is simplified by eliminating a water-cooling sys-
e, The concerns about tntium-contaminated water are also
rliminated.

Weutronics calculations, using a 1-dimeusional model, pre-
dict a tritivin breeding ratic f 1.12 for full first-wall coverage
151, However, approximately 20% of the first-wall area is cov-
ered with the divertor target and assembly. It was therefore
cansidered necessary to install tritium breeding =ones behind
the divertor target assembly to help recover the lost neutrons.
Anothier blanket penetration which affects the tritium breed-
ing is the RF current drive launcher. ARIES-I uses a folded
wave guide launcher, as shown in Figure 2. This type of wave

guide is capable of delivering puwer at high power densities {~
10 MW /m?) [6], thus aniy a smal} fraction of the blanket is af-
fected, about 2%. Tae location of the launcher structure has
a more pronounced affect on the overall FFC configuration.
‘The launcher is installed at the first-wall, siightly above the
reactar nsidplans. This position requires that the blanket and
~hicld must be splif poloidally into twa separate modules, The
RF launching structures are installed in only two of the FPC
modnles.

The superstructure used to support the out-of-plane loads
and the poloidal field coils is divided in three sections. The
middle section is the centerpost, a bucking cylinder, which
rearts both the centering ferce of the toroidal ficid coils and the
ont-of-plane loads generated in the throat of the toroidal field
emile. 13oth the toroidal field coils and the structure cryostats
are Hnsli against each other, eliminating hot-to-cold intarfaces
aud simphfying the transfer of loads. The out-of-plane loads are
transferred by the use of keys and keyways, the keyways being
ent in the centerpost. The centerpost is 5.6 m high. Above
and] helow the centerpost the cut-of-plane loads are carried by
structural caps (partial shells with toroidal continuity). The
hreakpoint hetween the centerpost and the top and hottom caps
w determined by location of zern shear stresses {from the out-
of-plane loads). It has been determined that the location of the
smil i< not very sensitive to the plasma/poloidal field operating
~ceniarios that jiave been conside . ! The caps are then in
uear equilibrium, with the loads in the inner part of the cail
halanced by the loads in the outer part of the coils. There will
be some small kevs and keyways to carry the small unbalances
that ocenr during the startup scer.ario or the discuptions.

The caps thickness is determined by out-of-plane loads. It
lias been determined thet a thick shell with a varying thickness

of 0.05m to 0.20m. subjected to a maximum 400 MPa stress,
cau carry the loads [7]. This is the case even when there are 1x 1
w? ports (windows} cut into the caps {(both tap and batiom)
in orcler to obtain access to the top/hottom divertor plates.

III. MAINTENANCE

The baseline approach te the scheduled maintenance of
the FPC is with modular component design. The reactor
is divided toroidallv inte 16 modules, each containing one
TF(: and crynstat, 9 outhoard and 8 inboard first-wall /blanket
submodules, a section of the shield, upper and lower divertor
;odules, and 1/16 of the vacuum vessel. The mass oi one
module is about 440tonnes, within the capacity of present
crane technology. Typical dimensions of the FPC-module are
listed in Table 11, Access to the FPC-modules requires that the
npper TFC superstructure he removed and temporarily stored
in a hot cell. After the wpper superstructure is removed, the
FPC-modules can be removed with either vertical or horizontal
movement. [[ horizontal motion is selected, then the outhoard
poloidal field coils w:il need to be either raised or lowered to
provide radial access to the module. Figure 3 illustrates the
twn major component lifts required for ARIES-1 FPC scheduled
maintenance.

Modular maintenance approaches are expected to provide
i more rapid Lurn-around for schediled repairs by eliminating
a majority of the intefaces thai will need to be removed
with remote maintenance equipment. A key feature of the
modular maintenance approach is that all hydraulic, vacuum,
and electrical connections are made and broken with few,
dedicated, siugle function actuators that require a minimal
amouni ~f operator interaction.

The cryosysteins in the FPC include the toroidal field coiis,

poloidal field and plasma-shaping coils, bucking cylinder, and
the TFC superstructure., The modulsr maintenance procedures
of ARIES-I require that each TFU hus its own cryostat. The
cryostat for the TFC's are removed with the FPC-module
during scheduled maintenance and no cutting and re-welding
ir required. Vertical recesses are made in the outer wall of the
bucking cylinder cryostat in which the straight leg of each of
Ihe TF(! cryostats rest,

One disadvantage of this type of eryo-configuration is that
it is necessary ta warm the coils and the superstructure to room
femperature in order to scparate the ¢ryostats (frozen water/air
hetween the cold surfacc: plugs the gap). One advantage is
that the ahsence of shezr panel between the toroidal field coils
minintizes the time required fo. assembly/disassembl;.

The time required for cooling of the coil/structure is
determined by the size of the refrigerator/storage of liquid
helisinn. The process is limited in speed by the need of uniform
cool-down. This time is on the crder of 1-2 weeks. If the
refrigerator is sized for rhe steady state cooling requirements
171, then the time for roc, -down is 2 weeks. A larger relrigerator
wonld allow faster cociacwn, but the limit on the isothermal
cool-dawn would be apnreached.

The Ume required for warming the coils and siructure
pring to removal is determined by the need of nearly isothermal
warning in order to vinimize the thermal stresses. Typical
mimbers for the sizes being considered is 1-2 weeks, depending
o how many heating elements are placed in the ccld structure,

The superstructure is attached to the torocidal Feld coil
throngh keys and mechanical actuators, to add rigidily to
the systeri. N3 bolts are used to mninimize the hands-on, or
rennte maintenance operations. This would greatly simphify
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the remote handling equipment which must Le in the vicinity of
the reactor. This equipment will be in the nature of automatic
deviees which are built to perform a specific function with
minimal human monitoring, instead of manipulators which
recinre human operators.

During normal operation, it is expected that an average
of three or four modules will need to be replaced annually
ihrenghout the jifetime of the plant. In the event of an ua-
jlanned antage due to failure of a single blanket module, then
large. anthoard ports in the vacuum vessel are available to
access the failed hianket module. Access to the vacuum ves-
cel ports requires temporary removal of a portion of the out-
hoard shield. 1t is anticipated that removal of a single blan-
ket submodule will be quicker than replacement of the entire
FP(-module. However, during scheduled, annual maintenance,
when as many as 60 blanket submodules will need to be re-
nlaced, it is expected that the baseline FPC-madule removal
approach will result in the shortest reactor downtime. Small
Ieaks in the first-wall tubes may be fixed in-situ by applving
rither plasma-sprayed or chemical-vapor-deposited silicon car-
bide dirert]y to the failed region. Access to the first-wall for the
h-site repail equipient can he made via the divertor mainte-
nance port. Specific details of the scheduled and un-schieduled
traintenance pracedures are undergoing further study and anal-
vsis,

It is expected that the divertor target will require more
[requent maintenance and replacement than the FPC-modules.
Tn provide rapid access and removal of the divertor targets, a
separate port is provided in the TFC superstructure, between
TF("s. far direct access to the divertor assembly. The divertor
plaies are segmented toroidally into 32 “pie-slices.” Each FPC-
madule contains four segments {two for the upper divertor and
two for the lower). The first divertor segment is withdrawn
throngl the port with a single. radial translation. The second
segment is Srst moved toroidally into the position occupied by
the previons segment and then withdrawn radially. None of
the ntlier coniponents of the FPC-module are aflected by the
ivertor maintenance procedure. Each divertor segment has
an attached shield-plug which fills the access pathway whes
mstalled in the FPC. The lower divertor access ports also serve
as the vacuum pumping ducts for the plasma exhaust and
primary vacuumn purops.

IV. ONGOING ACTIVITIES

Detailed design analysis of the ARIES-1 FPC and sub-
«vatems is on-going and several design integration scuvities are
cantinning. Some of the areas receiving further atiention and
more detayled analysis are the following:

1. Design of the fusion power corc module;

a. Detailed hlanket/vacuum vessel interfaces including
support of the blanket on the vessel, removal and
installation of single blanket modules, and effects of
disruption loads on the blanket and vessel,

b Deeign of 1the hiot-1o-cold imerfaces including heat loss
an# transfes of magnetic and static loads.

¢ Design and location of intermodule welds for the
PrENECY vacum seal.

o Design and analvsis of the interfaces between separate
crvostats for the bucking cvlinder and each toroidal
field coil.

2. Dhsruption analysis of the thermal loads (first-wall and
divertor) and electromezgnetic loads (divertor target, RF

Snuncing structure, and varusum vessel),

1. Evaluation of other critical interfaces;
a. High-temperature, high-pressure joints hetween the
ceramic pipes in the FPC and the inetal pipes iu the
remainder of the primary [vop.

. Design of remotely activated connect /disconaects for
the hydraulic, vacuum, and electrical connections as-
saciated with each FPC module.

c. Evaluate the integrity of thin metal coatings on SiC-
suhstrate for use in the divertor and RF antenna.

4. Omntiwe of the procedures for scheduled FPC-module main-
tenance as well as procedures for un-scheduled mainte-
nance (c.q., replacement of individual blanket modules
and divertor plates). Evaluation of potential benefits and
drawhacks to alternate maintenance schemes.

in summary, the ARIES-} fusion power core has reached &
<tate of development that exhibits attactive features for use as
a comimercial tokamak reactor power plaut. A simple, three-
picce toroidal field coil support structure allows for rapid access
te the irradiated fusion power core components duting annual,
sclieduled maintenance. Modular maintenance of the reactor is
expected o reduce down time during scheduled repairs, partic-
nlarly if dedicated, remole connect /disconnects are installed on
all or mast of the inodule interfaces. The divertor, which may
he subjeet to a shorter lifetime than the blanket, is accessed
throngh ports which require a minimal amount of machine dis-
assembly and downtime. The position ol the BF launching
sirnicture, a folded wave gide, requires that two of the sixteen
FPC' modules have niodified outboard blankets and shields to
accoimmadate the antenna. Non-electrically-conducting mate-
rials used in the first-wall and blanket should result in little or
no disruption forces on the blanket. Detailed engineering anal-
¥sis 18 continuing i the arzas deented to be critical, however,
anly ininor changes Lo the overall configuration are expected
durig the final stages of the AFIES-I design phase.
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Table I: OPERATING PARAMETERS OF ARIES-]

Paramrinr_ II Units ] VBIUTI
Axpect ratio H (-) 4.5
Major toroidal radins m 6.525 I
Minor plasma radios m 1.45 !
Plasma volume m?® 441,
First.wall arca m? 580.
Peak toroidal field T 13.0
Thermal power MW,y 2812
Cirocs plectric power MW_ 1306
Net electric power MW, 1000
Average nentron wall load MW/m? 2.74
Average first-wall heat Joad MW/ m? 0.48
Primary coolant (-) Helium
[nlet pressure MPa 5.0
Inirt temperature °C 350
Ontiet temperature °C 650
Tritinm breeding ratio (-) 1.12
Fuergy nmitiplication i {-) 1.37

COOLANT
HEADKRS

PHIOLARY
BING

ZZ

Table 1I: ARJES-]1 FPC MODULE DESIGN

[ - Parameter Units Value
© Tteight m 1.2
| Width. inboard m 1.06
| Wieth, outhboard m 4.31
| Radial depth m B.28
b Weight tonne 440.
Lift for vertical maintenance m ~14
Lifi for horizontal inaintenance L m ~3
TOROIDAL FIFLD
| BLANKET AND
[
DX
—— BIDLOGICAL
u SHIELD
b
M —VACUUM
DUCT

Figure 1. Elevation view of the ARJES-I reactor illustrating the najor components of the

Mision power core.

51

X

E
<
N\

7

v/

R

W

_

Figure 2. Poloidal cross section of ARIES-I, illustratling the
focation of the folded wave guide RF launcher and the modilied

amthaard blanket and shield.
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Figure 3. Two major romnponent lifts for scheduled mair.le-
vanee of the AUES-] FPC
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ARSTRACT

The requirements of an (1) exiemal poloidal figld coil
(PFC) system with minimum stored energy. (2) double-null
divertor plasmas with clongated D shape, (3) adequate
passive stabilization of plasma vertical displacement by a
vzcuum vessel located behind the blacket zone, and (4) an
cnhanced plasma beta limit in the first st@ability regime are
incorporated in the ARIES-I concep: for a high-field iokamak
reactor with high aspect ratio {4 = 4.5). The plasma cusrent
and pressure profiles are also made consistent with enhanced
boowsirap current f, and seduced current drive power by
means of ion cyclowon wave (ICW) or neural beam (NB)
injection.  These lead 1w plasmas characterized by an
clongation x, of 1.8 10 the diverior X-point, a wriangularity
5, of 0.7, a safety facior ¢ on axis of gy = 1.5, a safety
facior ai the edge go; > 4, a plasma beta B = 2%, and a
poloidal beia given by EB = 0.5 (e = /A). With a plasma
current /, of 11 MA, a toroidal field 8 of 13 T at the major
radius Ro of 6.5 m, and over 3.5 m of clemance between the
PFCs and the plasma edge, the stored energy in the PFC
system ranges from 20 GJ during plasma operation &t low
bewa o 12 GJ during plasma operation at high bela.

INTRODUCTION

ARIES-1 [1] is a wkamak reacior concept based on
madest extrapolation from the ncar-term physics data base
characterized by present ITER design assumptions [2],
advanced wechnologies (3], airacuve safety and environmental

“Research sponsored by the Office of Fusion Energy, US.
Department of Energy.

+0ak Ridge Nanona! Laboratory 15 operated by Manin Mariena
Energy Systems, Inc.. under contsact DE-AC(5-840R21400 with the
U.S. Department of Energy.

properties {4), and optimized reacior economy using costing
assumptions projected for future tenth-of-a-kind reaciars [5].
These lauer characteristics engender requirements on the
plasma design that lead to variations from ITER, which is a
first-of-a-kind experimental device.

in the area of MHD equilibrium and stability, these
different requirements include:

L. placing the PFCs at a distance of =2.5 times the plasma
minor radius @ away from the plasma edge, leading to
large increases in the PFC stored energy,

2. placing passive conductor {(such as the vacuum vessel)
between the blankel and the shield at a distance of at lcast
0.6a, leading w0 a reduced x, (= 1.8) and an increascd
&, (= 0.7) w ensure plasma vertical stability [6}, which in
wrn lead w further increases in the PFC stored energy,

3. reducing the steady-state current drive power by limiting
1,10 =10 MA while maintaining adequate H-maode plasma
conﬁncmcm {7,

4. raising the plasma £f, 10 =0.5 10 increase the bootstrap
current fraction [/l to =0.5 [8], and

5. enhancing the plasma teta in the first siability regime for

plasma cument profiles characierized by g4 = 1.5 and
qys > 4, which are consistent with those producible by
ICW or NB cument drive [8]. Here ggs refers to the flux
surface at 95% of the poloidal flnx toward the divertor
X-point.

lterations with the current drive analysis, tokamak
inlcgration, and systems code calculalions have led 1o the
design paramelers discussed here. This paper presents the
resulls in the areas of PFC distribution, free-boundary MHD
equilibria, PFC current and energy requiremenis, and MHD
stability beta limir. Details of plasma vertical stability



analysis for the ARIES-I plasma are presemed in an
accompanying paper [6].

PFC DISTRIBUTION

A rocent study [9] of free-boundary divertor D-shaped
plasmas showed that the PFC stored energy increases when
x, is decreased for constant 8, and constant distance between
the PFC and the plasma edge. Since the plasma venical
stability is improved by lowering &, [10], it is importan( to
minimize the ircicase in PFC stored energy as x, is reduced.

To this end, we study the dependence of the exiernalty
applied poloidal field on x, and 8. The analysis can be
simphifiecd by examining the lower-order multipole
components of the poloidal field (nuilapole, dipole,
quadrupole, and hexapole), since these represent roughly the
freld properues of minimum siored energy. A set of free-
boundary cquilibria is calculated from fields composed of
only these components, and a key result is shown in Fig. 1.
It is scen that the desired 8, depends strongly on x, when
these multipole field componerts are used alone. When
decreases fram 2.2 to 1.8, 8, must be increased by 0.3. It
is 2l clear that, as 8, increases under this restriction, the
magnitude of the hexapole component increases relatve o
the quagrupole compenent.  As a result, the divartor and D-
shaping cails, located in the direction of the X-paint of the
plasma, are expecied to carry relatively largs currents.
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plesmas calculated using only the dipole, the quadrupoie, and the
hexapole field components, for B, = 2.5 and A = 4.5 and 6.

The overall distribution of the PFCs is then roughly
determined, as shown in Fig. 2, which assumes six coil
groups. This number is considered the minimum required
becavse of iwhe need for comrolling the plasma position and
shape (Ry. a, %, and §,), minimizing the stored energy, and
providing same lnducuon capability during plasma operation
through varving plasma conditions [9]. It is clear that coil
groups 1 and 2 contribute dominanily 1o the induciion ficld

(the nullapole), groups 1 and 6 1o the vertical ficld (the
dipole), groups 3 and 5 w the elongaing fizld (the
quadrupole), and groups 4 and 6 to the trianguladng field
(the hexapole). Higher-order mulipoles exist in any PFC
system with discrete coils, The PFCs are distributed so as
10 minimize the higher-order multipoles and thus the stored
energy.
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Fig. 2. Plasma equilibrium flux configuration and PFC placement.

FREE-BOUNDARY MHD EQUILIBRIA

Given the coil distribution, reference MHD equilibria for
ARIES-]1 are computed using the VEQ code {9}, which
calculates frez-boundary solutions for a given plasmu
position, shape, and linked poloidat flux while minimizing the
siored energy. The plasma shape is chosen to have x, = 1.8
and 8, = 0.7 w0 allow for adequate vertical stabilization (6].
The plasma pressure and current profiles are consistent with
an enhanced first stability beta and /,. The current profile
should be maintainable solely by ICW or NB cument drive
[8). Trade-offs among these requirements lead 1o a choice
of profiles, that are clase to the following pressure {p) and
poloidal current profile (/") functions:

Pl = pyle™ - e (e -
Fx) = polip( 1By = e - e - 1),

where x is the poloidal flux pormalized 1o | within the
plasma, The toroidal plasma current deasily is

5, = Rp' + IR,

where R is the major-radius vanable. A reference
cquilibrium assuming @ = <3, ¥ = -3, and P, = 2.75 is
provided in Fig. 2 (the poloidal flux distribution), Fig. 3 (the
p(R) and J(R) profiles), and Fig. 4 [the g(x) profile].
Parameters of this reference equilibrium that are relevant o
stability and current drive analyses are given in Table L
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This reference case provides an adjustmemt (o the
conditions that relae £, 10 ¢, a. B, and the plasma shape
paramecters:

1,d = SeBiE(1.15 - 0.65e)(1 ~ €311 + WDL2,
where ¢ it the average-ficld safety factor using the averaged

poloidal field at the plasma cdge. For the reference
cquilibrium, we also hive

Table L Plasma Paramelers of a Reference Divertor MHD
Equilibrium for the ARIES-I Concept

Parameter Symbol (unit) Valuve
Major radius Ry (m) 6.53
Minor radius a (m) 145
External toroidal field a1 R, 8 (M 13.0
Plasma current 1, (MA) 1L1
Safety factor on axis Qo 145
Average-field safety factor q 447
Safety factor at 95% flux o5 485
Average bela B (%) 150
Poloidal beta B, 218
Elengation at x-paint L 189
Elongation at 95% Hux Kgs 162
Triangularity at x-point 3, 0.70
Triangularity &t 95% flux LW D.a4
X-point locaton R, (m) 551
Z, (m) 2,61
Internal inductance 5 0.74

8,084 = 1.59, wfxes = (1.13 ~ 0.08E), qos/q = 1.09
to relate the edge and 95% flux suiface quantities.

Different forms of the profile functions can b2 psed o
produce eyuilibiia nearly identical lo this case in ail its
global parameters as given in Table I. The results of the
free-boundary equilibrium and the PFC cumrents do not
change sigrificantly when these differsnt profile functions are
used as long as the global parameters remain unchanged.

PFC CURRENT AND ENERGY REQUIREMENT

The PFC cross sections shown in Fig. 2 assume an overall
current density of 2% MA/m? for each coil. The maximum
values of the PFC cutents during plasma operation, together
with the required distance from the toroidal field coils and
their structure {11}, coutribute to determining the locaions of
the PFCs. It is therefore necessary tc calculate the PFC
current variations thronch typical conditions of the plasma
during operation.

Since the ARIES-J 1okamak assumes noninductive methods
to assist siarmup of the plasnra current (8], the amount of
poloidal flux linkage between the plasma and the PFCs can
be chosen w reduce the PFC siored encrgy. Some flexibility
exists near the condition of minimum stored energy o vary
the PFC currents and previde some degree of induction for
plasma operation. The range of plasma parameters can



therefore be characierized by three separats conditions, all a1
full plasma current with a fixed X-point location: low bela
and low linked flux, high beta and low linked flgx, and high
bea and high linked flyx., The PFC currents are listed in
Table 11 for these cases. The maximum currem for each coil
is then estmated and used in sizing its cross sections and
locating the coil as plotied in Fig. 2. These daia are also
used as input to the PFC design concept [12].

Table H. PFC curents and the maximum currents for each coil
group shown in Fig. 2 at three typical operation conditions,
(Coil groups | and 2 have 2 coils each.)

Operation conditions [ 1 m Maximum

B (%) 0.62 1.90 1.90

Linked flux (*¥b) 392 50.5 90.1

Siored energy {GJ) 19.8 132 122

Cotl group cutert (MA-um)
I -148 00 -75 150
I =209 120 =260 260
Iy 20.0 200 15.0 20.0
A 337 264 24.1 340
I -107 48 =52 11D
A -09 -53 -53 60

It is seen from Table if that an inducton flux of about
40 Wb is available by varying the nuilapole component of
the PFC currents, leading only to a small (<10%) change in
the stored emergy from itis minimum of abow 12 GJ.
However, the stored encrgy is signifi cam.ly lfarger (about
20 GJ) a1 low beta and full 4, if the X-poini is 1o be fixed
during plasma heating 0 bu.m a1 high beia (e.g., 10 satisfy
the divertor operation requirements). This difference in the
stored energy leads 1o a reaclive power supply requirement
of hundreds of megavolamperes dunng a plasma heating
ume of 10-20 s. However, this requirement may not be
necessary if the plasma can be heated o high beta during
current ramp-up.

MHD STABILITY BETA LIMIT

The first stability regime requires that all ideal MHD
modes be at least marginally siable in the absence of a
conducting shell beyond the plasma edge [13]. While this
requirement is broad in scope, it is usually adequate to
examine only the high-n ballconing modes and the low-n
(n = 1) kink modes 10 determine the stabilily beta Limit  The
intermediate-n batlooning modes (the "infernal" modes) are
casily avoided by retaining small gradients in the g¢-profile
near the plasma axis.

As an input o design wrade-offs involving plasma shaping,
profiles, A, and the bewa limit, owr swdy cmphasizes
clanfying the dependences of beta on A, Ky, qp. and gqs.

We use only the traditionally successful profile functions for
the analysis, This study is therefore limited in its scope,
since several other parameters, such as 3, the g-profile, and
the pressure profile, also affect the plasma beta Limit
However, the study benefits from an extensive study of the
beta limit recently camried owt for ITER {14} and from
reviews of the large body of information in the lilesature.
Calculations are carried out for high A (4.5 and 6.0) ARIES-
1 plasmas using the PEST equilibrium and stability codes
[15] w0 "fill in“ data where needed. The combined data base
of the swability analysis covers a range of A = 2.66.0,
Kgs = 16732, gy = 1.05-2.0, and gy5 S 5.

The p and ¢ profite functions used include those opiumized
for JET plasmas [13] and those used in the ITER studies
[14):

P = pl(1 - YO+ il - ™),

q=q0+ @y + gy or g = gfll - &P

Here, y is the poloidal flux nommalized w0 95% of the X-
point flux. p; determines beta, p, determines the profile,
a=157v=25{=3.n1=12 and p, = 0or I. The
first g-profile gives qo5 (= G + q; + @) = 3.1, where g, and
4> are independent variables; A = 6; and v = 2, The second
function for g has 0 = I@o/yes)tn(l ~ &), & = 0.7, and
p = 2, and is wed for the case with A = 6,

The shape of the 95% flur surface is given by
R =Ry + acos(B + §sin 6), Z = iy asin g,

whete & = 8. The 95% flux surface is used in the
stability analysis 10 avoid the numerical difficulties near the
X-point, which are a subject of present investigations {16,

The results are summarized in Figs. 5 and 6, which
indicate the dependence of beta-limit on Xy {for A ~ 6) and
the dependence of Troyon factor limit {(C; = PaB/i,

7% m T/MA) [13) an A. From these, one obiains

Cr = 2.8[1 - 04(kys - 1YVQ - &)15,

which gives Cp = 3.5 and B = 2.06% for the seference
plasma parameters in Table L. [t is imponant © note that
this approximate scaling has a limited basis; its usz should
be limited o the profiles given here and to the range of
parameters indicated above. For A =3, it has also been
shown that this beta limit remains relatively unchanged as
long as {, remains below 0.75.

Additicnal studies of the beta limii have also been casried
out for plasmas using polynomial profiles and with
parameters encompassing the reference case: [, ranging from
16 10 8 MA, qgs from 3 10 6, and B, from 54 to0 3. The
VG.‘UEO[CTIS 3.1 10 3.2 as longasq,, is above 3.7. This
fesult is considered conservative relative 1o the preceding
indications. Design values of C; = 3.2 (corresponding to
B = 19%) and |, = 0.74 are therefore adopted for ARFES-I
(see Table I).



DISCUSSION

The results summarized i this paper, logetier with those
of Ref. (6], provide a relatively sound basis for the plasma
equilibrium and stabitity of the ARIES-I reactor concepl
They also provide approximate scaling relationships of the
beta limit that are useful in the sysiems trade-off studies 5]
needed 0 choose Lhc¢ ARIES-1 parameters. The key
parameters produced by our study are given in Tables [ and
1II. They arc made consistent with the current drive
requircments {8] after reducing Cy from the nearly stability-
optimized value of about 3.5 to a more conservative limit of
3.2, which assumes relauvely "mild" pressure and current
profiles. It is fel that a value of C; = 3.5 can also be made
consistent with steady-state currenmt drive, but may lead o
more stringent requirements on cwrrenl drive, given more
detaited analysis.

lierations with the ARIES-I design integration have led to
the reference PFC configuration of minimum stored cnergy
as shown in Fig. 2. This configuration provides adeguate
exibility for mamniaining proper p.asma position, shape, and
flux linkage during heating and bum operation. Our results
suggest the study of various scenarios of plasma heating and
current ramp-up (0 reduce the stored poloidal ficld cnergy
required at low beta.

The authars acknowledge uscful comments and discussion
from their colleagucs at ORNL, PPPL, GA, and LLNL.
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VERTICAL STABILITY REQUIREMENTS FOR ARIES-1 REACTOR{

C. G. Bathke, 5. C. Jardin,* J. A. Lever,” D. J. Ward,*
and the ARIES Tezm

Los Alumos Nationa! Laboratory, Los Alamos, NM 87545,

ABSTRACT: The verica! stability of the ARIES- reactor design is
sralyzed with the NOVA-W, PSTAB, and TSC epdas. A growth rate of
~ 5.7 s~ i3 predicted for g vacuum vessel psitioned behind the scrapeot!,
frst wall, and blanket (0.7-m inboard and 0.9-m wutbeard thiskness) and
acting as & passive stabilzer. A reactive power of ~ 2 MV A woukd be
required for active fsedback coils iocated outside of the TF ¢oils (~ 3 m
beyond the plasma in the equational plane) to correct a 50-mm vertical
displacement of the magnetic axiz. A mutlipolc-axparnsion techrique vwed
in the TSC analysis is also used to examing options that minimize stored
anergy.

1. INTRDDUCTION

The ARIES tokamak mactor design’ minimizes the cost of electricity
{COE) by minimizing the plasma cument ard the associated currdnhi-drive
cost. The rasutting kw beta (3 ~ 0.02) device? is charactarized by a
tage safety tactor (gss ~ 4). moderate-lo-high aspect ratio (4 > 4.5), high
fiald [24 T at the toroidakfield (TF) coils]. and high separatrix elongation
{x; = 1.8). The large A and = make vertical stability an important
issye for ARIES-; related issues that must be addressed by the ARIES-
1 conceptual design are outlined balow. A toroidally continuous conducting
she!l is required to retar. he growth of an extarnally excited vertical instability
that ranges from an Affvén tims scale {4 ~ 10 us) without a shell to a time
acale on the order of tha electrical L/R time constant of the shell, Tr/5.
The passive stabilization provided by this shall must be augmented by an
active-feecback system that provides vertical stability for tmes > rr/p. A
rigid-plasma mods! (FSTAB)® and linear (NOVA-W)* and non-linear {TSC)*
dsformable-plasma models are used to estimate the conductor location and
siza Tequired for passive smbilization. Time-dependent TSC simulations are
used to determine the current, voltage, lkocation and size of the fsedback
&oils.

The placemant of the ARIES-! poloidal-field (PF) coils extema! to the
TF colls permits the use of » muhipole-expansion echniue®! to describe
accuratsly the PF¢ol fipids used in TSC computations. Limiting the
MUpPOs expansion 10 Nexapole and Kower Moments Minimizas the number
of cependent vanables requirec 1o describe the plasma shaps. USIng the
TUtipoe ion ischnique to examing Pl oquilibna pai rically
for & range &f x and friangularity, §, values resufted in a prescription for
minimizing the PF-coil Stored energy, Wer, that is used in the ARIES-|
sysisms code.?

L MULTIPOLAR APPROACH

“The TSC code® was modified so that the poioidal fiux produced by a
PF-coil sat could be Setermined eithar by specifying the PF-coil locations and
currgnts or by specitying the amplitudes of the even anc odd momants in the
multipole-expansion senies® that is truncated beyond the even decapole. In
addition, TSC was modilied 1o parform the inversa opsration of decomposing
tha poloida’ flux produced by a PF-coil sat into the multipols componants
of the sams truncated series. The TSC code was then used to analyzs
parametrically the equilibrium of &n A = 4.5 and x, = 2.13 inisrim design
point. Bacause the PF-Coils are relatively far from the plasma, the muttipola
#xpansion could be limited to hexapo!e and lowsr mamaents, thereby reducing
tha rumber of variabies. The plasma cument, toroidal fisld, profiles form
factors, major and minor radii, and the nulapole and dipole moments warg
heid fixed &t the interim design values, which differ somewhat from those
reponied in Ref. 2. The ratio of the hexapole to quadrupole amplitudas

{Work supported by US DOE, Office of Fusion Energy.
*Princeion Platma Physics Laboratory, Princston, NJ 08543
**Ganaral Atomics, San Diego, CA 82138

was selected &t the tependent variable. The sbsoluté magnitudes of these
amplitvdes were determingd @s the minimum amplitudes thal produced a
sepanatrix with the specified minor radius. This algorithm, subsequen'iy,
generaies a sat of plasma equilibria that are produced with & minimum PF-
il current, 3 |IpF|. and & minimum Wpr, Because plasma elongation
and vigngularty are produced primasily by the quadrupole and hexapole
momaents, respectively, this algorithm yisids the § that minimizes Wper for a
given x, &S is shown in Fig. 1. Plasmas balow the é-x corelation of Fig,
1 would not have a separatrix, and thase sbove the corralation would either
have a smallsr minor radius (larger A) or require highar multipole momenis
and larger Wep to mainizn the same minor radius. This analysis also
produced a corelation between Wpr and x that indicates Wp g increases
as x is decreased (6 increased]. This Wpee-x camélation gid not havr
a significant impact on detarmining the finat design values? of x and 8,
howaver.
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minimizes the PF-coil stored snergy for A = 4.5 (solid) and A = 6 (dash).

To purs.e further the issus of minimizing Wer. & code FLXCON was
developed 10 datermine the iocations and currents of a PF-coil set that would
reproduce the flux pattern of a given set of multipole moments. The FLXCON
cods moves the coils along a specified surface while minimizing an object
function delned ag the sum of 2 term measuring the rélative enor with which
tha coils reproduce the flux of the given set of multipole moments on a test
surtace represantative of tha plasma surtace and & tarm measuring Wer.
To ilustrale the use of FLXCON. an HEQ-gensratad aquitbrium® for A = 4.5
and x; = 1.7d was modeled with TSC using the same sat o} 12 PF coils
with § current groups; the HEQ and TSC resutts are given for companson
in Table |. The sma!l ditferences in Ry, a, and «, between the HEQ and
TSC results are directly attributable to numerical inaccuracies in both codas.
The multipole decomposition of the PF.coil flux was used to ganerate thres
sats of six PF coils and six current groups labated DEC, OCT, and HEX
in Table | {c denote the maximum Multipole moment used. As the higher
mamerts are eliminated 3 | pr| a5 expected, but Wp o is lower
only for the HEX case. The plasma shape, however, dritts from the base
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& wps becausa the highe: momants were used inafficiently t0 suppress x
and provide additonal triengularily. A more aflicient mathod to ganerate the
same plasmi shape woukl rsQuire eSS quacnpole and more hexapole, and
will be used in tha future.
TABLE )
Equilibdas Comparison with Differant Multipole Moments

HEQ(®) BASE® DEC® OCT® HEX®

Major Radius, Ry(m) 812 612 812 613 613
Minor Radius, a{m) 1.38 135 135 134 134
Magnetic Axis, Ray(m) 633 €35 635 635 634
Elongation

Ke 175 173 168 170 124

Rey 1.58 159 155 156 1.67
Triangutarity

& 0.74 077 075 068 046

[N 0.48 050 049 047 0.36
Sepatrix Coordingtes (1m)

Ry 511 512 514 525 551

'S 238 239 231 232 253
Beta.

Total, B (%) 1.84 1.85 194 198 185

Poloida!, 5, 1.85 177 17TB 178 174
Plasma Volume (m®} 347 a8 ckrg 329 M3
Satety Factor

§(0) 15 159 154 150 158

g(a) 7.8% 702 646 619 652
Curront, I |Iprl(M A) 142 142 114 m 82

787 757 778 810 &80

Stored Energy, Wpe(GJ)

(a) PF-coil flux determined by PF-oil cuments and kocations.
(&) PF-coil flux determinad by truncated multipole-expansion saries.
NL PASSIVE STAB!LIZATION

Without passive stabilization the plasma will move verically on an
AMyén time scale (~ 10 pus). The placemant of passive conductors
amund the plasma will slow thia vertical motion sufficiently to allow an
active feecdback Systsm 1 oparmte on a longer time scale (2, 100 ms) to
control the vertical position of the plasma with a reasonable expanditure
of reactive power (<, 10 MV A). To simpiify the ARIES-| design the only
passive conductos is the vaclum vessal, The rackal losation of the vacuum
vesse! i then datarmined from compliance with & passive Kiabikly constraint
i conjunction with othet 8358mbly and Maintsnance requiraments ¥ Passive-
subility performance i measured by the swability paramater f £ 147, /1A,
whare 7, = 47 is the verticakinstability ime constant and 4 is the growth
rate. A design constraint of f > 1.3 is g7'2oted to ensure thal & sufficient
stability nargin exists above the 4 = oo limit under all plasma conditions.

A prefiminary analysis of the maximum allownble distance pemitted
betwesn the plasme and the vacuum vesss! for passive Eiabilily was
performed with the PSTAE® code. The PSTAS formulation assumes the
plagma & & massiess, rigid body simulated by an amay of filamentary
curtent slsments. The squations descriding & small vertical displacement
in the prasence of an aray of resistive fiamentary conductos simulating the
passive Stabiizet are inearzed and soived as an eigenvalue problam.?

The notation used © Usacribe the locition of the passive stahiizer
relative 10 the plasma s shown in Fig. 2. The plasma surtace & sstumed
wbepgvenby z =g s sindand R = Rr + o cos(# + & sinf), whera
Ry = 6 m i the major radius, ¢ = 1 m is the minor medius, x = 2, § = 0.5,
and the angle @ varies from 0 to 2x. The passive stbilizer is paced ona
surtace parallel 1o the plasma suriace. Tha peloidsl coverage, p/a, and the
NOrMalized racial location, c/a, of & passive outhoard stabilzer were varied
for A = 6; results Bre Bhown in Fig. 3. Ralatively smai! phssive siabilizers
(p/a ~ 0.2) mes the wtability constraint, but thase conductor must be
located closs © the plasma (c/a < 1.1). Buth smah values of t/a would
have an advarse sfact on britium breeding and problems ralxted to neutron
damags and actvation sre expecied. Placemeni of the passive stbilizer
behind the 0.9-m-thick outhoard blanksy, fst wall, and scrapecH with lull

z(m)

R(m)

Fig. 2. The geomeiry of the plasma and the passive stabilizer {shell).

coverage on the outhoand side does no' provide sufficiant smbilization (i.e.,
£ > 1.3). Verical-stability and physics considerations crove the design o A=
4.5, which tums out to be the minimum cost design,? with s passive stabilizer
pusitioned behind both 0.7-m-thick inboard and the 0.9-m-thick cutboard
blarket, fiest wall, and scrapeafl. In prder to find a vertically-stable design
a1 A = 4.5, the slongaiion was variad with the passive-stibilizer geometry
shown in Fig. 4, results are shown in Fag. 5. This analysis indicates that
&%, 1.83 is required for & stabilizer located behind iha inhoard and outhoard
blankets.

The accuracy of the PSTAB results was then checked by benchmarking
the x = 1.74 case sgainst the TSC and NOVA-W codes. The TSC code®
parforms Eme-depandent simulations of free-boundary, axisymmetric plas-
mas and the associated externa! cirtuits and, consequently, is more costly
ip usa than either PSTAB or NOVA-W. A wo-dimensional transport modal is
used in TSC 30 cescribe m plasma interacting with exierral conductons that
obay circult equations with active-fesdback amplifiers included. The plasma
farce balance in TSC is modified by scaling up the plasma mass and viscosity
to maintain tha psma in force batarce, while alleviating the time-5£ale dis-
parity batween wave and diffusion phenomena. This parameter scaling does
not affect piasma by’ molion that is stable on the ideal MHD tine scale
(13). but does atfect the growth rate of a vertical instability. To calculate 1y,
TSC is set up with the pl and passive-stabilizer g y shown in Fig.
4. The PF coils are represented with m muyltipole serias truncated with the
svan decapole. The simulations begin with a raid magnetic fisld applied
for 1 us 1o produce an iniial ~ 3-mm vertical displacement of the piasma.
The plasma simulation is then continued unti! the squilibrium affects of the
initia! perturbation we damped oyt and the vertical instability asympiotically
relaxes 10 a iinear growth rate, as reported by inboard and cutboard pickup
coils. Carrobaration of the value of r, predicted {ram the pickup coils was
oblained uy fitting the vertica! Gispl 1t of the magnatic axls, 2, with
the functional fomm z)s(t) = 2pe/7+. This r, calculation was then made for
tour values of pissma mass and dencied as squares in Fig. 6. A quadratic
polynomial was {it 10 the three resulis with the Largest mass enhancemant
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vessel) for A = 4.5and x, = 1.74. A similar geomstry was used for the
other cases in the x parametric study. The ¢oil locations used in the active-
feecback snalysis are also indicated.

factor and then extrapoiated to a unity mass enhancement factor to detarmine
the mass independent value of 7, reporied b Table Il This extrapolaton is
accurale s is Semonstrated by the passage of the poiynomial fit through the
smaliest mass-snhancemant-factor resun Esplayed in Fig. 6.

This calculstion was repsated with the NOVA-W code,* which is an
sxiengion of the non-varigtionz) idsal MHD code NOVA'? that aflows for
resistive walls ond teedback circuits in the vacuum region. A Grasn's funetion
formulation is used 10 express the periurbed polpidal flux in the vacuum
ragion i werms of the pertyrbation ampiiiudg on the plasma boundary. A
thin-wall approximation is used 10 cakculzie the ime derivative of the poloial-
flux parturbation t the resistive wall where g discontinuity exists in the flux
gradient. The NOVA-W resu't is given in Table |1 Agreement betwean NOVA.
W and TSC is good at 1% for 7, and <1 % for f, but sgreament between
PETAB and TSC is 24 % for 7, and 21 % for f. The dilierances betwean
PSTAS and TSC rasult in par: from ngic-versurs-deformabie plasma effects
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Fig. 5. Dependence of the suability parametar on elongation for A = 4.5
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Fig. 8. Dependence of the vertical-stability time constant, r,. on plasma
mass snhancement faclor as cakculated with TSC for A = 4.5, &, = 1.74,
and the stabilizer geomelry shovm in Fig. 4.

and from differances in the calculation of the stabilizer inductances. Also, a
20 % difisrence was obtained in the PSTAB and TSC cakulations of 1, /5
with & vertically asymmatric current distribution in the stahilizer,

TABLE L. Benchmark of the vertical-stability time constant, ,, and stability
parameter, f, as caculated by PSTAB?, NOVA-W', and TSC® for the
configuration shown in Fig. 4.

Code 7.{Mms} L
PSTAB a7 1.88
TS5C 175 1.56
NOVA-W 173 1.55

V. ACTIVE FEEDBACK
The active-leedback powar requirements were detarmined from TSC
simulations of the A = 4.5 and . = 1.74 case usad in the passive-stabifity
beanchmark described in the pravious saction. A simutation bagins with the
vartical coordinates of the plasma magnetic axis, zxs, Mairtained in the
squatonal plane for 0.1 ». The feedback coils ara pragrogrammed to initiate
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a 50-mm vertical displacement of 2z at 0.1 4 into the simulation and to
maintain that position once attained. As the piatma mass does not affect
the voitage or cument of the fsadback coils, & large mass snhancement
tactor (FFAC « 8,000} was used for computationa! expadiency. Simulation
regults for Faadback Coil A (Fig. 4) are given in Fig. 7. A gain for driving the
# ‘igoil was s#lecied Io yieki a common valus of & ~ —2.6 for
the di poness gain cefined as the ratio of the response flux difference
produced by the fesdback coils to the flux difference procuced by the plasma
in the pickup coils. The dimensionless gain must be in the range of <1 o
-10 © ensure sability and practicality of the leedback system (ye! 1 be
designed). A value of G ~ —2.6 mpidly moves the piasma 10 & 50-mm
displacemant with only 8n ~ 10-mm overshoot The gain for oriving the
feacback-coi voltage i sat &t m kow value of 1 mV/4 1 easurs s smooth
voltage response. A pickup-coil iocation approximately equal & the location
of Fesdback Coll B in Fig. 4 was used for Festback Coils A and C. Fer
Fesdback Coil B a pickup-coil location comresponding approximataly 1o the
location of Fesdback Coil A was used to cbtain a clear resolution of the flux
difference produced by the plasma.

Tha maximum reactive power occurs at the maximum vertica! cisplace-
mant of zar &nd scales with zx3. The reactive-power requirements for the
thrae feecback-coil locations of Fig. 4 ars shown in Fig. 8 for a common 50-
mm displacement of £5,. The fesdback coils were simulated with 4 0.1x0.1-
m cross section of room-temperatura, copper elioy with & conducter filling
fraction of 0.7. Fesdback Cail C is preferable over the other two ¢od koca-
fions. This coil is positionsd just outside of the TF coil and is the sasisst coil
© mairiain. The ~ 2 MV A reactive powsr required 1o drive this coil is weil
within the 26 AW of recirculating powsr 881 aside for miscellanscus plant
nesds.? Furt & 50-mm disp m coukd not be tolerated by the
divertor and repraserts & maximum design constraint,
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. 7. The vertical position of the magnetic axis, z,y. &nd the fsedback-

il current and voltage versus tme as calcutsted with TSC for 4 = 4.5,
= 1.74, the siabilizer geomety shwown in Fig. 4, 8nd Fesdback Coil A in

Fig. 4.
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Fig. 8. The cepandence of resctive power on normalized radial location,
o'a, calculated with TSC for A = 4.5, k. = 1.74, and the gsometry shown
in Fig. 4. Simulation results were scaled to a common 50-mm dispiacement
of 3.

¥. CONCLUSIONS

A prescription for choosing & plasma shape that minimizes the stored
snargy in the PF coils has besn ceveloped. A benchmark of the PSTAB,
NOVA-W, and TSC codes indicated that a passive-siability analysis produced
by the less-expersive NOVA-W is comparable in scruracy to TSC. The
vacuum vesssl was found & provide suitable passive stabilization (ie.,
£ > 1.3) if positioned batween the blanket (0.7-m inboard and 0.9-m outboard
thicknass of scapsoflf, first wall, and bianket) and shisld. The fing) ARIES-|
squitibrivm configuration® has the same A es, but larger a (= 1.45 m) and
Kz (= 1.8) than the case raported here. The larger g o7 constant blanket,
first-wall, and scrapaof! thickness will improve passive sw@bility (i.e., faise f).
Howaver, the larger x will exacerbate the passive-stability problem. Further
anaiysis of the new design paint is required to resoive tully the passive
siability of ARIES-I. An sctive-fesdback power of ~ 2 MV A was recuired to
suppress & 50-mm displaceman of the magnetic axis with coils positioned
outsice of the TF coils.
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CURRENT DRIVE ANALYSIS AND SYSTEM DESIGN
FOR THE ARIES-I TOKAM#K REACTOR!
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and Ipstitute of Plasma and Fusion Research
University of California, Los Angeles
Los Angeles, CA 90024-1597,

Abstract: Fast wave current drive is selected s the pri-
mary scenaric for steady-state operation of the ARIES-1 toka-
mak reactor. With the projected efficiency of 4 = 0.3 — 0.4, the
current drive method employs low-cost, of-the-shelf technology.
making it attractive compared to neutral beam current drive.
At a frequency of 158 MHz and a wave spectrum centered at
N = 1.6 it is found that as much as 160 MW of power may be
required to drive the 4.7 MA sced current ont ARIES-I. To gener-
ate tlie desired current profile, the wave power is launched from
ahove the equatorial planc on the outboard edge of the plasma.
A toroidal array of 12 folded waveguides forms the basic launcher
wodule which transmits the desired spectrum with a 95% direc-
tivity. Efficiency of coupling to the high density scrape-off luyer
is expected to be high (>90%). The overall launcher system con-
sists of 4 modules delivering 192 MW through 1.6% of the first
wall arca. Eacl waveguide is envisaged to be a closed rectangular
hox made of $iC/SiC fiber composites. with the conducting sur-
faces formed by a copper coating on the inside of the structure.
With the kiystrode as the transmitter. the overall RF system
efficiency can be as high as T2%. A viable alternative system
based on nentral beam current drive and RFQ technology has
also been designed.

INTRODUCTION

ARIES-1 is a conceptual design of a commercial tokamak
reactor which will be operational in 20-30 years [1]. The design
philosophy is based on conservative physics extrapolation from
the preseni database and projection of technological advances
in the intervening years. The main goal of the ARIES.I study
is to incorporate a high level of safety assurance and attractive
environmental [eatures into an economically competitive reactor
design. as cowpared to fission reactors. As such, the major
characteristics of this device include steady-state operation, first
regine MHD stabilitv, high magnetic fieid, low plasma current,
high recycling divertors, and ceramic fiber composites as the
structurat material.

Table 1 lists the key parameters for the ARIES-1 tokamak
reactor aud those relevant to current drive {2]. Note that because
of the high on-axis magnetic field {13 T) and the relatively high
aspect ratio {A=4.5), the resnlting plasma cutrent is modest
{I,=11 MA). With a projected bootstrap current fraction of
G.57. it is necessary only to drive a 4.7 MA seed current. The
high 1nagnetic field also provides a unique environment for fast
wave curtent drive in a frequency range where the zitractive
features of a folded waveguide antenna can he utilized, The
ARIES-I high recvcling divertor region has a separatrix density
of 1.0 » 10%% m~3. which is consistent with the average density
of 1.62 « 10%° m~3 at a peaking factor of 0.3. The resultant
lLigh-density scrape-off layer (SOL) facilitates coupling of RF
power to the plasma. SiC/5iC fiber composiles are proposed
as the structural material for the ARIES-] blanket, which has
favorable safety and environmental features. For similar reasons,
this material is used to construct the waveguides,

In this paper. a current drive scenario is first determined
for ARIES.]. Secondly, the primary current drive scenario using
fast waves is examined in some detail. Thirdly, the design of the
launcher is described, with the folded waveguide as a basic unit.
The uniqne features of the launchers related to the copper-coated
50" romposite structural material are also pointed out. Fourth,
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the electrical efficiency of the RF svstem is assessed. Fifth, a
current drive scenario based on high energy neutral beams and
RFQ accelerators is highlighted. Finally conclusions are drawn
on the viahility of the fast wave current drive system within the
ARIES-I reactor.

Table I: Key Parameters of ARIES.-I

Major Radius R 652 m
Minor Radius a 140 m
Aspect Ratio A 4.5
Elangation rgs 1.6
Triangularity fgg 0.47
Field at Coil B, 2375 T
Field on Axis Bg 1295 T
Plasma C'urrent [, 10.92 MA
On-axis Safety Factor g 1.30
Edge Safety Factor q* 3.29

1,82%102% m~
1.62x10%° m~2
1.0x 103 m~3

Peak Density nep
Average Density <n, >
Separairix Density n,

Peak Temperature Teg 37.7 keV
Average Temperature <T, > 18.9 keV
Toroidal Beta 3 6.018

1.62
a.57

Effective Charge 2.5y
Bootstrap Fraction [gs/1,

CURRENT DRIVER SELECTION

Many factors are taken into consideration in selecting a
suitahle current driver for ARIES-I. Among them, the effi-
ciency of the current driver, measured by the figure of merit
7 (=n[102/m?|I[[MAIR[m]/P[MW]), is a crucial parameter to
maximize, in order to minimize the cost of electricity {(COE) of
the reactor. Equally important is the wall-plug to first-wall elec-
trical efficiency of the power delivery system associated with the
current driver. Furthermore, the system unit cost ($/W) should
also be minimized, which depends on the method of power gen-~
eration and the matunty of the technology involved within the
time frame of application. Other less quantifiable fuctors such as
svstem compatshility in a neutron environment, required space
for svstem: components, first wall intrusion and system versatil-
ity are also important. In the context of conservative physics
assumiptions for ARIES-], the current driver (CD) candidates
are narrowed down to neutral beams (NB), fast waves (FW) and
lower hyhrid waves {LHW). Of these, LHW is particularly suited
to current generation in the plasma periphery at steady-state.
The advantages of multi-MeV NBCD in efficiency (v ~0.6) is
offset by its relatively high power cost {~3$3/W) whereus for
FWCD, efficiency is marginal (4 ~0.3-0.4) but the cost is com-
paratively low (-~$1.50/W). As a result, the impact of the chaice
of current driver hetween NB and FW on the reactor COE ap-
pears 1o he insignificant. For the ARIES-1 design, FWCD is
chosen as the primary steady-siale scenario on which most of
the design work is focused, with NBCD as a viable alternative.

FAST WAVE CURRENT DHRIVE SCENARIO

Substantial experience has accumulated in receni years
with high power ICRF fast wave heating expenments in large
toroidal machines, notably JET where IBidW of power has been
launched and H-mode discharges have been achieved. Fast vave
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Figure 1. (a] Ray trajectories for LHW (#3} and FW

{#5,6,7,8). Ser Table Il for details. (b) Contributions to the
flux-surface averaged current density from boatstrap effect (H)
and RF waves (G). Solid curve indicates target squilibrium cur-
i while dashed curves show contributions from individual

Table 11 Wave Parameters of Rays for Fig. 1

Ray # | f(GHz) Ny Ns 4, P(MW)
3 8.0 14 00 0.0 18.0
5 .16 2.1 8.0 36. 31.6
6 Q.16 2.1 8.4 27. 4.1
T Q.16 2.1 4.0 27. 28.8
8 Q.16 2.1 4.0 18. 4.5

current drive has been observed and identified on JIPPTII-U,
JFT-2M and other smaller machines (3] in the higher harmoniz
regime, and more definitive experiments arc now planned on
DHI-D and JET. Most recently, JET (4} reported measurements
of direct electron heating by fast waves in the ICRF. Based on
these latest results, it is anticipated that a sizable database on
FWCD will be developed in the coming yeass.

The fundamental crsrent drive process involves pushing
electrons via a comhinat.on of the wave electric field (Landau
damping} and the 4B force (TTMP) along the static magnetic
field. I this scenario, the frequency is set at 158 MHz so as to
locate the 2f,, resonance surface on the outboard edge of the
plasma and the 2f . surface inside the plasma near the inboard
edge. As a result, wave absorption gy the energetic alphas
is completely avoided and only a few percent of the power is
deposited in the fuel jons. For a single-pass absorption scenario
there exists a broad maximum of the CD eficiency in ‘he spectr:
region of N;=1.5-2,2. Genzration of a broad seed cvrrent profile
requires the wave Jaunchers to be located above the equatorial
plane on the low field edge of the plasma [5].

To calculate the CD efficiency, «, a series of FW and LHW
ray tracing and equilibrium calculations using the RIP cade (6]
are perforined to ohtain an empirical scaling of ¥ as :

T(A/mPWY) = 0.72x < T, >*77 {0041 + 0.2350]

where - 7. .- is in keV and 0.72 is an approximate correction
factar acconnting for degradation due to trapped electron effects
[7]- For the ARIES-I parameters of Table I, y=0.31 and, with
[gs/1,=0.57, the required CD power Pop =160 MW, including
the LHW power.

Presently various methods are under conrideration to im-
prove the CD efficiency, an excmple of which is shown in F{%. 1,
Here five rays are used to simulate the launching of 109 MW of
FW power and 18 MW of LHW power into the ARIES-I plasma,
with the wave parameters given in Table 11, where Ng and 65 de-
note the poloidal refractive index and angle at the starting point
of the rays. respectively. It is noted that very large No compo-
neats are launched, whicli may be provided by the fine structure
of the poloidal power distribution of the launcher and by phasing
the poloidally stacked a. :nna modules. In Fig. 1(a), the FW
rays undergo 3-4 radial transits before the wave power is totally
absorbed, 7% of which is deposited in tritium ions. Because of
the large initial Ng, the FW rays are only weakly focused tawards

k!

Figure 2. lsometric View of Fo i ;
aphragm) { Folded Waveguide (w/o Di-
the magnetic axis which, together with their Ny evolution, re-
sults in relatively weak damping per radial pass. Improved CD
efficiency is expected because the wave is damped on more en-
ergetic electrons with vy /v. > 1 and more power is deposited
in regions where trapped electron effects are weak. Turning of
the rays near the plasma boundary are the results of either re-
fraction through the density gradient or cutoff in the SOL, and
not wall reflection. In this case, the current on axis is generated
by the fast waves after the initial transit of the rays. Fig. 1(b)
displays the contributions to the flux-surface averaged current
density, defined as < jyB > / < B* >, from bootstrap effect

and RF waves, denoted hy H(i) and G(¥} respectively. Rea-
sonable agreemnent is obtained betwzen the total driven current
H(4}+G(y') (dotted curve) and the target equilibrium current
(solid curve}, and the converged equilibrium attains parameters

close to those listed in Table 1. With a tolal current of 10.6 MA
and CD power of 127 MW, %0121=0.81 which, for a conservative

estimate of lgs/ 1, =0.5, can lead to a much improved 4 of 0.4.

FAST WAVE LAUNCHER DESIGN

The folded waveguide antenna {8] is proposed as the basic
wave launching «nit for the FWCD system. Each waveguide
ran be ccosidered as a TEygy rectangular cavity folded in the
loiig transyverse dimension, wilh one end weakly coupled to the
plasina via apertures in alternate folds. Attractive features of
this innovative launcher concept include high power handling
capability (~40 MW/m? ~ 4xloop), Jow impedance feedpoint
at the hackplate, comparct and robust structure which make jt
particularly compatible to a reactor environment. Earlier Jow
power bench tests [9] .1 scaled-down versions of the waveguide at
the ORNL/RFTF facility produced results which agree with the
theory. In recent high power tests, [10] at 1-sec, 80 MHz, 200 kW
pulses, an E.... =43 kV/cm has been recorded and multipactor
breakdown has been eliminated by careful conditioning of the
device. So far, the experimental database appears to confirm
the high power potential for this Jauncher.

A schematie of the folded waveguide unit designed for 158
MHz operat. ;i in ARIES-I is displayed in Fig. 2, with its
ditnensions and performance parameters listed in Table III. Zach
guide will have 6 folds, with a folded path length of 1.8 mn which
is far above the TE,q cutoff but slightly helow the TEzg cutoff
in order to minimize the radial thickness, which can be further
shortened by introducing a diaphregm inside the structure. The
toroidal width of the folded guide is set to a quarter wavelength
of the dominant Ny wave component of the launched spectruin.
To prevent destructive interference of the fields froin adjacent
folds, the frant of the guide is covered with a polarizing plate as
shown in Fig. 2. In the apertures, Faraday shields in the form
of 1liin, horizontal rows of conductors are used to insure optimal
coupling to the fast wave polarization. At the back plate, s
tapered coax with a 10 em diameter at the feedpoint {as in Fig.
2) is used to inductively couple the power into the guide.

Coupling of the wave power [rom the individual launcher to



Table III: Folded Wavegnuide Parameters (w/o Diaphragm)

Number of Folds [}
Unfolded Waveguide Height b 0.10m
Toroidal Widih 0.30 m
Toroidal Width of Vane 0.20 m
Poloidal Height 0.60 m
Unfolded Waveguide Width 1.80 m
Radial Thickness .12 m
Pawer Transmitted 4.0 MW
Coupling Efficiency 0.98

Peak Electric Field E,, 18.0 kV/cm

the plasma is investigated using the FWQ code [10]. For the high
density SOL i:n ARIES-I, with n,=10%" m™? at the separatrix
and 10°° m~? ar the first wall. the coupling efficiency is found
to be 98%. H should be mentioned that the coupling efficiency
is sensitive to the plasma edge conditions and this dependence
certainly deserves further investigation. For a transmitied power
of 3 MW per guide, the peak electric field is faund to he 18
kV/em, well within the present achievable imit. Fig. 3 shows
the paloidal and toroidal profile of the toroidal wave magnetic
field from a single waveguide at the plasma surface. The discrete
structure of the field due to the three radiating apertures is
noted, lending support to the high Ng used in the previous CD
calculations.

It is proposed to build the folded waveguide launcher with
SiC'/SiC-Aber composite structural material to take advantage of
its low activation, low decay afterheat, high strength and other
favarahle therino-mechanical praperties [11]. For non-irradiated
SiC', the relative dielectric constant is 10 and the loss tangent
is 103 At 158 MHz, the power dissipation ratic through
a 1.0 cm slab of SiC' is 0.009% with a_ reflection coefficient
of 0016, implying that the thin SiC slab or the t wall
coolant hlbfs are essentially transparent to the fast waves. With

al U-Flgldaym
L

— 1

Toroid
w——

fI.‘

»
- Toroidal

Poloddal ™ *

Figure 3. Poloidal and Tarcidal Profile of Wave Magnetic Field
due to a Single Folded Waveguide at the Plasma Surface.

adequate cooling, the weveguide structurc can then be envisaged
as a closed rectangular box made of thin (<1.9 em| SiC walls.
Threngh plasma spraying or CVD processes, a 0.02 mm thick
copper enating is applied where a conducting surface is needed,
surly a= 1he inside wall and vane surfaces, t ie front polanizing
plate and the Faraday shield. A high guality vacuum (< 1077
torr i can easily he maintained inside the closed, well-conditioned
wavegiide structure. whicl is conmpletely shiclded from plasma
particles, thus enhancing the passibility that ultra-high electric
fields ( --50 kV/em) can be sustained without breakdown. An
initial assessmment indicates that if the copper plating is only
several skin depth thick, the waveguide structure should be
relativelv transparent to a typical disruptive load. Further
s udies are heing conducted to confirm this finding.

To fii the waveguide launchers inside the vacuum vessel,
"12] the radial thickness of the waveguide must be reduced
to 0.R m. This reduction can be achieved by introducing s

front view A-A sactlon side view

wavequide vane

SiC
tirst  wall
/ ubl/llclu / coax

ll

A\
A po:anzing plate
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Figure 4. End and Side Views of Folded Waveguide with

Diaphragm.

simple diaphragm structure of finite thickness [13] into each
waveguide, as shown in Fig. 4. Ths diaphragm (or obstacle)
is a transverse ridge placed midway aloag the axis, where the
wavegiide height is reduced from b to b', having an aspect ratic
of b'/b. 1t essentially acts as a capacitor that effectively reduces
the waveguide axial wavelength.

Approzimate design curves of the waveguide thickness as
a function of the diaphragm (or obstacle) thickness and aspect
ratio have becn obtained for the transverse dimensions given
in Table III. For a waveguide thickness of 0.8 m, the desi
ohstacle is 0.2 m thick and 0.055 m high. Even though tin
peak electric field is approximately doubled to 36 kV/cm for the
same stored euergy it the guide, this value is still well within
the limit. The shape and edges of the obstacles (and vanes)
can he contoured to substantially reduce the local electric fields.
Joule dissipation in the walls may be increased but detailed wave
calculations are needed for an accurate assessment. It is evident
from the resonant wave structure that peak dissipation occurs
al the front and back ends, and at the side walls midway along
1he waveguide axis. Horizontal coolant tubes can be placed near
the ends without affecting the waveguide performance while the
diaphragm can provide space for coolant flow and extra support
for the vanes, if desired. Cooling of the 5iC structure and its
required thickness are outstanding issues which remain to be
addressed in detail.

The overall launching system consista of 4 waveguide mod-
ules capable of delivering 192 MW of p swer through 1.6% of
the first wall area. To launch the d=sired wave spectrum, each
module is designed to be 3.6 m wide, 0.6 m high, and consists of
a toroidal array of 12 waveguides with a 3U° phase shift between
adjacent guides. Simulations with a 2-D magnetostatic loop an-
tenna code, C'AV2D, [14] indicate that a r:aximum directivity of
0.95 is possible with such a module. The four launcher modules
are located in two special blanket segments, each accommodat-
ing two poloidally stacked modules (at 83=25°, 46°), in order ta
generale the target equilibrium seed current profile [12].

RF SYSTEM DESIGN

Design of the RF support system for the fast wave current
driver in ARIES-I is in its preliminary stage. For now, il
is anticipated that this system will use primarily off-the-shelf
technology and only a modest development program is required
to upgrade 1he operating parameters of its key components.
At 58 MHz. the most viable choice for the RF transmitter
appears to be the klysirode, /15] a linear beam device having the
desirahle features of both a xiystron and a tetrode. These tubes
are conunonly used as transmitters in UHF-TV stations and
are available in sub-MW CW units having an efficiency of 70-
75%. Witli a reasonable development program, a 90% efficiency
shenld be within reach. Issues related to stable phasing of the
waveguide array and high power coax transmission in a neutron
enviromment are perceived ta be solvable in the near future given
the appropriate amount of R&D effort. As given in Table I\? the
maximnm projecied system electrical efficiency, from wall plug
to first wall, is T2%. Presently, the RF power cast is project
to he $1.50/W_ but if 5 MW units of the klystrode are indeed



Table I'V: Projected RF System Efficiency

DC' Power Supply 0.95
RF Transmitter (Klystrode} 0.30
Transmission Line, Matching & Phase-Shift Circuits | 0.90
Launcher Coupling Efficiency 0.98
Lauscher Directivity 0.96
Overall Electrical Efficiency T 0.72

available, the cost can be further lowered to $1/W.

NEUTRAL BEAM CURRENT DRIVE SYSTEM

An alternative current drive scenatio based on high energy

traj | s has also | idered for the ARIES-I reac-
tor. [ next-geucration tokamaks. such as ITER, NBCD is the

leading option for steady-state operation because of its develop-
ing <latabase, attractive CD efficiency (1 =0.6) and its projected
capabhility for profile contral. However, in reactor applicati. us,
nautral beams in excess of 2 MeV will be required for core curn 1t
drive, implying major R&D efforts in new technologies beyon 1
those of ITER.

NBCD calculations are performed to determine the requirea
('D power for the set of ARIES.[ parameters shown in Table 1.
To produce the required seed current profile, two 2 MeV beam-
lines are used: (1) 35 MW with Rygn= 6.52 m (inboard) and
(2) 50 MW with R,,.,=7.13 in (outboard). Beam deposition is
calculated with the 2-D Monte-Carlo code NFREYA, including
multi-step ionizatioy effects [16]. To ensure consistency with the
ARIES-[ stable cquilibrium, the same 2-D flux surface geome-
try produeed hy the NEQ codre is used in the calculations. Fig.
5 shows the hootstrap, seed, NB and equilibrium flux-surface
averaged current density profiles, denoted respectively by jgs,
Jeerd. Jx B and jior. As can be seen, the NB-driven current profile
agrees well with that of the seed current. In this case, 85 MW of
NB power is used to drive a seed current of 4.7 MA with 0.4%
shine throngh. leading to ~=0.6.
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Figure 5. Flux-surface averaged current density profiles of
hontstrap (BS), NB, seed and equilibrium components.

A Ingh energy NB svstem based on the RFQ accelerator
conrepl 1s appropriate for ARIES-I application. [17] For the de-
sired profile control, a vertical column of beamlets at the first
wall shonid he used. A 2 MeV, 20 A, 40 MW RFQ module
that consists of 23 channels (1 A per channel) 11, 2 2> 12 inatrix
to provide 21 A of ions (20A of ncutrals) can be envisaged as
the basic bulding block. In particular, the divergence of this
23 MHz, 1 A per RFQ module is approximate'y 10 milliradians.
Accartling to caleulations, two such heam modules should be ad-
eqnate for ARIES-1. Provided an aggressive beam developiment
progrian be in place i the next two decades. the efficiencies
of the major components are estimated to he: 90% for the RF
pources utihzing solid-state technology, 80% for the supercon-
ducting RFQ's and 95% for the photo-detachinent neutralizers,
grving an overall electrical efficiency of 68% for the NB system.
The uint rost s cstimated to be as high as $3/W.

CONCLUSIONS

Fast wave current drive has besp studied as a steady-state
operating scenario i a commercial tokamak reactor such as
ARIES-I. Provided that the database will be developed and
the CD efficicury maintained at 4 ~0.3-C.4, this technique
emplovs relativelv inexpensive. efficient, near-term technology
which makes it attractive compared to neutral beawn current
drive. The high field in ARIES-I offers a unique environment to
utilize the special features of the folded waveguide as a reactor-
compatible launcher unit. Construction of the waveguide as a
closed strueture with copper-coated SiC composites walls further
enhances its high power handling capability. As a result, a
rather compact launcher system that devlivers 192 MW of power
throngh [.6% of the first wall area is realized. However, two
major issues nced ta be studied: (1) cooling of the waveguide
stencture. and (2] dependence of wave coupling efficiency on
plasima edge conditions.
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Abstract

The requirements for the development of large, very high
field superconducting tokamaks are investigated. The supercon-
ducting material, the structure and the integration issues are in-
vestigated for both the torcidal field coils and the poloidal field
coils. The interaction between the two system (out-of-plane and
heating) are studied. Near term and longer term materials are
compared, However, no matenials or properties that have not
been determined in the Jaboratory have been assumed.

Introduction

ARIES-I is a conceptual tokamak reactor design based on
advanced technology and modest extrapolation from the present
physics data base.® A major feature of the ARIES-[ reactor is
the use of high fields at the coil. The design and feasibility
issues of the toroidal field magnet system are critical. This pa-
per discusses che design approsaches for superconducting magnet
svstems with > 20T fields at the coil.

The HFCTR de<ign incorporated the use of high held? and
~uper hlghdffrld concepis have recentlv been cunsidered®. In this
paper. we discuss magnet design for the verv hi i
ARIES.I!. agn! gn for the verv high fields used in

Incorporating these concepts and materials into toroidal
and poloidal field magnets suitsble for s commercial tokamak
reactor constitutes a difficult challenge. Due to the high field
and large Lorentz loads, innovative uses of high strength materi-
als and suppart structures are required. The choice of propeties
of advanced magnet materials (both for the conductar and the
structure) has been limited to those already attained in the labo-
ratory although extzrapolations to the gizes and lengths required
fur use  a tokamak fusion power reactor may be reguired.

7 arrently NbySn based superconductors arc capable of
proc- :ing fields up to mbout 20 T in short samples. Obtaining
fields greater than this will require the development of a higher
fizid euperconductor. The choice of superconducting mezerial
are presented in §2.

Advanced structural materials with allowables beyand 900
MPa wauld be desirable, althaugh not required. Both isotropic
and composite materials are uader consicerstion far structural
application in the high field magunets. The choices for structural
materials are discussed in §3.

Advanced structucal design, such &5 using strong load-
carrying stabilizer, grading the conductor and carefully match-
ing the strains between the different magnet components are
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helpful. Details of this optimization are described in §4. Specia:
~ttention is given to the system integration, to the structural
conceptual design choices {out-of-plane structureis described in
§5) and to the cryogenics (pulsed loads, thermal magnet insula-
tion) for both toroidal and poloidal field magnets. The poloidal
field system for ARIES-1 is described in §6.

Finally, research areas critical to the successful develop-
ment of high field magnets for fusion applications are identified.

2. Superconductors

High field operation requires advanced, high performance
superconductors. Currently available NbgSn  alloys* are capa-
bie of producing fields up to about 20 Teslas. Obtaining fieids
greater than this requires the development of a higher field ma-
terial. For fields greate. than about 20 T, only three supercon-
ductors have demonstrated the capability of carrying sufficient
current density. NbN is capable of J, >~ 10%A/cm? at B, = 22T,
while NbsAl and Nbs(AlLGe) are capable of J, ~ 3x10%A/cm?
at B = 24T and 31T, respectivaly.*® The only advantage of NbN
over NbyAl may be strain and irradiation inseasitivity. How-
ever, as NbyAl and Nbs(Al,Ge) are less sensitive to strain and
neutron irradiation than NbySn , severe |imits are not expected.

Figure 1 shows the current density vs field for NbyAl and
Nby(Al,Ge) . These levels of performance have only been ob-
tained in a superconducting tape {after irradiation with electron
beams), and there is yet no kaown method of obtaining similar
performance in a multifilamentary wire. In order to stay within
the developmnental assumption that the material exist in the iab-
oratory, we have assumed that the tape is used in the high field

regiun.
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Fig ! Criucal current density for Nba{AlGe) tape prepare.d by
electron beamn irradiation (from reference 5)



The strain sensitivity of NbySn and Nhy Al is shown in Fig-
ure 2 (from reference 7). The value of 87, has been normalized
to the maximum {nearly strain free) value B?, . Not only is the
value of B?,,., larger for Nba{Al.Ge) than for the ternarv alicvs
bul its sensitivity to straim s ess,

In the toroidal field magnet, several grades of conductors
are used. Nhy(Al,Ge) is used at high field (> 18T), Nbs3n s
used for intermediate feld (> 6T) and NbTi 15 used for low hald,

3.0 Scuructural materials

Both isotropte and compusite matenals are under cons.d-
eration for structural application in the magnets. The isotropic
materials could be used hy themselves or combined with fibers ta
ubtain inceases in buth strength and moduli (to reduce strains).
Th- consequences of using the isotropic and anisotropic mater:
als are described in §4.

3.1 Isotropic meterials

Commercially available structural sieels currently have ul-
timate tensile stresses (UTS) in the neighborhood of 1.8 - 2GPa.
(allowable equivalent stress 600 - 800 MPa) 8®10  Also com-
mercially available, but not necessarily optimized for low tem-
perature applications, are the Ni-Co and Ni-Ti maraging steels.
Depending on the particular composition and aging of the steel,
the cryegenic UTS ranges from 2.2 - 3.7 GPa.!' The largest UTS
materials tend to have the lowest fracture toughness, so it is not
clear what maximum allowable stress is acceptable. Detailed
cryageaic charact=rization of these materials is currently being
performed and will aid in determining the applicability of these
materials. 'Z {t is not known wi.cther alloying can imprave the
fracture toughness without simultaneously reducing the UTS.

The Fe-Mn and Fe-Cr alloys have been developed by the
Japanese specifically for cryogenic applications'®. They are dis-
tinguished by high strength and fracture toughness at LHe tem-
perature (o, ~ 1550 MPA, K,  ~ 200 MPa/m). As shown
in Figure 1 these materials show a tradeofl between strength
and toughness. Thus, with minor variations in the amounts of
alloving additions, it may be possible to develop an alloy with
much higher strength and sufficient, although reduced, fracture
ronghness For 25Cr-15Ni. this tradeoff can be expressed as™

Ky o= 240 -0 250a, - 1300

where Ky, 15 in MPa, m and o, is in MPa. This relation 1s
shown in Figure 4 For o, - 1800 MPa, K. ~ 137 MPayia
providing an allowable equivalent Lensile stress of 1200 MFa
while maintaining sufficient toughness.
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Fig 2 Effect of umaxial strain on the upper-critical field of prac-
tical Al5 superconducturs ifrom reference 7)

Certain Ti alloys'* may also be good materials for cryo-
genic applications. Yield stress as high as 1892 MPa has been
reported al 4 K, although with low fracture toughness. The al-
lowed strength would be in the range 1100 - 1300 MPa. [t ma~
be passible to improve the strength-toughness rejationship by
furirer optimization of alloying.

3.2 Anisotropic materials: flbers and composites

A large number of tibrous materials exast that have longi-
tudinal UTS in the range of 2.1 - 7.0 GPa. These materals
have fongitudinal tensile modulus in the range of 150 GPa .
700 GPa. The primary fibrous materials under consideration
are palymers. C and SiC.'*¢-}7 Applications emplaying these
materials depend naot only on the praperties of the fiber, but
on the ability to fabricate the material in a composite with sat-
isfactory properties in every direction. As fibers tend to have
poor transverse compressive sirength, magnet applications re-
quire the incorporation of the fibers into a matrix that can sup-
port the compressive loads in the inner leg. For this reason, only
metal matrix composites {MMCs) are considered. The isotropic
materials discussed previously are primary matrix candidates.

Of all the available fibers, the best combination of mechan-
ical properties, availability, cost and applicability is found in
carbon. Carbon fibers have been reported with 5,1+ > 7 GPa
and with Ey;; > 700 GPa {not simultansously)'® . These fibers
are inherently anisotropic, with Efa; < 0.1 £y, where Epg; is
the transverse Young's madulus. This may prove advantageous
for TF coil structural applications. By aligning the fibers with
the vertical (tensile) load, the fikers provide very high vertical
modulus and strength. Owing to the very low E;z, however,
the radial load is concentrated in the mateix. Thus, the loads
are concentrated in the material best suited to support them.

In graphite, the carbon atoms are arranged in hexago-
nal layers, causing highly anisotropic bonding and mechanical
behaviour’?, In the layer planes {A and B), where high strength
carbon bonding accurs, the Young's modulus ijs about 1000 GPa.
Narmal to those planes (along the c-axis), the lajers are bonded
tagether by weak van der Waals bonds, so the modulus is only
35 GPa. The quality of carbon fibers and the ability to control
their properties depends on obtaining a high degree of preferred
arientation of the hexagonal planes.

The sensitivity of mechanical properties to the degree of
orientation of the layer planes leads to a broad range of ob-
tainable C fiber properties. A strength/stiffness tradeoff exists.
Thus, a fiber can be developed to provide optimized composite
properties for a particular application.

Carbon fibers retain very good mechanical properties aver
a broad temperature range. For application in an MMC, how-
ever, one serious limitation must be overcome: high tempera-
ture reactions with nickel. The most probable mechanisms fur
the .lecline in strength ohserved in Ni coated graphite fibers are
~ckeel-catalvzed graphitization and reduced fiber size due ta C-
Ni interdiffusion?®,

Recent results indicates that C/Ni reactions can be pre-
vented by coating carbon fibers with a diffusion barrier that
stabilizes the interface. The most promising coating materinls
are SiC and CoW. C/SiC fibers have been produced at MiT
with very good results Unfortunately. the only production
method known 1s chemical vapor deposition (CVD), which 1s
an inherently slow and expensive process. (/CoW fibers have
been produced by NIST and American Cyanamid with very
good results?*, CoW, selected because it is carbide forming,
is directly electrodeposited onta the fiber, forming a layer .of
CoaW4C and/or CogW,aC at the interface. As a result, na
change in the size of the fibers accurred after annealing at #u0 ¢
for 24 hours in Ni. The protective barrier may be thunncr than
0.1um and still be effective. Electrodeposition is signufica:ats
faster than CYD {two orders of magnitude) and allows very go..d
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Fig 3 Tradeoff between strength and fracture toughness at 4.2
K. |from reference 13}

control of the W concentration gradient. By maintaining a con-
centration gradient in W, mobile dislocations in the composite
experience an increasing resistance to motion when approaching
the fiber/matrix interface. This provides increased strength and
toughness.

Although there are a number of feasibilty issues to be eval-
uated, there are numerous patential solutions to the structural
problem in the high field magnet, both with isotropic materials
and MMCs.

4 TF Cail design and optimization

Each coil of the ARIES- TF magnet consists of 14 plates,
with the conductor wound into grooves. The coils were designed
subject to the following constraints: superconductor stability,
quench protection, superconductor strain (including thermal),
stress and strain limits in the struciure ard fabricability. 5
grades of conductor winding pack are employed. For B > 18 T,
Nbg(Al,Ge) tapes are deposited onto a CulNb substrate. The
tapes are stacked and wound into the plate. An alternative 1o
CuNb substrate is Al/SiC eomposite. For B > 6 T, mulifil-
amentary NbySn superconductor is employed. For B < 6 T,
NbTi is sufficient.

The toroidal dimension of each plate is fixed at 8.5 em.
The groove depth is determined such that sufficient thickness
remains to support the vertical and radial loads. The verticat
load is cajculated assuming constant vertical strain across the
inner jeg. The radial loads builds up from the outer radius of
the inner leg to the inside bore (where the coif meets the bucking
cylinder]. The rate of increment of radial load is the product
of the local magnetic field and the winding pack current. The
radial lond is transmitted radially inward. so the required plate
thickness ip largest in the low field region of the coil. The con-
ductor thickness in the radial dimension (the distance betwesn
grooves) is determined from the winding pack current, the con-
ductor current density and the toroidal groove depth. The cur-
rent and current density dciermine the required conductor area,
50 the groave depth determines the required spacing. Coalant
requirements are based upon 2mW cm® umiform thraughout the
coul 13 EGNzervalive assumpLion, since onty the tughest feld furn
woubl pxnenence this level (! heatng)

Coil parameters are in Table | Three cases are considered:
a) low strength. fow meduli, by low steengeh, tugh moduli, and
) high strength, high moduli There are 32 dump circuits (two

per coil). The mechanical strain refers to the vertical strain
thermal and primary mechanical (no bending). The mechanical
stress then refers to the mechanical strain times the moduli.

The conductor properties for cach grade for the case of low
strength/low medali are shown in Table 2. The coil inner leg
cross section is in Figure 4.

5 Out-of-plane considerations

In ARIES, there arc very large out-of-plane loads. Figure
5 shows the distribution of the loads along the coils, starting
from the inner midplane. The poloidal field configuration of the
baseline case was used {see Peng). The suppart of these foads is
described in this section.

The coils are supported against the radial loads by a thick
bucking cylinder. The thickness of this eylinder is determined by
the radial loads, The out-of-plane loads generated in the inner
leg of the magnet are also suppaorted by the bucking cylinder.

Above and below the bucking cyiinder there is a shell {cap).
The inner part of this shell is a full continuation of the bucking
cylinder. The poloidal field coils adjacent 1o this structure are
supparted by it, The outer part of the cap/paloidal field assem-
bly is fully vacuum insulated. Removal of these poloidal field
coils is accomplished by removing the entire cap. This simpli-
fies the modular assembly and maintenance of the machine {see
reference 23).

There is no insulation between the cap and the toroidal
field magnets. For more details about the cryogenic aspects of
the design, see Grotz®.

A thick-shell code is used to calculate the ‘out-of-plane
stresses. The model used is based on the orthotropic toroidal
sheil model.?% The n:odel treats the superstructure assembly as
a thick, continuous orthotrapic shell. The thickness of the shell
and the elastic moduli {allowed ta be different in two directions)
are allowed to vary along the lenght of the shell. The treat-
menl is axisymmetric. but by appropriatelv - lLianging the modult
along the shell it is possible to study the global effects of ports
(stress concentrations would require a fult 3-d analysis, beyond
the scope of this work). I is assumed that the loads are trans-
ferred locally to the superstructure, i.e., the coils themselves do
not react the out-ol-plane loads.

The code js used in order to determine the thickness of the
cap. The maximum shear stresses in the cap are limited to 300
MPa; hawever, the thickness of constrained 1., be at least DS
m thick, for structural integnity.

Table [
Global Characteristics of the TF magnet

Field at the case (T) 248
Current pack (ka) W
Superconductor moduli {GPa) 175
Stabilizer moduli (GPa) 185
Plate moduli (GPA) 250 360 300
Allowable stress (MPa) 10060 1000 1200
taroidal thickness of plate (m) 0.085
Jmagner {Ma/m?) 214 216 %4
Radial build {m] 103 102 085
Mechanical strain (%) 0.34 0.25 0.30
Mechanical stress (MPa) 676 682 BO7
Stared energy per dump

circuit {Gl) 414 113 349



Table 11
Grading of the TF magnet
Low-modutus and low-strength case

Table II1
Poloidal Field Magnet Canstraints

Grade | <Grade 2 Graded Grade 4 Grade 5 Veermyaat £ ('k\')
mf mf mf tape tape lBﬂﬂﬂd -;Sl 8 :'fr‘}]
N T‘ N N mar v
canductor bTi b,Sn NbySn ba{Al, NbgfAl, o maane Lo (\MPa
Field of split {T} 1.0 1.0 18.0 205 24 ferineat uo .
Sc current (109 A7m?) 465 314 0498  0.251  0.194 Tmazaump 150 (k)
Critical temperature (K, 6.58 1106  6.45 1057 888 margin 05 (K
Suggested
Areas (1074 m%) Emargin 500 {mJ cm?
Superconductor 0,432 0.639 4.03 8.01 10.3 Fuwali-cooied recovery U3
Structure 7.75 7.75 7.75 14.8 18.2
Conductor 8.19 8.33 11.8 228 28.6 .
He 0.659 0.665 0.744 5.02 5.44 ™
Cable space 8.85 9.06 12,5 27.8 3.0 r
Total area 71.3 93.9 65.2 65.8 65.0 N g % % % % g %
Plate 591 81.0 49.5 38 277 ; EBEEEBEEBEEER
Insulaticn 135 3.87 319 3.21 319 ?
S B 1 E P00
Conductor  width 146 0.975 207 372 480 g DEDE i
radial thickness 6.07 .29 6.04 6.12 596 iR I T ) H
- D ppphop
fraction of stabilizer 0547 0924 0658 (.64 0638 -
Plate thickness (1077 my 376 3.68 307 1.84 1.28 ! . . .
Radial dimeasion of turn U U78 v.ltG BT 0.078  0.077 Fig 4 Cross section of the cail in the midplane.

Figure 6 shows the resuliing thickness of the cap for the
ivads shown in Figure 5. Two parts have been assumed, one
for removing the divertor targets and another on the midplane.
The thicknass of the superstructure is increased in these areas in
order to reinforce jt. Elsewhere, the cap thickness varies between
005 and 0.2 m away from the bucking cylinder. In order o
fabricate such a cap, the thickness variation should be smoothed
out.

The resulting shear stresses are shown in Figure 7. The
shears in the bucking cylinder due to the qut-of-plane loads are
sbout 75 MPa. (the thickness of the bucking cylinder is deter-
mined mainiy by the radial foads and it is fixed at 0.95 m). Note
that there is a reversal of the shear stresses in the inner tap of
the superstructure, occuring at about a height of 3 m. At this
location, the shears that react the out-of-plane loads are small,
and as a consequence, the out-of-plane structure can be discon-
tinnous. The fact that the superctructure be discontinuous at
a point is very important in order to be albe 1o take the sys-
tem apart {if the superstructure were in one piece, the chosen
modular meaintenace and assembly methods would not work).

We have analyzed several scenarios to determine the beight
of the region with zero shear. These include different OH bias,
different plasma pressure (to simulate startup and shut-down),
end simple disruption sceanarios (for all the cases described abaove)
We have found that the location of the zero shear varies by only
a few cm for these cases. Furthermore, some shear capability can
be provided across the gap by keying the caps and the bucking
cylinder together.

8.1 PF System Design

The PF coile in ARIES are external to the TF system.
They are superconducting, using internslly-cooled, cable-in-conds
tonductor, The conduclors are internally-cooled composites of
cupper and binary NbsSn. The design of the poloidat field {PF}
magnet system does not share the feasibility and development
issues of the TF systern. ARIES has a steady-atate plaama and
e modest plasme current of 15.1 MA. The peak field in the PF

system is enly 12 1' and pulsed losses in the PF system are med-
est in comparison with those of the toraidal fieid (TF) system,
becauss of the much smailer volume of superconductor required.

In 1988, the ITER Magnet groups held a workshop that es-
tablished design allowables for the suparconducting magnets?®.
These are listed in Table 111, along with suggested additional
constraints on energy and power balance critenia for recavery
from disturbences. The ARIES PF design follows the ITER
recommendations, with the exception that the Tresca mem-
hrane stress allowable is 300 AMPa for ITER and 1000 MPa for
ARIES, All PF magnets ase self-supporting against tensile jonds
and the central solenoid 1s self-supporting against vertical loads.
The ARIES coils are more conservative than those of JTER in
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Fig 5 Qut-of-plane load distribution for the worse case analva. 4
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that they are alsc designed for energy margins greater than 500
mJ ‘em? and fractions of critical current in the well-coaled recav-
ery regime. Trade studies indicate that when these constraints
are included, NbsSn is prefergble to NbTi, even at law fickls.

MHD equilibris were gencrated over a range of flux linknges
at high and low bets, in order 1o evaluate the capabilities of the
PF system #°. PF trade studies showed that the design of ARIES
was qualitatively different from that of other PF systems, such
as those for ITER and CIT. Since there is no ohmic startup, the
design doesn’t require maximization of volt-second capability.
However, conventional methods for minimizing stored energy
lead to designs with unrealistically small fractions of metal in
the coil winding packs. Furthermore, because of the Batoess of
the cost and cnergy minima, a significant amount of flatiop and
startup volt-second capability can be inctuded for a amall addi-
tionsl increase in coil costs. Given the probable need to handle
ofl-nermal conditions, 2 modest flattop capacity of 35 V- was
selected. Auisiional constraints on overall metal fraction and
copper-noncopper ratio were added to ensure coil fabricability.

The peak PF energy of 12 GJ is smaller than that of ITER.
Because of the alow charging of the coils, the peak power wnd
power supply requirements are modest. A SAVAR power-factor
correction control circuit is used in order to prevent large circu-
Inting reactive power in the utility line feeding the PF circuits®’
Conclusion

There are many difficuisies in the development of commer-
cia) tokamak with very high field magnets. These difficulties
bave been identified and the mwsues analyzed. Using present day

materials that exist in the Jaboratory (both structure and super-
conductor), it is possible to design 24 T field superconducting
tokamak reactors.
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Abstract: For the ARIES-I tokamak power reactor design,
we evaluated two gas-cooled, low-activation cetamic blanket
designs, &8 5 MPa belium-cooled design, 2nd a 0.5 MPa CO; gas-
carried 1i,Si0, particulate design. The more extensive data
base available for the helium-cooled option has led to the ge-
lection of this option &5 our reference design. The selected
ARIES-I blanket design uses SiC composite as the structural
material, 5 MPa helium as the coolant, LiySi04 as the solid tri-
tium breeder, and Be metal pellets as the neutron multiplier.
This combination of materials provides the design of & high nu-
clear performance blanket with high outlet temperature, gaod
neutron multiplication, and adequate tritium breeding. It is
a low-activation design that satisfies the criteria for 10CFR61
Class-C shallow land waste disposal and achieves inherent safety
since it produces negligible afterheat, thus virtually eliminating
the possibility of radioactivity release to the public.

Introduction

The ARIES research program is & multi-institutional effort
to develop sevetal versincs of the tokamak as an attractive fu-
sion reactor with enhenced economic, safety, and environmental
features [1]. The ARIES-] design is 2 DT-burning, 1000 MW(c)
(net) rexctor based on modest extrapolation from the present
physics database and featuring advanced technology such as
utilization of very high-field superconducting magnets and a low-
aclivation blanket [1]. The ARIES-! blanket uses low-activation
SiC compesites as the structural material. To enhauce the blan-
ket energy multiplication, Be metal is used as the neutron mul-
tiplier. We evalusted two blunket designs for ARIES-I. The
first one uses LiySi0, ns the solid tritium breeding material, in
the form of & dilute suspension of fine particles (5 10 10 um
in diameter} in » 0.5 MPa pressure CO; carrier gas as the

blanket coolant. The second one uses L1,SiO, in stationary form
and 5 MPa pressure helium gas es the coolant. Since the per-
formance of the two designs is similer, and due to the relative
availability of design data, we have selected the helium-cooled
option as the reference blanket for the ARIES-I reactor design.
This paper summarizes the choice of reference blanket design,
the results of material selection, mechanical design, nectronics
anelysis, thermal-hydraulic analysis, power conversion system
design, tritium extraction, and safety evaluation.

Coolant Selection

We investigated two coolants for the ARIES-I blanket
design: a 5 MPa helium coolant design and an innovative, gas-
carried solid lithium particulate design. The 5 MPa helium gas,
due to its chemical inertness and transparency to neutrons, is
s natural coolant for fusion reactors [2]. Being a gas, helium
has to operate at relatively high pressure to provide good heat
transfer and acceplable pumping power. When solid particles
are mixed into the gas stream, the mixture will have a much
higher volumetric heat capacity than the pure gas. In compar-
ison, for the same heat transfer coefficient, the mixture of par-
ticulate and gas will have lower volume flow rate and pumping
power, than a gas-only design [3,4]. For fusion application, an
additional advantage for using a Li particulate and gas mixture
is that the blanket eoclant is also the carrier of the breeder ma-
terial. This facilitates tritium extraction outside of the blanket
and greatly reduces tritium inventory when compared to sta-
tionary solid breeder designs. This concept also eliminates the
uncertainties of the helium purge flow tritium extraction design
and solid breeder behavior under neutron irradiation for station-
ary breeder designs and may, thus, lead to much lower blanket

*Present eddsess: Advanced Cryomegnetics, P.O. Box 210132, San Diego, California 92121.
'Permanent address: Japan Atomic Energy Research Institute, Naka, Jbarald, Japan.



development cost. At the same time, the mechanical design com-
plexity related to the tritium purge flow system is eliminated.
‘When a higher density gas like CO; is used as the carricr gas,
lower coolant pressure can be used while maintaining similar
heat removal capability with that of a high-pressure helium de-
sign. The use of a ceramic composite as the structural material
then becomes more sttractive since the primary pressure stress
will be lower by a factor of ten from that of the helium coolant
pressure of 5 MPa  As the solid breeder is being circulated,
we can sdjust the blanket tritium breeding performance during
operation by adjusting the ®Li enrichment of the breeder parti-
cles. When these poteatial advantages were identified, it became
abvious that we had to seriously consider this CQ;-particulate
coolant concept for the ARIES-I blanket design.

There are two key design uncertainties associated with this
innovative concept. They are the potential problems of parti-
cle and wall erosion and the circulation of particles both inside
and outside of the blanket module. The use of gas-particulate
mixtures as a coolant in fission reactors was investigated
extensively in the 1960's [4.. It was shown that erosion problem
could be solved by using graphite as the circulating particle ma-
terial. There were limited erosion experiments performmed with
Al;05 on alumiaum alloys |S; which indicated an erosion thresh-
old effect exists. That is, when the particle size is reduced, and
the kinetic energy of a single particle reaches a certain minimum
level, erosion cannot be measured. On the other hand, it is also
true that the erosion eflect is very sensitive to the properties
and configuration of the impinging particles and surface mate-
rial. Due to the lack of experimental erosion data of LiSiO4 on
SiC composite material, we remmained skeptical oo evaluating the
erasion Lifetime of this particulate blanket design. In order to
enhance the credibility of the ARIES-] blanket design, we have
sclected to base our blanket design on the more conventional
high-pressure helium as the bianket coclant and have left the
innovative low-pressure CO; Li SiQ, particulate design for the
future when relcvant erosion date arc available.

Matesials Selection

Structural Material

SiC composile ceramic is the structural material of the
ARIES-] blanket. Ceramics have many desirable characteris-
tics when compared with metals. The characteristics of high
sirength at high temperature and low-induced radioactivity arc
used in our design. The selection of SiC composite material
avoids the brittle failure modes of monolithic ceramic mate-ials
(6. The main method used to improve the strength and fracture
toughness is through fiber reinforcement. Different methods can
be used to infiltrate the SiC into a fibrous SiC preform {7). Re-
cent advances ip SiC composite manufacturing processes have
greatly improved the failure mode bebavior, strain tolerance,
and fracture toughness of Lthese ceramics. For the ARIES-] de-
aign, we have selected a simple blanket configuration, as shown
in Fig. 1, to tailor to the manufacturing process and to min-
imize the required number of joints. Micromechanical design
cquations were used to estimate material properties for typical
SiC composite materials. These calculations reflect the degra-
dation of fiber and matrix material properties due to imperfect
manufacturing techniques and neutron irradiation effect at high
temperatures. The maximum allowable design stress of the SiC
composite was estimated 1o be 180 MPa &' the maximum allow-
mble termperature of 1000°C. Detailed first-wall structural anal-
ysis ehows that the t} :rmal, pressure, and bending stresses can
be designed to be within 1hese estimated design Limite.

Breeding Material

Li,Si0, bas been selected as the tritium breeding material
for the ARIES-] blanket design because of its chemical stabil-
ity compared to Li;O, and ite low-induced radicactivity com-
pared to LiAlO2 which can generate 2®Al, which has a half-life
aof 0.73 million years. Even though 1i,SiO, has a lower [ithium
atomic density than Li;O, adequate tritium breeding can be
abtained when Be is used as the neutron multiplier [8].

Neutron Multiplier

Be metal js the best choice of low-activation neutron
multiplier, since it does not have any other elements like oxygen
to compete for the available neutrons. The key drawback for
the use of Be is the limited resource of this material. Based on
the ARIES-I geometry, we found that 400 to 500, 1006 MW(e)
reactors could be supported by using the present United States’
beryllium reserve. When recycling of Be is applied, still more
reactors could be supported {8]. In the design of the ARIES-I
blanket, the Be metal is also used for increasing the energy mul-
tiplication. Neutron muitiplication by (n, 2n) reactions give
excess neutrons which are captured in §i to produce energy.
The blanket energy multiplication is 1.36 when Be is used, as
tompared to 1.05 when Be is not used {8].

Blanket Configuration Design

The reference ARTES-I blanket, js a 5 MPa belium-cooled,
stationary sphere-pac Be multiplier and Li,SiO, breeder design.
The SiC composite blanket module is illustrated in Fig. 1. It
consists of the radial zones of the first wall, neutron multi-
plier, breeder, and reflector. The blanket module is designed to

Wumplier

L d
Uy 50,

Blnky
Zoran

Fig 1. ARIES-1 5.C composite bianket modute



withstand the gas pressure of 5 MPa. The blanket module can
be fahricated by first forming the cenaplete poloidal segments of
the module, with the inclusion of flow channels and structural
supports before the high-temperature SiC infiltration and braz-
ing process. The module can then be filled with the sphere-pac
Be metal and LiySiQ4 pellets into their respective radial zones
[7]. These multiplier and breeder 20nes arc cooled by helium
coolant channels. The ARIES-1 blanket design parameters age
summerized in Table 1.

Table 1
ARIES-) Blinket Desisn Input Parameters

Powrer:
Fusion power, MW 1?31.0
Alpha power, MW 398.0

Blanket Multipher 136

Net electrical power, MW 1060.0
Materials:
Structural, SiC—~compasite
Breeder, L, Si0, sphere-pac
Multiplier, Be metal sphere-pac
Coolant, § MP3 helium
Wall Loadingy:
Average neutron wall loading, MW/m?® 2.74
Maximum neytron wall loading 40
at mid-plane, MW/m?
Average surface loading, MW/m? 0.48
Maximum surface loading Q.85
at mid-plane, MW/m?
Geometry:
Tokarmak first-wall area, m? 580.0
Madule toroidal width, m 0.35
OQutboard rnodule heighe, m 6.5
Inboard module beight, m 8.0
First-Wall Race Track Shaped Channel:
Width, mm 10.0
Length, mm 23.0
First-wall minimum structural 1.0
thickness, mm
Firki-wall CVD ercsion layer 2.0
thickness, rm
Thermal Power Fractions:
First wall Q.16
Be zone 0.47
Breeder plus multiplier zone 033
SiC reflector 0.04
Calculational Assumptions and Models Used:
First-wall 5iC volumetric power 7.6
generation, MW/m**
SiC thermal conductivity, W/mK 10.0
Maximum Li,5i04 volumetric power nn
generation, MW/m>*
Breeder packed-bed effective thermat 1.2
conductivity, W/mK
Packed-bed and surface contact heat 400.0

transfer eostTicient, W/m2K

Twenty-percent reduction in first-wall heat transfer coeflicient
sssumed due to nonisotropic heat flux

*Per 1 MW/m? neutron wall loading,

Neutronics and Waste BDisposal

Based on the above configuration and design details of the
ARIES-[ blanket design, neatronics calculations were performed
{3]. With the phyasical scparation of the peutron multiplier and
tritium breeder zanes, we are able to optimize the design for
ndeguate tritin breeding and maximum blanket epsrgy multi-
plication. At a ®Li enrichment of 209, the tritium breeding ratio
for this design is 1.12 and the blanket energy multiplication is
1.36 [8). Decay heating of the 5iC blanket structure is very Jow
[8}, and coupled with the high melting point of SiC at 2560°C,
no safety concern of radionctivity released from the blanket ma-
terial is warranted. Investigating the generation of long-lived
induced radioactivities from the blacket materials, it was found
that the entire blanket can satisfy criteria of 10CFR61 Class—C
shallow land waste disposal (8].

First-Wall Design

In order to reduce the local bending loads of the first wall,
a tube bank design approach is used with the rounded surface
of the tube iacing the plasma. Using a finite element caleu-
lation, the detailed structural design of the first wall was an-
alyzed, It was shown that the maxiroum local stress can he
designed to below the 180 MPa design }imit of the SiC composite
material [7),

Thermal Hydraulics

As shown in Fig. 1, the coolant helium enters the blanket
module a1t the bottom, flows in paralle] streams in the poloidal
direction through the first wall, the breeder zone, and the reflec-
tor Zone; jt then turns arcund at the top of the module and flows
down in the poloidal direction through the neutron multiplier
2one. This flow configuration allows the coolant to exit from the
Be neutron multiplier zone at a relatively high temperature of
650°C. Results of the thermal-hydraulic design of the ARIES-1
blanket are presented in Table 2. As shown, the first-wall max-
imum temperature is less than the SiC design limit of 1000°C.
The LiySiO, breeder can be designed to within the recommended
operational window of 320° 10 950°C [9]. The swelling tolerani
Be pellet bed desigu can be designed to less than or equal to
820°C. At a coolant outlet temperature of 650°C, the selected
supercritical steam Rankine cycle has a thermal efficiency is 48%
{10,11).

Tritium Extraction

The bred tritium is to be extracted by a purge fow
design through the LiSiO, breeder zone. At equilibrium, the
expected tritium inventory in the blanket system is less than
1.0 kg. This will be further quantified pending the understand-
sog of tritium behavior in Li45i04 under high lithium buroup
{12]. Alternete solid breeders are LiAlO; and Li;0.

Safety

With the selection of SiC as the structural material, helium
as ihe blanket coolant, Li,$iQ; as the solid breeder, and beryl-
lium as the neutron multiplier we bave utilized all Jow-activation
materials, They all bave very low-induced afterheat and induced
radioactivities. Because of these properties, no majer release
of racioactivities ta the public is possible [13]. Therefore, the
ARIES-[ blanket design can be rated as an “inherently safe”
design, achieving a Level 1 safety assurance rating ]14).

Conclusions

We have selected the 5 MPa helium-cooled, stationary
breeder low-activation blanket design for ARIES-1, A simple



Table 2
ARIES Outboard Blanket
Heat Transfer Results

First Wall, °C:
Inlet temperature 350

First wall and breader zaones 510
exit temperature

Maximum 5iC Structure Temperature, °C:

iniet 620
Midplane 881
Qutlet 72

Maximum Liy5i0y Temperatures
for 3 3~mm Thick Zone, °C:

Ink’
T-surface 715
T—centerline 796
Midplane
T-surface 796
T-centerline 873
Outlet
T-surface 877
T—centerline 950

Maximurn Be Packed-Bed Temperature
for 5-mm Thick Zore, °C:

Inlet
T-surface 654
T—centerline 660
Midplane
T-surface 791
T—centerline 800
Outlet
T-surface 793
T~centeriine 820
Blanket Outlet Temperature, °C 550
Toral First Wall, Blanket Prassirre [ rop, MPa 0.32
Total First Wall, Blanket Pumping Power, MW 154

5iC-composite poleidal blanket module design is proposed.
Separate Be multiplier and LiySi04 breeder zones allow a high-
coolant outlet temperaturc of 650°C. Credible first-wall and
blanket internal designs arc also identified. Good neuirornics
performaace can be obtained with & tritium breeding ratio of
1.12 and a blanket energy multiplication of 1,36. By coupling
the helium coolant to a supercritical Rankine cycle power con-
version aystem, the expected thermal efficiency is 48%. With the
selected blanket materials, we bave achieved our low-activation
blanket d.-..2n goals of producing minimum-induced afterheat
and radicactivity and meeting the 10CFRE1 Class-C waste dis-
posal. The ARIES-1 blanket design can be classified as s Lavel-1,
inherently safe blanket design. This blanket offers a combination
of good nuclear and thermal performance with excellent safety
and covironmentnl features for the ARIES-] reactor design.
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Abstract The ARIES-1 tokamak is a cenceptual reactor
design based on advanced technology and modest extrapolation
from the present clay physics datahase, The ARIES-I blan-
ket utilizes SiC'/Si(’ composite materials as structural mate-
rinl with lielinmy gas as the coolant. Until recently the brittle
failure behavior of monolithic ceramic materials has posed a
problem for using ceramics as structural materials. Recent d. -
velopments in manntfacturing and processing of fiher-reinforced
ceramics make Si('/SiC composites a promising candidate for
future power plams. Silicon carbide canposites are advanta-
geous from a safely and waste disposal stand point becauce of
the low activation aud their very low decay after-heat respec-
tively. The thermomechanical properties and neutron irradi-
ation response of SiC/SiC composite materials are reviewed.
Cemposite design equations are used to approximate a win-
dow of allowahle dlesign stresses for the first wall and blanket
structure of the ARIES-I lokamak reactor. The ANSYS finite
element structural aualysis code is used to analyse the thermal
and mechanical heliavior of the first wall under normal operat-
ing eonditinus. 1t is roncluded that with minor extrapolations
from todays manilacturing experience. 5iC/5:C composites of-
fer & viable structnral material chaice thus improving the safety
and environmmental aspects of future fusion power plants com-
pared with coal or imclear,

1. INTRODUCTION

The ARIES praject is a multi-institutional effort explor-
ing the polential of tokamaks as an atiractive and competitive
commercial power reactors Three visions of the tokamak are be-
ing considered with varying degrees of extrzrolation in plasma
physice and technology. The ARIES-) design assumes mini-
mum extrapolation in physics and advanced extrepolation in
engineering [1]. A summary of the ARIES-I fusion power core
{FPC’) is reported in Reference [2].

The ARIES.-] design features a Jow activation ceramic com-
pasite as the structural material for the FPC. Ceramics have
many desirahle characteristics when compared to metals. One
of the most attraciive characteristics of ceramics is their high-
strength at high teimperatures. Typical operating temperatures
of non-refractory metals do not exceed 600°C, while cerantics
can potentially be oprrated between 1000 and 1500°C. Because
of the very Iow level of neutron induced radioactivity, ceramics
Lave been considered for structural materials for fusion reac-
tors in the past {3]. However, despite advantages of ceram-
ick over metals, the brittle fracture response of bulk ceramic
materials canges 1lie fracture tensile strength of monolithic ce-
ramics to have wide stalistical distributions makiog the failure
Fitrthermore, failure of mopolithic ce-
rainic materials i< generally catastrophic, i.e., cracks propagate
rapidly through the entice stressed region. To alleviate these
two concerns, warldwide R & D programs [4] have becn in-
tensified using 1wo different approaches: (1) development of
Ligh-p=rformaunce monolithic ceramics; and (2) development of
reinforced ceramic composites.

pointe sapredictible

' This work is suppnrted by the U.S. Department of Energy.

Properties of high-performance ceramics are enhanced
by impraving ceramic manufaciuring processes aimed at re-
ducing fabrication-induced Raws, minimizing volume changes
during mannfacturing, developing near-net shape process-
ing techniques, improving sintering aids, and developing
transfarmatinu-taughened aud particie-toughened ceramics (5],
Howcver, generally high-performance ceramics are limited to
small compauent sizes,

‘The second approach to develop ceramic meterials with
predictable performance characteristics is through the use of
fibers dispersedt in the ceramic mairix. High strength can
Ise achieved by transferring the load from the matrix to the
fihers, taking acdvautage of (lie superior tensile strength of the
tihers. Fracture-toughness values for ceramic inatrix compos-
ites {CMC'Y are very high because energy is absorbed as fibers
are pulled anl of the matrix causing crack deflection, crack
arrest, ar crack hlunting. Figure 1 compares the typical stress-
strain eurves for mianalithic silicon carhide (SiC) and unidirec-
tionally reinforced SiCC composite materials. The SiC composite
material referred to in this work consists of SiC-matrix material
reinforced will Si('-fbers. The fracture toughness of a material
is directiy proportional to the area inder the stress-strain curve
(Fig. 1) and represenis the energy required to fracture a mate-
rial. Figure 1 clearly shows the large improvement in the frac-
ture toughness of roniposites over monolithic SiC. The strain
wlerances of SiC' composite materials greatly exceed those of
monolithic cecamies, Strain values above 2.5% are routinely
measured for such vomposiles [6), whereas monolithic SiC* ex-
hibits a strrin values of less than 0.1% at initiation of fracture
(Fig. 1).

The higher strain tolerance and larger ruciure toughness
of CMCs reduce thr probability of catastrophic failure. The
SiCt compnsite inaterial continues to carry a significant amount
of the load afier the nltiniate siress is reached. wiile monolithic
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Figure 1. Stress-strain curve of unidirectional SiC-fiber-

reinforced Si- camposite [6].

cerantics fail catastrophically at their ultimate stress loads.
PBased an the siguiticant advances in CMC materials achieved
during the infancy phase of the industry, it is not premature
to extrapolate freun todays lahoratory-scale matenial sample
praperties ta |arge-scale CMC components.



The following section summarizes SiC composite proper-
ties. In section 3 micromechanical equations are used to esti-
mnte the design window of maximum allowable design stresses
for SiC! composite components. Section 3 also lists prelimi-
nary therimal stress results of the ARIES.] first wall using the
ANSYS finite element analysis code [7]. In conclusion, major
findings are sunimarized .

The most effective nethod used to imptove the proper-
ties of ceramic material is through fiher reinforcement. For
high temperature applications ceramic fibers are preferred over
metallic fibers. Mrialiic fibers inipose lower operating temper-
nture hecanse of the chemical interaction rates between met-
als and ceramics al clevated temperatures. Among the many
methods for Si(* composite fabrication, chemical-vapor infilira-
tion {CV]) is most widely used, where a fibrous SiC preform
is infiltrated with silane gases in a furnace. Silicon carbide
is deposited from the decomposition of methyltrichlorosilane
(C'HaSiCly ) gas al temperatures less than 1200°C. Typical in-
filtration times of the order of weeks were necessary to produce
millimeter thick 5iC' composite materials. Recently, however,
new processes have been developed by the Oak Ridge National
Laboratory that reduce infiltration times from weeks to sbont
21 hours [6]. Chemical-vapor infiltrated SiC composites typi-
cally have a porosity in the range of 10 to 15 %. Efforts are
underway aimed al reducing the porosity.

Mechanical and physical propertics of two commercially
available Si(! fibers are listed in Table 1,

Tuble 1: PROPERTIES OF SiC FIBERS [8]

Properiy PCS-SiC* CVvD-sict
"~ Dianteter (ym) 915 100 - 140
Length Endless Endless
Tensile Streagth (GPa) 19-30 25-37
Young's Mndulus {GPa) 180 - 200 380 - 420
Deusity {g/cm?) 2.55 - 2.58 34-35
Thermal Expansion
Coefficicnt (1075 /K) 3.1 4.2-45

* PCS=polycarhosilane-derived fihers;
1 (VD =chemical vapor depasited fibers

The strengih of the SiC’ fibers is usually degraded during
weaving or braiding processes and the effects of length. This
degradation is caused by an increase in surface flaws on the
fibrre and also by fber breakage during preform fabrications.
To acconnt far this effect, the Weibnll distribution of tensile
strength of Si(’ yaris is used. Yarns or tows contain between
500 to 1000 monnfilament fibers. The strength of SiC yams
it abonl 2 to 4 times less than that of individual fibers.
Thi~ average teusile strength of SiC yarn made from PCS-SiC
{NICALON! was measured to be 1388 MPa and 1063 MPa for
5 and 25 em page length, respectively, while individual SiC
fibers have average strengihs of above 2400 wiPa (9]. Using
yarn properties insiead of the superior fiber properties, a tensile
sirength of 750 MPa could result. This value was taken for a
near-zero probahility of failure data accumulated by Fang after
tesling over 2000 samples [9].

The cffrrte of the length of the fibers were investigated
by Fukada [10]. A conservative correction coefficient has been
forinnlated to arconnt for a fraction of fibers which would hreak
during manufacturing of the coniposite material. Assuming 1
ont of about every 7 fibers (17 %) to break during fabrication,

a ummerical value of 0.5 i estimated for the correction factor
of the tensile strength of SiC fibers. This factor reduces the
effective strength of the SiC: fibers to a highly conservative value
of 375 MPa.

The superior, bigh-temperature strength of SiC fibers is
wrll documented. In particular, the effects of various environ-
menis were studied [11]. SiC fibers in vacuum retain their full
strength up to ebout 1200°C, Strength degradation ic measured
when the filers are lieated in air and is caused by surface-
nxidation procesces. Therefore, care nn st he taken during the
manufacturing of SiC’ composites to minimize the amount of
trapped oxygen hefare the CVI process begns.

The ={fects of nentran irradiation on PCS-SiC fihers were
investigated in Japan as part of a new national R&D program
wimed at developing SiC composite materials [12]. Both 14
MeV neutrons form the RTNS-]] facility in the U.S. and fission
reactor neuirons were used [13]. Samples were irradiated to |
fluences of 5x 102" n/m? (14 MeV) and 1x10** n/m? (fission
spectram). Na gignificant chiange in the average tensile strength
(2.7 MPa) and the average flexural strength (1.3 GPa) was
measured for irradiation up to about 1x10% of fast nectrons.
At 1x10% n/m?, the tensile strength rises to about 3.2 GPa and
the flexural strength increases to about 1.5 GPa. However, the
average Young's Mocdulus rises steadily from an unirradiated-
fiber value of 160 (:Pa to about 215 GPa at 1x10%> »n/m?
with a corresponding drop in elongation from 1.8 % to 1.6 %.
These preliminary resulis show that SiC fibers have excellent
stability under nentron irradiation, Therefore, in cstimating
SiC fiber properties for the ARTES-1 design, neutron irradiation
effects are negleeted until a more extensive data base becomes
available.

The lack of ¢lata on the thenmo-mechanical properties of
SiC composites necessitates the use of the micromechanical de-
sign cquations |14]. Such design equations are used to estimate
tiye longiturlinal aud transverse properties based on the cor-
posile constituent properties. For fusion applications neutron
irrardiatinn effects om SiC fiber and SiC’ matrix properties have
fo be incorparated.  For the SiC' matrix material, the trun-
cated and irradiated Weibll distribution function {or the ten-
sile strength of U'V1) Si(’ witls a near-zero probability of failure
was used [15]. Samples of CVD SiC were first proof-tested and
consequently irradiated up to 10%® n/m? with fast neutrons
{E, 0.1 MeV). Same samples showed close to 700 MPa flexu-
ral strength with a high failure probability, hewever, an average
flexural strengtly of about 435 MPa was shown to have a near
100% survival probability. Assuming that the tensile strength
of ceramics is ahont 0.75 of the flexural strength, 350 MPa was
taken as the tensile strength of the CVD matrix material, The
rffect of temperature on the strength of S5iC bulk material de-
pends on the mannfacturing process and environment. Up to
1300°C, silicon-based carhides and nitrides show insignificant
levels of loss of strength [16]. Thus, 350 MPa is taken as a con-
servalive estimate for the high temperature (1000°C) tensile
strength of irradiated (VD SiC matrix materials.

In summary, the conservatively estimated silicon carbide
fiber strength value of 375 MPa reflects the degradation ef-
fects of weaving a fibrous SiC preforin, fiber breakege during
manufacluring, and the high-temperature {1000°C) operation
capahility i an intense neulron-irradiation environment while |
# 350 MPa is a conservative estimate for 1he high temperature
streagth of SiC* bulk matrix material.



II1. COMPOSITE DESIGN STRESS LIMITS

To estimate the tensile strength of the SiC composite,
the rile of mixtures is wsed to formulate inicromechanical
design equations. For example, the CMC tepsile strength in
the direction parallel to the fiber orientation (longitudinal) is
estimated as:

- Veoup f(B) + Vinowm f(v)

where: o, is 1he failure strength of the composite, o,y is the
tensile strength of fibers, o.,m is the tensile strength of matrix,
V¢ is the volume fraction of fibers, V., is the volume fraction of
matrix, f[b) is the coefficient that accounts for fiber breakage
{0.5), and f{r) is the matrix void fraction.

Figure 2 shows the estimated longitudinal strengths of the
SiC composite as a function of fiber volume fraction with var-
jons matrix veid fractions. By defining 2/3 of the composite
tenusile streugth as the meximum design stress limit, SiC com-
posites with a 10%% porosity and a liber volume fraction of 0.6
would have an allowable design stress limit window between
180 and 200 MPa at 1000°C. Future experience with CMCs and
better understanding ol the failure modes of CMCs will even-
tually produce firm guidelines for determining allowable design
stresses instead of using 2/3 of the ultimate tensile strength.

To estimaic other longitudinal and transverse proper-
ties such as Young's Modulus, compressive strengihs, shear
strength, Poisson's ratio, and thermal conductivity, the CLASS
code [17] is used. Properties are czlculated based on the rule
of mixtures. For a SiC composite material with a 0.6 fiber
voltine fraction anud a fiber orientation pattern of 0°/45°/90° /-
15° the following properties are detsrmined {x-longitudinal, y-
transverse):

Eiastic Modulus: E;; = 364 GPa
E,, = 357 GPa
Shear Modujus: G;, = 160 GPa
Poisson’s Hatia: vy = 0,17
vy = 0.157

Thermal Conductivity: kep = 22.5 W/mK

k,, = 19.6 W/mK

a, = 3.751x107%4/K
a, = 3.779x107%/K

Expansion Coeflicient:

The first wall of the ARJES-] 1ckamak reactor consists of
SiC composite oval inbes with inner diameter of 1 x 2.3 cm.
The plasme facing side of the tubes is 3 inm thick to allow
a 2 mm erosion Jayer while the blanket facing side is 1 mm
thick. The average heat load on the first wall is 0.48 MW/m®
with a naximum of 0.85 MW /m? at the midplane. Volumetric
beating Joads arc 23 MW/n:® average with a maximum of 33
MW/m? at the first wall midplane. The coolant pressurc is
5 MPa with a lieat-transfer coefficient of 2500 W/in?K inside
the first wall tules. The first-wall coclant inlet temperature
is 350 “C and the antlet temperature is 510 °C. Preliminary
normal operating thermal and pressure stress analysis using the
ANSYS code shows 1hat the maximum stress in the ARIES-I
first wall 5iC structure are less than 100 MPa (tensile}, with a
maxitaum wall temperature of 849°C occurting at the midplane
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Figure 2. Longitudinal SiC-composite tensile strengtih esti-
mated from micromechanical design equations (oy is the SiC
fiher tensile strenglh; o is the SiC matrix tensile strength).

of the first wall. A more detailed thermal and pressure siress
modeling effort is curcentty underway to include the effects of
the overall first wall and hlanket structure on the behavicr of
the SiC! compuosite,

IV. SUMMARY

The advantages nf cerainics over metallic alloys for fusion
applications have heen well know for some time, however,
the brittle failire mode and the unpredictability of failure
of ceramics kepl this material from heing a viable choice for
{usion reactars. Because of recent advances in developing high-
performance ceramic iaterials for heat engines, these materials
can be reconsidered for future fusion reactor applications. In
particular the development of SiC fiber reinforced SiC matrix
composites has shown great improvements in failure mode
hrehavior, strain tolerances, and fracture toughness.

Micromechanic design equations were used to estimate ma-
terial praperties for typical 5iC composite materials. These
calenlations reflect the degradation of fiber and matrix mate-
rial properties in auticipation of imperfect manufacturing tech-
niques. Furthermore, the =ffect of neutron irradiation on the
SiC fihers and the SiC matrix material were reviewed and in-
corporated in extimating the composite strength. A mnaximum
allowable design stress for a irradiated SiC composite mate-
rial containing a 0.6 fiber voluine fraction and 10% porosity,
operating at 1000"C" was estimnated using conservative matrix
and fiber properties to he around 180 MPa. Preliminary ther-
mal and pressnre stress calculations using the ANSYS code
indicate that maximum stresses are well helow the estimated
design stress limit. In conclusion, recent improvements in ce-
ramic composite material properties has made SiC composites
a viable material rlioice for future fusion reactors.
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NEUTRONICS STUDIES FOR THE ARIES~-I REACTOR

E.T. Creng and the ARIES Team

Ganeral Atomics, P.O. Box 85608
San Diego, Californiz 92138-5608

Abstract: A high-performance helium-cooled, solid breeder
fusion blanket was designed for the innovative ARIES-I reactor.
The Li,5i04 breeder material is placed behind & beryllium zone
to maximize the beryllium neutron multiplication. A modest
beryllium inventory of about 40 metric tons is peeded to achieve
» blanket energy multiplication of 1.35 or more, while breeding
adequate tritium in the blanket. The decay heat values and ra-
diological hazard potentials of ARIES-1 blanket and shield (SiC
+ B4C) materials are found to be at least two to three orders of
magnitude lower than those from metallic allays such as ferritic
steel and vapadium alloy. Inherent safety will be achieved for
the ARIES-1 blanket because the minimum radioactive inveatory
preciudes meltdown of the first wall and structural SiC material.
However, the safety design of the divertor which uses tungsten
alloy particle-collector plates and vanadium alloy structure will
need to be carefully done becsuse of higher Jevels of afieshent.
All ARIES-! components will qualify for disposal sa 10 CFR 61
Class C warte if averaging over the first wall and blanket compo-
oent is allowed, and if some exotic impurity elements {Ag, Nb,
Mo) are controlled below . ppm.

ntroduction

ARIES-I is a DT-burning, 1000 MW(e} (net) tokmmak
reactor design based on advanced technology mad modest ex-
trapolation from the present physics data base {1,2]. A com-
parative neutronics study of blanket concepts was performed for
the ARIES-] reactor. Three blaaket concepts were selected for
further study afier u prelimicary investigation of many possible
blaaket concepts: (1} & FLiBe molten salt-cooled, Jow pres-
sure blanket concept with vanadium alloy structure; (2} a high
pressure, helium.cooled ceramic composite structured blanket
concept; and (3) a gas-carried particulate-cooled, low pressure,
ceramic composite-structured blanket concept. The tritium breed-
ers considered in the gas-cooled systems include Liz0, LiAlO,,
Li,Si0Oy, and Li;C;. Neutron-multiplier materials Be and BeG
were also employed in this comparison.

SiC compositc material wes selected as the structural
mazeria! for ARIES-I blanke: and shield due to its low acti-
vation features. Beryllium metal was determined to be the
neutron multiplier because of the high (n, 2n) performance
capability. Li SiOy was chosen as the breeder material for »
number of reasons, including favorable thermophysical proper-
ties, good tritium recovery, and low sctivation. Finally, the
high-pressure, belium-cooling blanket concept was selected for
the ARIES-I design rather than the low-pressure, gus-carried
particulate-cooled blanket concept because of its relatively
known operation database.

Low Activation Motivations [3,4,5]

The 14 MeV peutrons produced as s result of deuterium-
tritium fusion reactions in the ARIES-1 reactor provide the
m: jor source of nuclear energy for conversion into thermal heat
in the blanket component. However, these neutrons are also
capable of producing radioactive materials when reactiog with
first wall and blanket materials. These radicactive materials will
rajse concerns over safety and cavironmental issucs during the
operation of fusion reactors. Nevertheless, the leve] of activation
and specific radicartive isotopes in the first wall and blaaket de-
peod entirely on se ted component materials thet may cause
the activation level 1o differ by many orders of magnitude. The

goals of the ARIES-] reactor design study are to maximize
the possibility of designing an inherently safe reactor and to
minimize jts environmental impacta.

The safety and environmental concerns due to
radioactivity and the considerations specifically embodied in the
ARIES-] design are discussed below.

1. Safety. Safety is the most important. concern regarding the
development of a reactor concept. It is generally related to
the radioactive inventories and the potential for release of
these radicactive inventories. The design approaches of the
ARIES-1 blanket are to minimize the production of radio-
logically hazardous materials, and to minimize the decay
heat that is the main energy source to beat up the first wall
and blanket components above their melting temperatures
during accidents,

2. Maintenance and Decommissioning. During normal
operation and under accident conditions, the radiation
exposure of working personnel is of major concern as
far as the selection of an energy source is considered.
The minimization of radicactive ioventory in the
ARIES-] design will help achieving the geal of “as low as
reasonably achievable” exposure for maintenance and
decommissioning.

3. Nuclear Waste Disposal and Reuse of Materials. Shallow-
land burial {10 CFR 61 Class C) weste disposal or better
is & desirable method of handling nuclear waste for fusion
reactors. Lo some cases, the recycling of resource-limited
materials should also be made possible. These goals could
be achieved culy if the long-lived radioactive inventory is

By comparing the candidate structural, neuiron
multiplying and tritium brecding materials, we found that a
combination of SiC, Be, and LiySiO4 form a set of radioac-
tively benign materials to achieve the low activation goals of
the ARIES-I mactor design [6,7}.

ARIES-! Blanket Concept and Performance

High blanket puclear performance is one of the design
requirements for the ARIES-I reactor. The major approach in
meeting this design requirement is to employ beryilium, the only
{ow activation neutron muitiplying material, as the blanket ma-
terial. Lead is the other possible non-fissionable neutron mul-
tiplier. However, the radiological hazard potential for lead in &
fusion reactor is at Jeast four orders of magnitude higher than
SiC, and is nine orders of magnitude higher than beryilinm.
In the conceptual design of the ARIES-I blanket, we are also
motivated to minimijze the bery(lium inventory due to resnurce
limitation concerns {8).

The best approach to effectively utilize the berylium
neutron multiplication is to install the beryllium component im-
mediately behind the first wall and to maximize the beryllium
fraction in this zome. To enhance the auclear eaergy multipli-
cation in the ARIES-]1 blanket, we also alluw the excesa peu-
trons to be absorbed in silicon (@ = 8.5 MeV) which appeass in
the beryllium zone as the constituent elemert in the structural
material, SiC. Tritium breeder materials are placed behind the
beryllium neutron multiplying zone primarily due to concerns




Table 1
Hedium-Cooled Beryllium-Multiplying SiC-Composite Blanket
{ARIES-1 Blanket Concept)

Thickness

Zone (em) Compositions
First Wall 1.8 48.7% SiC + 51.3% He or Void
Beryllium mult- 5 26.4% SiC + 42.6% Bel®) 4
plying Zone 1 31% Me or Void
Beryllium multi- 5 21.1% SiC + 50.9% Be +
plying Zone 2 28% He or Void
Beryliium multi- 15 19.2% SiC + 53.6% Be +
plying Zone 3 27.2% He or Void
Tritium breeding 20 19.2% SiC + 53.6% breeder(®-®}
zoNe + 27.2% He or Void
Reflector 13 §5% SiC 4 5% He
Shield 100 SiC + B4C + 5% He
(s)g0% dense.

W1i45i04 or Liy5i04 and beryllium mixture.
()50 cm is adequate to protect the 5/C magnet; 100 cm is
needed to provide hands-cn sccess near the 5/C magnet.

of tritium over-breeding and high lithium-6 hurnup that would
cause design difficulties if the breeder materials were allowed to
exist in the beryllium zone. Tabie 1 shows the zoning and mate-
rial compositions of such a design. The nuclear performance and
charncteristics of the ARIES-1 blanket are displayed in Figs. 1
and 2, and tabulated in Table 2.

Figure 1 shows the relationship between blanket energy
multiplication (M) apd tritium breeding ratio (TBR) as a func-
tior of beryllium zone thickness. Two breeder materials are used
in these ealculations: s pure Li,SiO4 ceramic compound and a
mixture of 80% Li4Si0O, and 20% beryllium by volume. Nastural
lithium with 7.4% Li-6 is employed for both breeder materials.
As showa in Fig. 1, M and TBH are 1.05 and D.82 (100% Li,SiO4
case), respectively, whes uv cerythum zone i introduced. They
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Fig 1. Blanket energy rrultiplication (M), tritium breeding ratio
(TBR), and Be (n,2n) reaction rate as a function of
beryllium zone thickness.

Table 2
Neutronic Performance of the ARIES-! Blanket
Teitium Breeding (T/D-T Neutron)

Li-6{n,a} T 1.0916
Li? {n,na) T 0.0250
Be (21, T) 0.0128
Tritium breeding ratio 1.129

Neutron Multiplication (Reactions/D-T Neutrons)

Be (n,2n) 0.833

Nuclear Heating {MeV/D-T Neutean)
First wall 1.041 (5.4%)*?
Beryllium zone 9.651 {50.2%
Breeder zone 7.551 (39.3%
Reflector 0.586 (5.1%)
Tetai blanket heating 19.23 M =1.36)®
Nuclear energy leakage 0.455

() raction of blanket nuciear hesting.
M) alanket energy multiplication, M.

will increaze when a beryllijum zone is employed and reach the
peak of 1.2 for TBR when the beryllium zone is 15 cm thick. The
blanket epergy multiplication increases to 1.3 at this beryllium
thicknews and keeps increasing when the beryllium zone contin-
ues to thicken. However, the TBR drops when the beryllium
zone thickness exceeds 15 cm. This is because SiC structure in
the berylium zone continues to absorb neutrans such that fewer
neutrons will leak into the breeder zone and be absorbed by Li-6
to generate tritium. From Fig. I, it appears *hat the optimum
beryllinm zone thickness is sbout 25 cm for obtaining a TBR of
1.1. Figure 1 also shows the corresponding Be (n, 2n) reaction
rate which clearly indicates that the peutron multiplication from
beryllium begins to saturate when the beryilium zope thickness
exceeds 25 em.

Table 2 displays the neutronic performance of the ARIES-[
blanket wt 25 cm beryllium zone thickness. As shown in
Table 2, the tritium breeding ratio from the 1.D full coverage
blanket model is 1.13 tritons per D-T neutron. With blanket
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Fig. 2. Volumetric nuclear heating 1n ARIES-) blanket companents
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material also located behind the divertor components, a
multi-dimensional calculation shows that the overall tritium
breeding ratio will be about 1.10, adequate to tolerate other
losses in tritium breeding due to vacuum ducts, current drive
waveguide windows, etc. The blanket energy multiplication is
1.35 (19.23 MeV/D-T neutron), as also shown in Table 2, About
50% of the blanket nuclear heating is deposited in the beryllium
2one which helps greatly in lowering the temperature of the tri-
tium bresder materials [2). Note that 0.5 m of SiC + B4C shield
is adequate to protect the superconducting magnet where the
Lifetime (150 MW-y/m?) limitation is the fast neutron fluence
of 1 x 10 n/an? at the superconductor [8], However, a 1-m
shield will be needed tc limit the peutron fux level at the sup-
port structure and magnet component such that the shutdown
biclogical dose rate near those components (behind the shield)
will not hinder the posaibility of hands-on mainterance.

Figure 2 depicts the volumetric nuclear heating
distribution in the blanket components of the ARIES-] blan-
ket, pormalized to 1 M*V/m? neutron wall loading. It shows
in Fig. 2 that the volumetric ouclear heating rates in beryllium
and SiC have the same slope. They are about 7 and 8 W/ce, re-
spectively, immediately behind the first wall. They drop to 1.3
and 1.8 W/ec, respectively, at the rear of the beryllium zone,
ns shown in Fig. 2. The volumetric nuclear heating rate in the
Li,SiO4 breeder is significant, about 30 W/ec at 1 MW/m?,
at the interface betwesn beryllium and tritium breeder zones.
It then decreases substantially as the location moves into the
breeder zone, and reaches about 1.2 W/ec at 15 cm from the
beryllium rone. These are shown in Fig. 2 for the beginning
of irradiation when the blanket is fresh. Significant Li-8 bur-
nup occurs at the high puclear heating loeation of the breeder
material since the Li-6 consumption rate dominates the nuclear
beating in the breeder material. Li-6 burnup will significantly
affect the location of the peak nuclear heating in the breeder
zone, which is an importact consideration in the thermal design
of the ARIES ] blacket. This will be discussed further in the
pext ssction.

Burnup Considerations

Beryllium and Li-6 are the most important isotopes in the
ARIES-] blanket. The burnup and consumption rates of these
two isotopes need to be explored.

Berylliwn. The Be (n,2n) reaction rate is about 0.833
reactions per D-T peutron. The annual consumption rate of
beryllium in ARIES-] ix about 380 kg assuming a fusion power
of 2500 MW. The beryllium iaventory in ARIES-I blankat is es-
timated to be about 40 metric tons. The overall burnup rate
is sbout 1% per year. The maximum local burnup rate occurs
at the location immediately behind the first wall, and results
in the generation of helium at 72,400 ppm concentration when
the blanke: reaches the lifetime exposure of 20 MW-y/m?. The
helium coucentration will cause significant swelling of the beryl-
lium components that will oeed te be mascssed and handled in
the design.

Lithium-6. Li-6 burnup rate is significently high at the
front Tace of the breeder zope as described previously. At the
beginning of blanket life, the maximum bumup ratc is as high
as 30% per year at 1 MW/m? Lithium-6 will be depleted at
locations of high consumption rate during reactor operations.
The peak consumption (besting) location will move from the
interface between beryllium and breeder zones into the breeder
interior region. At the ernd of blanket life, the peaking location
is found to be st 8 cm from the interface. The variation of
peak puclear beating locations must be coasidered in the blanket
thermal design. Figure 3 depicts the nuclear heating distribution
10 the brecder zone at several exposure stages: 0 (beginning of
blanket life), 2, 4, 8, 16, and 20 (erd of blanket life) MW.y /m?.
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Fig. 3. Variation of valumetric nuclesr heating rate distribution in
LiySiQ4 breeder material at several blanket operation stages:
0 {beginning of blanket fife), 2, 4, 8. 16, and 20 (end
of blanket life) MW-y/m? neutron exposures st first wall,

Tritium breeding in the ARIES-I blanket will decrease as
the effective breeder zone thickness is reduced during blanket ex-
potures. This is already demonstrated in Fig. 1. The reduction
of tritium breeding ratio ut the end of 20 MW-y/m? exposure is
about 15% when paturally enriched Li($iO4 is employed. The
increase of blanket energy multiplication, however, is modest,
only about 2%. Lithium-6 enrichment in Li,SiO4 will reduce
the burnup rate of Li-8 and hence inhibit the rduction rate of
the effective breeder zone thickness. Less vadation in tritium
breeding ratic and a more s.able nuclear heating performance
can be expected when enriched LiySiQO4 is used.

Activation Considerations

The characteristica of radiological impacts due to the
selection of blanket and reactor component materials are an-
alyzed and discussed in this section. Selection of $iC, beryllium,
LisSiO4, and B4C as first wall, blanket, and shield materials
provides the optimum safety and environmental advantages of
fusion. The integrated decay energy induced from these low acti-
vation materials is two to three orders of meagnitude lower thap
that induced from vanadium alloy and ferritic steel structural
materials. The maximum ndiabatic tetnperature increase for
the activated material is the integrated decay energy divided by
the material’s specific heat. It is a conservative measure of hea-
tup during & loas of cooling accident. The maximum adiabatic
temperature increase occurs at the SiC-composite first wall in
ARIES-L It is about 750 and 1120 K at 1 day and 10 days after
shutdown, respectively, The SiC first wall will ocver reach the
melting point even with an operating temperature of 1300 K.
The ahutdown biclogical dose rate from the ARIES-I blanker
and shield is about three to four orders of magnitude lower than
that from a metallic alloy structured blanket and shield.

The significance of accidental radiological hazard potential
of activated materials was recently defined and quasntified in a
systematic manner {5). The radiological bazard potential (de-
fined ms latent dese index, LDI) is quantified as the pumber of
potentinl cancer deaths due to the Jatent dose effect when the ac-
tivated material is assumed relensed during & reactor accident.
Table 3 compares these hazards duc to 5iC, ferritic steel and
vanadium alloyv as first wall meterials. The significance of a low
activation fusion reactor is clearly seen in Table 3, since the ac-
cidental radiological bazard potential for SiC is several orders of
magoitude lower than vanadium alloy and ferritic steel. It can




be further reduced to minimum because no meltdown will occur
in the ARIES.I first wall and blanket and thus the hazard canaot
be dispersed. The radiclogical hazard potentials from 17Li83Pb
and lithium coolant, and tungsten {divertor material), are alio
shown and compared in Table 3.

Tahte 3
Comparison of Accidental Radiological Mazards in ARIES-}
and BLSS First Wall and Blanket Components
{First Wall: 500 m? surface area, 5 mm thick;
108 m® Coolant Volume)

LDl Max LD
SIC (ARIES-1/first wall) 42%107%  No meltdown(®
W (ARIES: I/ diveryor)® 0.12 60,000
HTS (BCSS/first wall) 0.91 2,275,000
VISCSTi (BCSS/first wall) 0,021 52,500
17Li83Pb (BCSS/blanket)  0.40 72,000,000
Lithium (BCSS/blanket)c) 1 x 10~5 1,800

(*)The maximum LD} is 2,100 # 100% SiC firgt wsall (1 em)

is refeased.
B)pivertor plates occupy 20% of ARIES-1 first wall surface
area. Tungsten layer is asumed to be 5 mm thick.

E)pye 1o impurity elements: Na, Ca, and K.

As far as wastc disposal is concerned, the ARIES-1 blanket
will qualify a3 10 CFR 61 Class C (ahallow-land burial) waste
since the maximum waste disposal rating for SiC at first wall is
0.5 after 20 MW.y/m? exposure. Of course, this is also subject
to the control of some exotic impurity elements such as Ag, Nb,
and Mo, below 1 ppm levels [10).

Use of tungsten/vanadium-alloy divertor collector platesin
the divertor component of the ARIES-I reactor is a major con-
cern from safety and maintenance viewpoiots. The integrated
decay encrgy fram tungsten is about twa orders of magnitude
higher than that from SiC within one day after shutdown. The
safety design of the divertor collector plates must be carefully
performed gince the radiclogical hazard potential for the diver-
tor collector plates is about the same as for vanadium-alloy as
shown in Table 3 and meltdown is possible.

Summary and Coaclusions

In summary, the ARIES-I reactor is designed to employ
a higb performance blanket using LiySiQ, breeder and beryl-
lium gaultiplier, with & blanket energy multiplication of 1.35 or
more. L posseases the advantege of low activation features by
using SiC structure. The tritium breeding zone is located be-
hind the beryllium zone to maximize the neutron multiplication
in berylium while still breeding adequate tritium. Such a blan-
ket material magagement approach will result in the optimum
utilization of beryllium in a fusion blanket. The angual beryl-
lium consumption rate is sbaut 380 kg for ARIES-] (2500 MW
fusion power) and the peeded beryllium inventory is about 40
metric tona,

The decay heat values and radiological hazard potential
from SiC, beryilium, and 11,510, are at least two 1o three orders
of magnitude lower than that from metallic structural materials,
ferritic siee] and vazadium. Selection of helium aa coolast also
eliminates safety concerns that would occur when other coclants
such as 17LiB3Pb and liquid lithium are used. Because of the
minimum radioactive inventory involved in the ARIES-I blanket,

inhereat safety can be achieved since the integrated decay energy
is insufficient to cause the release of radioactivity due to first wall
meltdown.

The only sajety concern in the ARIES-I reactor from
the radiological consideration is probably the divertor collector
plates made of high-Z tungsten alloy. Safety design of this

divertor component is essential.

The radiation shield is also made of low activation SiC and
B4C materinls. The tatal blanket and shicld thickness required
to protect the superconducting magnet is 1.3 m; 1.8 m is pro-
vided to allow hands-on access behind the shield and near the
magnet componest.

All ARIES-] reactor components will be disposed of as
10 CFR 61 Class C waste provided that some impurity elements
such as Ag, Nb, sod Mo, are controlled below 1 ppm.

The lithium.6 burnup rate in the front face of the breeder
zone will be significant. The peak nuclear heating will occur
in this region and will move into the breeder zone interior with
time due to depletion of Li-B. Tritium breeding and blanket
energy multiplication will also be aflected by the Li-6 deple-
tion phenomenon. Detailed analysis of Li-6 depleticn and the
dynamic blanket performance during blanket exposure stages
need to be fully understood and incorporated in the thermal and
mechanical design of the ARIES-I blanket.

This work was sponsored by the U.S. Department of
Energy under Contract No. DE-AC03-89ERS2153,
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ABSTRACT

Salelyis oneof the primary goals of the ARIES Tokamak Design
Study. Public safety goals are the achievement passive safety
which is demonstrable in tests that could precede aperation and
the assurance that releases from accidents be passively limited
such that no evacuation plan is necessary. Strategies for safety of
the planc investment are factory fabrication, short construction
times and a design such that no off-normal operatignal transient
resulls in damage which could not be repaired in routine main-
tenance.

ARIES-], the first of three ‘visions® of potential tokamak reac-
tors, will use He 3t 5 MPa as a blanket caplant and 5iC/composite
ceramic for the first wall and blanket materials. Both the coolant
and the structural material were chosen for their low activation,
both in the short term after accidents and for long term waste
management. The breeder, Lis5i04 (backup choice: LiAlO3),
was also chosen for low activation,

Contemporary plasma physics and aggressive 1echnology are
used in ARIES-I, which results in very high taroidal fields (24 T
maximum at the coil). The stored TF energy will be about 130
Gl. A central concern is the safe discharge of this stared energy
under electrical fault conditions and prevention of a failure in the
magnet set from propagating into systems containing radioactive
inventories. The TF coil system consists of 16 coils, each contain-
ing two separate windings powered by two independent power
supplies. Arcs and shoris between the two power supply systems
and across individual windings have been modeled. In addition,
delay or failure in circuit breaker opening has been modeled. The
safety impacts of LOCA, LOFA and disiuptive events have also
been evaluated.

INTRODUCTION

Sufety, to the general public, to the operators and to the investors
inafusion pawer plant, is of paramount impartance. The ARIES
Tokamak Design Study has made low radioactive inventories and
the avoidance of toxic materials central in the reactor design.

: ' In ordes 10
protect the public fram accidents at the reactor, the goal in the
design 15 1o achieve Level 1 or 2 safely, as adopted by Pie1[1]. A
reactor which has Level 1 safery is inherenily safe, having an
insuificient invenlosy of sadioacijve matersials and stored energy
1o release hazardous miterials to cavse prompt fatalities smong
the general public. Level 2 is "large-scale passively safe.” It
requires no large-scale active safety systems to protect the general
puhlic as long as the large fealures of the plant are maintained,
A secound sofety goal is to maintain inventories of radioactive and

*This work is supported by U5, DOE Contracis DE-ACQ7-
7610021570 and DE-ACU3-8%ERS2153

toxic materials in the plants low enough so that an off-site evacua-
tion plan is unnecessary. A third goal for pratecting the public in
the long term is that all wastes produced by the plant be dis-
posable as Class C waste in shallow land burial as 1egulated by
10CFR61.

Investor safety is being enhanced by using factory fabricatier:
and (esting whenever possible, by keeping the construction time
short and by achieving a level of public safety such that the
viability of the utility would not be threatened by any event within
the plant.

SUPERCONDUCTING MAGNET TRANSIENTS

The ARIES-1 design required very high magneticfields inorder
to minimize the size of the machine and therefore minimize the
cost of electricity (COE). The characteristics of the toroidal field
coils are shown in Table 1.

Table 1. ARIES-I Toroidal Field Coils

Number of Coils 16
Turns per coil 174
Conductor current 126 kA
Max. Field at the conductor 24T
Stored Energy 130GJ
Dump Resistors 5 mQhm/winding
Coupling coefficient
between adjacent cails  0.90
Internally cooled, conduit conductors

Each of the coils have been divided into two windings of 87
turns. The schematic for the coils, power supplies, circuit
breakers and dump resistors are shown in Figure 1. In the figure,
the coil containing the fault and its immediately adjacent coils
(and their associated resistors and breakers) are individually
modeled, while the remaining thirteen coils have been lumped
together into two sets of components. The two sets of windings,
powered by independent power supplies and labeled a and b, are
connected by resistor RGDab in order to minimize winding-to-
winding voltages. The warst case for arc, sheorls and winding-to-
winding valtages occurs diametrically opposite RGDab.

A variety of magnel transients were simulated using the MSCAP
code {2]. Those transients are summarized in Table 2. The
turn-to-turn voltages for transient 3 are shown in Figure 2 and the
power and deposited energy due to a Y3 xOhm short are shown
in Figure 3.

The most severe af the transients, in terms af energy deposited
energy, are the arcs within one winding. A model of the quench
propagation within the winding has been developed and used 10
account for the partitioning of energy between the arc and the
resistive heating of the copper stabilizer. This model assumes
thi o quench is initiated by over-curcent in the srcing winding
while the rest of the coil set is discharging rormally. Quench
franis begin 1o propagate in both directions along each turn of
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Figure 1. Schematic of ARIES-I Toroidal Magnet Circuit

the conductor from the location of maximum field. The
temperature-dependent copper resistivity and specific heat were
used to model the heat deposition in the copper stabilizer and
thus the energy partitioning between the stabilizer and the are.
Piots of deposited power and energy in the arc and in the stabi-
lizer are shown in Figure 4.

Table 2. Transients considered

. Routine discharge to establish baseline
. Turn-to-turn voltages in adjacent windings due 10 one circuil
breaker delaying 10 s in opening

. Turn-to-turn voltages due to failure of single circuit breaker

. 10 4xOhm short between adjacent windings, with 10 s delay
in opening of one breaker.

. 20V and 35 V arcs between adjacent windings with 10s delay
in hreaker opening

. 20V and 35 V arcs between adjacent windings with complete
failure of one breaker

7. 20 V and 35 V arcs within one winding, normal breaker

operation
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ARIES BIANKET DESIGN

The ARIES-] blanket, described in other papers of this session,
employs a SiC-compaosite as the structural material to attain low
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Figure 2. Turn-to-turn voltages due 1o failure of on circuit
breaker.
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afterheat, thereby reducing accident concerns, and low activation
to reduce concerns for ultimate waste disposal, The breeder
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Figure 4. Power and Deposited Energy in Arc and Stabilizer
due to Internal Arc in Winding

material is LiaSiOs, again for low afterheat and low activation,
‘The first wall and blanket are cooled by nelium at 5.0 MPa.

The multiplier is beryllium metal in a sphere-pac form, The
sphere-pac form can be fabricated with a minimum of machining
and grinding, thereby minimizing the occupational hazards from
the inhalation of Be dust. Either the sphere-pac form or a com-
pliant Jayer is necessary 10 accamimodate swelling in the Be during
irradiation due 10 the formation of He bubbles. A critical ques-
tion is the point at which the swelling saturates due to the inter-
connection of gas bubbles, as has been seen in Intepra! Fast
Reactor {IFR) fuel [3,4}.

The manufacturing, handling and disposal of Be-metal presents
a -oxilogical hazard primarily in the formation of fine particles
which cause an allergic reaction in the lung. Through well-estub-
lished pracedures in forming operatians, occupational hazards
can be effectively controlled [S]. The Be used in the multiplier
zone of the ARIES-I blanket will be consumed at 38 kg/ye fram
a to1al inventory of 34 tonnes, Since Be is a relatively scarce
muterial, ke preferred disposal aption would be to : (1) allow
the (53d) Be-7isvinpe to decay, (2) remnve the dissolved tritinm
theaugh fractiuring and heating in a vacyum and (3) refabricate



the Be-metal into cither plates ar sphere-pac for use in {uture
reactars.

The first wall cooling tubes are woven composites with SiC fibers
and 8 $iC mutrix, The first wall surface is overlaid with a SiC
coating, depasited by chemical vapor deposition (CVD).

The structure for the bianket and multiplier regions is composed
of SiC plate, typicully 10 mm thick, joined by silicon braze.
Aliernatively, the entire FW/planket modute could be woven,
avoiding the need for brazing.

Piet, Cheng and Porter [6] assigned release categories la each
of the elements based on the minimum boiling temperature of
the element or an identifiable oxide. For the elements of interest
to the ARIES-1 blanket, the boifing temperatores and release
clusses are shown in Table 3.

Tuble 3: Release Classification

B Boiline T (C) Assigned Rel Fracti
Elemenl. QOxide

Li 1342 2327 (Li20) 030
Be 2970 3900 (BeQ) 0.10) (ignites)
C 3367 -192 {CO) 1.00
(8] -183  -183 (O2) 1.00
Si 2355 2230 (Si02) 4.01

Note that the compounds used in the ARIES-I blanket have
characieristics that should allow a small release fraction to be
assigned.

Taule 4: Material Damage Temperutures

SiC 2700  (sublimes and decomposes)
Lia5i0s 1256
Be 1278 25970

Since the maximum temperature rise due to afterheat, using the
generic adiabatic/radiative model, for any of the elements is 64°C,
as shown in Table S, the use of a low release fraction seems
justified. Note that, in the purely adiabatic temperature rise
shown in Tuble 6, 1he structural material, SiC, is still well below

Table 5. Figures of Merit for Elements Used

Element TBD MTR
Li inf 12
Be inf ]
C inf ]
(9] inf 0
Si inf

TRD: Time Before Damage
Time before an adiabatic blanket model shows
a temperatuse rise of 300 K

MTR. Muximum Temperature Rise
‘The maximum first wall temperature rise from
complete loss-of-ceolant in a simple generic
blankeyshietd model

a damaging temperature 10 days afies the beginning of the acci-
dent,

As shown in Table S the accident ratings, as developed by Fiet,
Cheag and Parter [6], for the elements used are quite good. All
the materials have an infinite Time Before Damage (TBD) due
1o afterheat and have a Maximum Temperature Rise (MTR) of
65 K or fess.

The decay heating, integrated decay energy and adiabatic
temperature rise for SiC, W and V15Cr5Ti as used on the ARIES-
1 blanket and divertor are shown in Table 6.

Table 6. Camparisan of Decay Heating in SiC, V-alloy,
and W at the First Wall of the ARIES-! Blanket

Time After Shuzdown

600 s 1200s  3600s 1d 10d
Decay Heating (W/em®)
SiC 0.29 0.095 0.052 0.012 5.5e-4
VISCrSTi 036 0.30 028 0.192 0.0261
w 373 3.69 369 3.50 3.0
Integrated Decay Heat (]}cms)
SiC 718 810 960 2920 4340
VISCrsTi 285 478 1154 2.0e4 6.9¢4
w 2540 4760 1.4ed 3.2e5 2.9e6

Adiabatic Temperature Rise (K)

SiC 185 210 24 755 1120
VISCrsTi 78 131 315 5519 1.9e4
w 990 1850 5300 1.2e5 1.1e6

Melting of W/V divertor plates will oceur within about 20
minutes at LOCA due 10 the lower melting temperature of the
vanadium alloy

A comparison of the Latent Dose Index of the ARIES-1 blanket
with other recent blanket designs is shown in Table 7. Note apgain
that this comparison assumes a release of 100 % of the component
inventory, without regard 10 melting temperatures and rates of
temperature rise for the compounds and alloys. We believe, that
for the materials chosen for ARIES-I, that the temperature rise
would be so small that no materials would be released from the
blankel.

In addition 10 cancerns about the radielogica! effects of acci-
dents in a possible ARIES-1 reactor, the chemical toxicity of
various construction 2nd coolant materials has also been inves-
tigated. Both nitrogen dioxide and mercury have been proposed
as coolant materials, because of their higher potential opeiating
temperatures and higher electrical conversion efficiencies.
While it was felt that a sutiable reactor could be designed to
successfully contain those Hg or NO2 coolant inventories in the
eventof an aceident, it was generally felt that the inclusion of large
.;;mgums of toxic materials was contrary 1o the spirit of the ARIES

esign.

ECONOQMIC BENEFITS IN PASSIVELY SAFE DESIGNS
In reduceing the radioactive inventories in the ARIES-I design

through the use of SiC, Be and LiaSiOQy, the reactar can
demonstrate that major releases of activated material are not



Table 7. Blanket comparison
Blanket Design LDVem?

SiC (ARIES-I’First Wall)
W (ARIES-IDivertor)
HTY (BCSS/First Wali) 0.0
V15CrSTi {BCSS/First Wall) 0.021
17Li83Pb (BCSS Blanket) 040
Lithium (BCSS/Blanket) a Le-5

42ec4  (nomelting)
.12

a. Due 1o impurity elements: Na, Ca, and K

LDI: Latent Dose Index
number of fatal cancers ta population within
80 km radius, S0 year dose commitment

possible. Therefore, more of the plant can be constructed from
standard industrial-grade components rather than the nuclear-
safety-grade required currently. This change will allow major
savings in1he cost of camponents. Earlierstudies [7,8] had shown
cost reductions of up to 25 % due to the avoidance of nuclear-
safety-grade equipment.

CONCLUSIONS

Through the selection of low afterheat, low activation materials,
the accident and tong-1erm risks in the operation of an ARIES-1
reactar have been minimized. This may result in significant cost
savings because of the reduced need for nuclear-safety-grade
components.
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Abstract

The selection and analysis of a suitable power
conversion system for the ARIES-I tokamak fusion reactor
are presenied. Two main groups of thermal cycles have
been investigated. One group comprises of the non-
conventional Brayton and Rankine dissociating-gas cycles
employing such reacting gases as nitrogen tetroxide (Vz0,)
and nitrosyl chloride (IVOC!). The other group consiste of
the conventional inert-gas Brayton cycle and HRankine steam
cycles. The dissociating-gas cycles has the potential to
operate at higher temperatures and offer higher conversion
efficiency and more compact dsei‘%n. However, because of the
severe safely problems associated with the toxicity of NaO4
and NOC!, a dissociating-gas cycle was not selected. An
inert-gas Brayton cycle, although more compact, offers much
lower conversion eficiency compared with a Rankine steam
cycle. ‘The selected power conversion system for ARIES-I
is, therefore, based on advanced supercritical Rankine steam
cycle with double reheat. A gross conversion efficiency of
about 48% is predicted.

Introduction

The ARIES is a multi-institutional rescarch program
aimed at developing various approaches of attractive tokamak
fusion reactors for commercial applicatior [1]. ARIES-] is »
D-T reactor producing 1000 MWe net. The primary emphasis
far ARIES-I has been on safety, minimuwm extrapolation in
physics datz-base, and the ute of advanced magnet and
blanket design. The magnitude of toroidal field at the coil
axis is 24 T. The blanket uses low-activation SiC composite
as the structural material to achieve a very safe design from
activation and waste disporal points of view [2].

For a commercial reactor design, an objective would be
to convert the thermal power into electricity at the highest
possible conversion efficiency. Higher efficiency will lead
to smaller thermal pollution and, in general, lower cost of
electricity. The conversion efficiency of a thermal cyele is
directly related to the temperature potential at which the
thermal power is recovered from the reactor core. Hence the
selection of a thermal cycle and the obtainable conversion
efficiency are intimately related to the thermal-hydraulic
design of the first wall, blanket and divertor. For ARIES.]
helium at 50 atm pressure is used as the primary coolant.

Table 1 shows the main parameters of ARIES-1. For
the first wall and blanket, the inlet and exit temperatures
of He are 350°C and 650°C, respectively. The divertor
thermal-hydraulic design is on-going. Since the heat flux on
the divertor plates is much higher than that an the first wall,
ihe exit temperature of He is expected to be shout 400°C,
Of the total thermal power, about 90% is removed by the
first-wall/blanket cireuit and the rest by the divertor circuit.

This paper presents the various thermal cycles that
have heen jnvestigated, the selection of the reference cycle,
and the results of analysis of the reference cycle,

*Work supported b "JS Dept. of Energy

Candidate thermal cycles

S=vera! types of thermal power cycles, both
conventional end non-conventional, have been considered
in order to select a suitable power system for ARIES-1. Two
main categories of thermal cycles were investigated. These
are:

1. Dissociating-gas Brayion and Rankine cycles, and
2. Inert-gas Brayton and Rankine steam cycles.

Dissociating-gas cycles

Dissociating-gas cycles arc non-conventional cycles
under theoretical and experimental investigations[3-6]. They
use chemically reacting gases as the working fluids which
undergo endothermic «%issociation reaction when heated (in
the heat exchanger, regeaerator, etc.} and exothermic
recombination reaction when cooled (while expanding
through the turbine). These gases have higher effective
heat capacity, higher effective thermal conductivity, and
smaller specific volume at low temperature compared with
the commonly-used inert gases. A pertial list of prospective
dissociating gases is given in Table 2[3]). Table 3[3.4] provides
the main physical properties of the two most prospective and
most studied dissociating gases hoth as heat transfer media
and working fluids for power cycles. These are nitrogen
tetroxide (Nz04) and nitrosyl chloride (NOC!). These gases
are, however, toxic and corrosive.

NOC! is used in Brayton cycle and N2O4 can bhe
used both in Brayton and Rankine cycles. Typical predicted
efficiencies for given maximum cycle temperatures are shown
in Table 4(3-5. NOCI-N;O, stands for a compound
cycle with a topping Brayton cycle using NOC! and a
bottoming Rankine cycle using NaO4. Because of higher
heat capacity and smailer specific volume at low temperature,
dissociating-gas turbines are smaller than both inert-gas and
steam turbines. A comparison of 2 V20, turbine and a steam
turbine is shown in Table 5[6).

Table 1: Main Parameters of ARIES-1
Major toridal radius, m 6.5
Circularized plasma radius, m 1.75
plasma ion temp, (den. ave), KeV 20,0
Plasma elec temp. (den. ave), KeV 19.9
On-axis toroidal field, T 12.9
Field at the coil axis, T 23.7
Plasma current, MA 10.9
Toroidal beta, % 1.9

Fusion power, MW 1991
Neutron wall loading, MW/m3 2.8
Alpha power, MW 398

Cusrent drive power, MW 157

[ Total useful thermal power, MW 2812
Helium (FW/BL} inlet temp.,°C 350
Helium [FW/BL} exjt temp., °C 650




Tubie 2: A partial list of dissociating gases{3]
Dissocisting gas CT | AH' [T-Racge(’C)
N0y = 2NO; 2 13.7 25-170
Z2NQ; = 2NO - 0, 1.5 27.0 140-850
2NOCL = 2NO + Clg 1.5 9.21 25-900

Al Bre = 2AlBrs | 2| 300 | 300-1400
AlCle = 24CG_ |2 798| 2001100
Al;Brg + 44l(liq) = 6AlBr & 282.4 670-1400
Al Cle + 4Al(Jlig) = 6 AICI 6 263.8 670-1200

1 Cocft. of increase of gas constant.
* Heat of reaction, Keal/g mole,

‘Table 3: Properties of ¥20, and NOCI[3.4]___
Propetty N:O4 NOC!
Mol wt. (g/mole) 92.02 65.46
Boiling pt1°C} 213 5.8
Melting. pt. {(°C') -11 -61.5
Crit. temp, (°C) 158.3 167.5
Crit. pres, (atm) 103.3 . 90.0
AH. (Kcal/Kg) 149/293 141.7
N0, = INOCT =
Heaction AN, = 2NO + Cly
2NC + O
Temp. Range(°C}:
1 atm 25-850 25-900
100 atm 25-1200 —_
Table 4: Typical cycle efficiency
Cycle Tmaz(®H) Eff.(%)
NOCI — N0, 1000 55{4
NGy — N0y 1000 51(4 ]
AlBry — N20O4 1000 48[4
AlzBrg - N2Oy 1000 56{3
NOCI 900 40(5
Table 5: NoO, and H,0 turbines[6]
Ttem N0y H,0
Turbine output, MW 500 500
Pres. at turb. inlet (atm) 240 240
Temp. at turb. inlet (°C) 565 580
Pres. at turb. exit (afm) 1.4 0.035
Number of stages 10 42
Length of turbine (m) 16.8 20.1
Weight of turbine ({ona) 180 964
Cost, 1000 rubles 619 1600

Among the advantages of a dissocinting-gas cycle are:
(1) higher possible maximum cycle temperature and higher
efficiency compared with Rankine steam cycle and (2) smaller
turbine, regenerator, etc., leading to a more compact design
compared with both inert-gas Brayton and Rankine steam
cycles. The disadvantages are: (1) safety hzzard from
the toxicity of N204 and NOC! and (2) materials need
to be developed especially for high-temperature applications.
Because of the safety concerns|7) dissocinting-gas cycles were
not selerted for ARIES-1. In addition, suitable materials for
these corrosive gas+s, especially 2t high temperatures, need to
be developed.

Inert-gas Brayton cycle

A power plant bussed on incrt-gas Brayton cycle is
more corapact than a Rankine steam plant and can have
much higher maximum cycle temperature. Open-cycle gas
turbines such those as used in aireraft . ~gines have maximum
cycle temperature of about 1200°C. Closed-cycle gas
turbines {(CCGT) are, however, limited to lower maximum
temperatures.  Existing fossil-fuel CCGT plants have the
maximum lemprrature of about 750°C. The maximum

temperature for advanced coal-fired CCGT plants is expected
to bhe about 850°C. Even at this high temperature, the
efficiency of CCGT is about 40% [8). This is much lower thag
the efficiency of an advanced Rankine steam cycle with the
maximum temperature of about 600°C. Therefore, Rankine
steam cycle was selected for ARIES-I reactor.

Reference cycle for ARIES-]

Status of Rankine steam cycles

Both subcritical and supercritical steam plants
are operational at present. The present-day standard
supercritical Rankine cycle has the steam conditions of
3500psia/1050/1050/1050°F, which means that the maximum
throttle steam pressure is 3500psia, there are two reheats,
and the steam temperatures after superheat and each reheat
are equal to 1050°F. The goal for the 1990’s with advanced
Rankine steam cycles is to obtain the steam conditions
of 4000-5000psia/1100/1100/1100°F. The Electric Power
Development Co. of Japan is studying cycles with the steam

conditions of 5000psia/1200/1100/1100°F {9].

Advanced supercritical steam cycles are operational
at present primanly for testing, data gathering, and
studying technical issues and economic competitiveness. The
Eddystone Station {unit-1) supercritical steam plant of the
Philadelphia Electtic Co.  has the steam conditions of
5000psia/1200/1050/1050°F [9]. It has been operating for
over 20 years. Its capacity is 325 MWe and achieved an
availability of 76%.

Result~ of a study by EPRI (9]

A study of advanced, coalfired, supercritical
steam plants was sponsored by EPRIL. The main
results/recommendations of this study are: (1) under

the present/near-future conditions, the sconomically optimum
cycle hes the steam conditions of 4500psi/1100/1100/1100°F,
{2) the availability can ke increased from the present 82.2%
to 87.2-88.2%, (3} a unit with capacity more than 800MWe
would require the expensive cross-compound arrangement of
the turbines, (4) the 1100°F temperature limit is due to
the coal-ash corrosion on the gas side becoming serious for
reheaters beyond this temperature, (5) 12%-Cr steel should
be used to handle the ash corrosion of the superheater
tubes, (6) for a 800MWe plant, the direct cost of producing
electricity is about $1.0666/KWh, and (7) over the plant
lifetime, the fuel cost saving is estima.d to be between
59 and 97 million dollars when switched to the optimum
advanced steam plant. The efficiency of the recommended
cycle is 48.1%.

Advanced steam cycle for ARIES-1

The variation of gross cycle efficiency with maximum
steam temperature is shown in Figure 1 and with maximum
throttle steam pressure in Figure 2. These results were
olstained using the code PRESTO {10]. The gross efficiency
increases with hoth maximum pressure and temperature.
A gross efficiency of about 49% can be obtained with an
advanced steam cycle having the parameters close to those
recommended by the EPRI study.

The selected steam cycle for ARIES-I has the following
particulars:

1. steam corditions: 4500psia/1112/1112/1112°F(600°C),

w

. two reheats,

. nine regenerative {eedwater heaters,

L]

. condenser back pressure of 2 inch of Hg.
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Figure 1: Gross efficiency versus maximum cycle temperature.

Tsu=Tra1=Tayz and pprar=4500psia. There are 9
regenerative feedwater heaters.
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Figure 2 Gross efficiency versus maximum throttle

pressure. Tsy=Tpy=Tprys=1112°F(600°C'). There are @
regenerative feedwater heaters.

The object:ve has been t5 stay close to the recommended
cycle in EPRI study. Since He is not carrosive, maximum
cycle temperature higher than thal recommended by EPRI
study might be possible for ARIES-1.

Results of analysis of the reference cycl=

The thermodynamic analysis of the cycle has beren
done using the code PRESTO [10] The minimum
temperature diference between 1he primary coolant (He)
and Ha0O s kept abeut 50°C. Figure 3 is a schematic
diagram of th= power cycle where the superhealer and the
reheaters are in conventional scries arrangement. Figure 4
is the corresponding lemperature-energy diagram. In order
to realize the maximum steam temperature of 600°C after
superheat and each reneat, the maximum He temperature
(first-wall/blanket exit temperature) needs to be 750°C.
Figures 5 und 6 arc the corresponding figures for parallel
arrangement of the superhealesr and reheaters. In such an
arrangement Lhe maximum He temperature of 650°C" can be
allowed. In order to ease the maximum blanket material
temperature, the exit temperature of the primary coalant He
has been limited 1o 650°C". Thescfore, the non-conventional

aralle]l arrangement of the superheater and reheaters has
Eczn assumed for the reference power cycle for ARIES.L.

Fosdwstsr Heslsrs

Figure 3: Schematic flow diagram of the power cycle. The
reheaters and the superheater are in ceries. H=reactor
core. SG=stcam genercior, SH=superheater, RH1=first
reheater. RH2=second reheater, ¥iP=high-pressuss turbine,
IP=intermediate-pressure turbine, LP=low-pressure turbine,
G=electric generator, C=condenser, and P=feedwater pump.
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Figure 4: Temperature-Energy diagram for the «cy-

cle  with the superheater and reheaters in  series.
Tsu=Tra1=Tryz=1112°F(630°C). The maximum He tem-
perature required is 750°C.
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Figure 5 Schematic fow disgrar, for the power cycle
with the relicaters and superheater in parallel. R=reactor
core, SG=stearn generator, SH=superheater, RH1=first
reheater. RH2=second reheater, HP=high-pressure turbine,
IP —intermediate. pressure turbine, LP=low-pressure turbine,
G=clectric generator, C=condeaser, P=feedwater puzmp.
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Figure 6: Temperature-Energy diagram for the power cycle
with the reheaters and superheater in parallel. sy =0.64,
Ry1=0.22. Mmpr3=0.14. Maximum He temperature of
650°C can he allowed.,

The fractions of paralle] mass flow rates of He through
the superheater and reheaters are: gy =064, mhpy;=0.22,
and mpyz=0.14. To stay within the 880MWe limit for a unit,
two turhine-generator sets each using one-half of tte FW/BL
thermal power have been used. The turbines are arranged
in tandem-compound atrangement in each unit, The gross
thermal efficiency is 49.37%.

The divertor thermal-hydraulic design has not been
completed vet. Because of higher heat flux on the divertor
plates than on the first wall, the exit temperature of He in
the divertor circuit is expected to be about 400°C. A PWR
type of power cycle with an ted efficiency of 35% could
be selected for converting the divertor thermal power which is
about 10% of the total thermal power. This would lead to
an overall gross efficiency of about 48% for ARJES-1. These
results are surrmarized in Table 6.

Summary and Conclusions

An advanced, double reheat, supercritical Rankine
steam cycle has betn selected for converting the thermal
power in the first wall and blenket of ARIES-1 tokamak
fusion reactor. There are nine regencrative feedwater heaters
and the condenser back pressure is 0.98 psia. The steam
conditions are: 4500psia/;112/1112/!112“F'(600°C'], ‘These
arc similar to those of the advanced cycle recommended by
the EPR! study. The pawer cycle analysis has been donpe
hv the code PRESTO. Tke minimum temperature difference
between He and H0 is kept about 50°C. In view of the
He exit temperature of 650°C, the unconventional poralle]
arrangement of the superheater and reheaters has been used.
The gross efficiency of this advanced cycle is 49.37%. A
PWR-type power rycle is expected to be selected for the
divertor lherma.lalpowcr giving s gross efficiency of about
35%, The overall gross conversion efficiency for APRIES-1
is about 47.9%. Although in reference to the standard
steam plants the selrcted FW/BL power cycle is an advanced
steam cycle, by the time fusion reactors e commercially
available, this cycle or even more advanced cycles might
become standard steam power cycles.
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Abstract

The potential for highly efficient conversion of
fusion power to electricity provides one motivation for
investigating D-3He fusion reactors. This stems from:
(1) the large fraction of D-*He power produced in the
forms of charged particles and synchrotron radiation,
which are amenable to direct conversion. and (2)
the low neutron fluence and lack of tritium breeding
constraints, which increase design flexibility.  The
design team for a conceptual D-"He tokamak reactor,
ARIES-III, has investigated numerous energy conversion
options at a scoping level in attempling to realize high
efficiency. The energy conversion systems have been
studied in the context of their use on one or more of
three versions of a D-7He tokamak: a Krst stability
regime device, a second stability regime device, and
a spherical torus. The set of energy conversion op-
tions investigated includes beotsteap current conversion,
compression-expansion cycles, direct electrodynamic
conversion, electrostatic direct conversion, internal elec-
tric generator, liquid metal heat engine blanket, liquid
metal MHD, plasma MHD, radiation boiler, scrape-off
layer thermoelectric, syachrotron radiation conversion
by reetennas. synchrotron radiation conversion by ther-
mal cycles, thermionic/AMTEC/thermal systems, and
traveling wave conversion. The original set of options
is briefly discussed, and those selected for further study
are described in more detail. The four selected are
liquid metal MHD, plasma MHD, rectenna conversion,
and direct eleetrodynamic conversion. Thermionic
energy conversion is being considered, and some options
may require a thermal cycle in parallel or series.

Overview
SXEIVIEW

This study aims to jdentify attractive, high-
efficiency energy conversion schemes for a D-7He
tokamak reactor. The loss channels for a D-3He plasma
are through charged particles, neutrons, and radiation
{synchrotron and bremsstrahlung), with only a few

percent of the energy loss in neutrons. In contrast to
D-T fusion reactors, this gives high leverage to energy
conversion methods which apply to charged particles
or radiation. The ideas investigated here focus on
efficiently converting such energy to electricity or on
converting thermal energy iu ways which make effective
use of fusion reactor charac-istics, such as high
magnetic fields.

The energy conversion methods investigated
are given in Table 1, which also indicates whether
the concept was chosen for further study and the
applicability of the concept to the three tokamak
versions under consideration for ARIES-III: a high-field
reactor (HFR), a second stability reactor (SSR, and a
sphericai torus (ST). Options not selected for further
pursuit within the ARIES project will be described
briefly, and those selected will be discussed more
exwensively. Selection criteria included cost, efficiency,
techumical feasibility, and how well a2 concept made use
of fusion-specific features. An option not being selected
for further pursuit within the ARIES-III study does
not necessarily imply that it is unsvitable for alternate
fusion reactor configurations; a D-JHe tokamak has
some unique characteristics and constraints which had a
strong impact on the winnowing process.

Options Studied Only in the Initial Phase

Some early ideas were revisited, including
conversion of the bootstrap current[l] or travelling
waves[2] using an external antenna system to damp o't
either part of the bootstrap current, a naturally growing
instability, or an artificially stimulated instability. The
key difficulty is effectively coupling to the antennas, and
no efficient solution was found. Similarly, the projected
scrape-off layer thermoelectric efficiency was low.

Two ideas attempted to take advantage of the
high in situ tekamak magnetic fields. The internal
eleciric generator (IEG) would put a generator within a
toroidal field coil. The difficulties in effectively



Table I. Energy conversion options investigated for the
ARIES-III, D-3He tokamak reactor.

Further R

Option Study?  Applicability

Bootstrap current no ATH, 55K, oT
conversion

Compression-expansion no ST
cycles

Direct electrodynamic yes ST
conversion (DEC)

Electrostatic direct no HFR, SSR, ST
COnVersion

Internal electric no HFR, S8R, ST
generator (IEG)

Liquid metal heat no HFR, SSR, ST
engine blanket

Liquid metal MHD yes HFR, SSR, ST
{LMMHD)

Plasma MHD yes HFR, SSR(?7)
(PMHD)

Radiation boiler no HFR, SSR, ST

Scrape-off layer no HFR, SSR, ST
thermoelectric

Synchrotron convefsion yes HFR, SSR{?)
by rectennas

Synchrotron conversion no HFR, 55R(?)
by thermal cycles

Thermionicc AMTEC no HFR, SSR, ST
-thermal cycle

Traveling wave no HFR. SSR, ST
conversion

driving such a generator with a hot working fluid and
1he low leverage to be gained in replacing the already
efficient generator caused this opticn to be abandoned.
The liquid metal heat engine bianket, based on ideas
developed primarily at LANL[4], uses a set of closely
spaced radial plates inside a liquid metal blanket. The
radial temperature gradient drives oscillations, whose
epergy would be extracted by MHD conversion. The
predicted efficiency was low, ~30%.

A large fraction of the fusion power in a
D-He tokamak will appear as bremsstrahlung radiation.
Therefore, the early idealf] of achieving a high
working-fluid temperature by using a low-Z fiest wa%l,
relatively transparent to bremsstrahlung, and absorbing
the radiation on a high-Z material behind that wall was
revisited. The difficulty in finding a material suitable
from both transparency and structural considerations
led to this option being abandoned.

In a tokamak, the experimentally demonstrated
technique of electrostatic direct conversion(3] requires a
bundle divertor, with a consequent negative impact on
stability and difficulty in bucking the very high fields
at the toraidal field coils {except in an ST). Because
it converts the Maxwellian, scrape-off layer plasma. a
multi-stage direct converter is needed for high efficiency.

Two concepts, thermal conversion of syn-
chrotron radiation and thermionic conversion, were
retained in partial form by investigating their features
i the context of other options. Absorbing synzhrotron
radistion in a molecular gas, in order to achieve a
high working-fluid temnperature, showed some merit.

However, the various features of the method overlapped
the rtectenna and MHD conversion options, so this
method was not separately pursued. The concept of
using thermionic, AMTEC (thermoelectric), and ther-
mal conversion systems in series was examined, but the
high cost of the AMTEC system led to the retention of
thermionic conversion as a topping cycle for the MHD
options and the abandonment of AMTEC

For the ST, where the external magnetic field
is low. compression-expansion cycles appear attractive.
These are analogous to the standard Otto thermal cycle,
but gains in efficiency because of the high temperature
of pqasmas[l]. Preliminary analysis was favorable,
including operational questions such as the effect cn
magnets and transport. However, lacking resonrces to
continue investigating two options for an ST, work on
this option was halted in favor of DEC.

Optious Selected for Further Study
Liquid Metal MHD Conversion (LMMHD)

The source energy in LMMHD is converted to
DC electricity by: (1) Thermal energy to kinetic energy
of a liquid rnetal (LM), and (2) LM kinetic energy to
electricity as the LM traverses a perpendicular magnetic
field. In (1), the LM is mixed with a thermodynamic
working fluid(TWF)—a volatile liquid or a gas. As the
TWF expands, it accelerates the LM. Approaches to
LMMHD design differ in the combination of TWF and
LM they use and in the way these fluids are ~upled
and separated [6-B]. A unique feature is that the
expansion of the TWF is nearly isothermal.

The Ericsson LMMHD cycle, shown in Figure 1,
appears most promising for ARIES-III[7,8,9]. It is
the LMMHD counterpart of a gas turbine cycle,
with multiple reheating and interccoling stages. The
LMMHD cycle is free of rotating rnachinery, can
be hermetically seaied and. hence, directly coupled
with the reactor coolant, and is free of reheating
and intercooling heat exchangers. The upper cycle
temperature strongly depends on the first wall and
bianket design details, as well as on the desizn of
a topping cycle, if used. It appears likely that
the LMMHD cycle can be designed to have a high
temperature of at least T, =1200 C. Three design
apptoaches are under consideration: (1) Cool the
first wall and blanket with He at inlet temperature
T;=900 C and outlet temperature T_=1500 C, heating
the LM TWF by direct He contact; (2) Divert the
synchratron radiation out of the {usion core and dump
it into the LM using a simple heat exchanger. Use
He TWF to remove the remaining fusion power. Here,
T,=1200 C could suffice; and (3) Mist cooling. Add LM
droplets to the He, thus significantly reducing T -T; and
T}-T,, while avoiding adverse MHD effects(9].

The LMMHD technology potentially offers 50%
to 61% efficiency using a single system featuring
direct cycle, relatively low operating pressures. as well
as simple and robust stationary components. The
relatively large efficiency range reflects the uncertainty
in the expected performance of system components.
The TWF and LM are assumned to be He and Li, and
the expansion ratio is 2.5.
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Figure 1. Schematic of an all LMMAD Ericsson Cycle
Plasma MHD Conversion (PMHD)

In PMHD, the electrical conductivity of the
working fuid is obtained by thermal ionization. Since
appreciable ionization of common gases requires temper-
atures of ~5000 K, a small amount of seed material
(~0.1 atom percent) such as cesium <1 potasium is
added, giving sufficient electrical conductivity at about
3000 K. Fairly extensive theoretical and experimental
wortk in PMHD exisl.s([lﬂ.ll.m], and ARIES-I11 would
use closed-cycle MHD (CC-MHD).

For ARIES-III, He working fluid seeded with
Cs or K has been chosen. The CFAR{12] concept
for a DT reactor uses Hg, however Hg vapor toxicity
poses unacceptable safety concerns in a D-7He fusion
reactor—where safety and environmental advantages
are a xey reason for investigating the fuel cycle.
The bottom;ng cycle is a supercritical Rankine steam
cycle with multiple reheat.  The power conversion
flow diagram is shown in Figure 2. The stagnation
temperature of the working fluid is ~2000 K. The use
of eynchrotren radiation to further heat the working
fluid while keeping the chamber wall at much lower
temperature makes this option fusion-specific.

The predicted thermodynamic efficiency of the
combined PMHD/Rankine st-am cycle is ~64%. The
component cycle efficiencies are ~30% for the topping
PMHD and ~49%[13] for the bottoming Rankine steam
eycle. The MHED duct is simple and reliable, without
any moving parts, and the high conversion efficiency
leads Lo a smaller reactor thermal output, compact
balance of plant, and an expected decreuse in cost
of electricity,  Issues include the high temperature
blanket, transport of syachrotron radiation, efficiency

of beating the w-king fluid by synchrotron radiation,
the synchrotron radiz*'on window, and the possibility of
activation of the seed materials by fusion neutrons.
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Figure 2. Schematic of PMHD System. R=reactor core,
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Thermionic Conversion

-650K

Thermionic energy conver-ion is a well
advanced technology utilizing thermally stimulated
electron emission {thermionic emission). The cathode
(emitter) and anode (collector) are separated by a small
interelectrode space. To obtain good efficiency and heat
flux capabiity, the emitter should operate at ~2000 K,
while the collector should operate at ~1000 K. Typical
emitter/collector materials are tungsten/molybdenum.
Operating systerns have achieved efficiencies (7) of
~10% and heat fluxes of ~0.1 MW /m?2, and projections
give 7 ~20% and heat fluxes of ~0.25 MW /m?.

The conversion would occur out of pile and,
therefore, the thermionic converters would not be
subject to radiation and magnetic fields. The
thermionic converters would be configured as two
concentric tubes of ~1 m in length. One mcdule would
consist of a close-packed array of ~900 converters,
handling ~80 MW of thermal energy. The key technical
issue for ARIES-I1I is the high emitter temperature.
One possible combination of blanket structure and
coolant would be titanium carbide and helium, which
would exhibit attractive activation characteristics.

Direct Electrodynamic Conversion (DEC)

A direct electrodynamic converter (DEC) would
consist of a chamber above the core plasma into which
the scrape-off Jayer plasma would be diverted. It could
also function as a divertar. As shown in Figure 3
the DEC plates would be biased so that particle drijts
would separate ions from electrons. {ons would be
collected on the top plate, while electrons would be
collected on the end plate[14].

A DEC would operate in a low-recycle divertor
tegime, and the scrape-off layer plasma temperature
would be 2-5 ke¥. The mode of operation would be
similar to that of an in situ MHD disk generator.
Details of the particle drifts and distribution functions
within the DEC are being pursued, but a preliminary
estimate of the efficiency is 50%.
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Synchrotron Radiation Conversion by Recternas

The concept of directly converting synchrotron
radiation to electricity at ~80% efficiency using
rectennas (rectifying antennas) was originated by Grant
Logan(15). This method appears attractive for D-*He
fusion reactors[16). Overmoded wavegujdes would
channel sypchrotron radiation out of the tokamak
and convert jt in a separate chamber. Rectennas,
not yet developed at frequencies of interest, require
integtated circuit technology within the state of the art.
Big production runs of large-scale integrated circuits
indicate rectenna costg are reasonable. A high fraction
of the fusion power must be generated as synchrotron
radiation, placing more stringent tequirements on
energy confinement, as reaching high synchrotron
radiation fractions requires higher magnetic fields and
bigher plasma temperatures. It may be necessary to
enhance transport of the ash above that of fuel ions to
avoid choking the fusion burn.

The spectrum of aynchrotron radiation will
be approximately 1.5 to 30 THz. The chamber
walls must be highly reflective, so that most of the
synchrotron radiation is lost out the wavegunide. Proper
waveguide positioning causes preferential absorption
of svnchrotron radiation, calculated to drive a large
fraction of the total plasma current. Internal waveguige
lasses are calculated to be less than 5%. The key
circuit components not presently available at the high
frequencies of interest are diodes. However, Schottky
diodes have been progressing rapidly in frequency as
have vacuum microelectronics. Experimental programs
exist in two regimes that bracket the range of interest
for ARTES-III: 90-240 GHz and 1.28 THz[17}.

Synchrotron radiation conversion by rectennas
is intrinsically a D-’He mode of operation because of
the leverage gained by a high synchrotron radiation to
fusion power ratio. The expected benefits in power
plant simplicity, reliability, and cost must balance the
more difficult physics requirements and the need to
demonstrate rectenna technology at THz frequencies.

Conclusions

A wide slate of energy conversion candidates
for the D-*9e tokamak reactor design ARIES-IiI has
been narrowed down to four: liquid metal MHD, plasma
MHD. rectenna conversion of synchrotron radiation.
and direct electrodynamic conversion. The rectenna
and DEC options are specific to fusion, but apply
only ta the high-field reactor and the spherical torus.
respectively. LMMHD would apply tc any ARIES-11I
version and is the only option not necessarily coupled
to another energy conversion system. The PMIID
option considered here requires synchrotron radiation
superheat, and :hus is best suited to a high-field
reactor. If a second stability reactor can be operated in
a high synchrotron radiation fraction regime, it might
be suitable for PMHD or rectenna conversion.
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Abstracc

The ARIES-1 blanket utilizes SiC-composites as the
structural materiat and pure SMPa He gas. A previous choice
was to use 0.5MPa COz gas with panticulates as the primary
coolant. In this option with CO; gas, these small particles mixed
with the coolant gas act as a circulating-bed heat ransfer medium
resulting in a reduced system pressure. a reduced pumping
power for coolant circulation, and a higher heat mansfer
coefficient Although the addition of solid particles increases the
hear transfer coefficient, the physical mechanism is not fully
understood. In this study, a4 computer code using an algetraic
second order closure model(ASM) for the continuous phase and
a stochastic separation flaw model(SSF) for the particulate phase
is employed 10 investigate the microscopic and macroscopic fluid
dynamic and heat ransfer behaviors of the gas-particulate
mixture flow. First, we confirm the validity of this code for a
single phase impinging wall jet flow, and then we apply itto a
gas-particulate flow though a carcular pipe. The variables in this
study are the particle size, loading ratio, Reynolds number and
the pipe diameter. This paper describes some preliminary results
concemned with the particle size and Reynolds number. The
velocity profiles, turbulence quantities and temperature
distributions are obrained and are compared with the
experimental ones. It is found that this code can be applied to
the gas-particle flow simulation in a pipe. However, one need 1o
carry out further calculations and investigate the physical
mechanism and the modeling of this gas-parncle flow and heat
transfer phenomena in order to obtain a fully undersanding.

Introduction
The ARJES research program is 2 mult-institutional effort
to develop several visions of 1okamak as an attractive fusion
reactor. The ARJES-] design is a DT-burning, 1000MWe(net)
reactor based on advanced technology and modesi extrapolation
from the present data {1). The ARIES-1 blanket utilizes SiC-
composites as the structural raterial and pure SMPa He pas. The

opron of COy-panticulate was not sefected becavse of the fack
of understanding of the erosion rate and 1he Jimited data-base for
the heat mansfer (2]. The addition of particulates increases the
heai winsfer coefficient in general and hence allows onc to
reduce the system pressure. But the physical mechanisms
leading 10 the increase in heat wransfer coefficient is not fully
understood.

Many experimental invesnganons were carried out far this
gas-parucle flow and heat transfer. Boothroyd [3) and Soo 4]
summan2ed and coliected 1ogether these investigations in their
books respectvely. For numencal investigations, the models are
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generally classified inte two groups, that is a locally
hamogeneous flow model (LHF) and a separation flow model
(SF).

In this study, a computer code [5.6] using an algebraic
second order closure model (ASM) {7] for the continuous phase
and a stochastic separation flow model (SSF) [8] for the
particulaie phase is employed to investipate the microscapic and
macroscopic fluid dynamic 2nd hear transfer behavinrs of the
gas-particulate mixiwre flow. The previous numerical
investigations using SF model were successful for the free jet
flow cases, but no application of SSF model to the intemnal flow
and heat wansfer exists to the best of cur knowledge, First, we
carried out some calculations for a single phase turbulent
impinging wall jet in arder w confirm the validity of this code,
and then we apply this code 10 a gas-particulate flow though a
circular pipe. The variables in this study are the partcle size,
loading ratio, Reynolds number and the pipe diameter. This
paper describes some preliminary results with the particle size
and Reynolds number as parameters. The velocity profiles,
turbulence quantities and 1emperature distribunions are obtained
and are compared with the experimental ones.

G . .

In this study, assuming the incompressible fluid flow,
we apply the Reynolds decomposition and the ensemble
averaging technique to the Navier-Stokes and the cnergy
equations. The continuity equation, Reynolds equation and
energy equation can be wntten for the general unsteady turbulent
flows as follows:

For the continuous phase:

dpui
dxy =0 ()
Reynolds equarion
Dpu; 5 s e
Il xg 1PUiLK - 1 -d_)s;-'-+ P(Bicur + ik }
—3pU; —3pU;  ou _du
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duj duj
. 1
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Energy equarion
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where U is the mean velocity, u 1s the fiuctuating velocity
component, p s the fluttuating pressure, T is the temperature, p



is the densiry of gas. 1 is the viscosity, cp is the specific heat,
A is the thermal conductivity, & is Kronecker delta and x denotes
the coordinate. T denotes the fluciuating component of
temperature. The time averaging i5 denoted a over-bar, Srisa
source ierm of the mpmentum exchange between phases and St
is a source term of the heat mansfer effect due 10 1he partcles,

We use the algebraic second order closure (7] for the
Reynalds stresses. A triple correlation of the velocity
fluctuations is modeled by Daly &‘Hariow _|9}. and the
turbulence field(k) is assumed almost isatrapic in case of the
high local Revnolds number. Therefore, turbuleace dissipation
raje(£) is assumed isotropic. The rediswribution terms of the
pressure-strain correlation are modeled by using Gibson-
Launder model [10], Finally, we get the k-€ model and ASM
equations.

ke model
Dipk) 3 dpk——k
g )=ckm(':—uku;m + Peope+Sk )

........ (6)

where Py is 2 diagonal part of the wirbulence production erm
Pjj. o-terms rcpresent the redistnibution of the pressure-strain

1ermstsce Ref.[10)). Sk and St are the source 1erms 1o repres=nt
the rurbulence modulation effects. These contributions of the
particles 1o the cononuous phase are considered by Crow's PSI-
Cell method {I1]. The wrbulence modulation effect is
considered through the Chen's model {12]. We use the standard
values for the model constants (see Ref.[10]).

The turbulent heat flux term in the energy equation can
be wnien by the ASM as:

Gl —9pT
TR 1Pk - pE) = - uiuk‘ﬁ*- Pit + Qi1 + Qie2 + GiLwi + GiLw2
{7}

—dpU
where Pjy = -ukT'?;fand ©-terms represent the redistribution

ol the pressurc-temperature terms (see Ref.{[0]). The effect of
the parucle hear transfer 1s considered in the energy balance
sguatien &5 the source term, bul not tncluding the thermal
radhanon effect. The source term of the equation(3) is cxpressed
as follows:

St=hpART-Tping e 8

where hp is a heat ransfer coefficient of the particle, Ap is the
surface area of particle, ny is the dispersion density of the
paruculate phase and Ty is the paruculate phase temperature.

For the pariiculate phase: we assume the following for the
partculate phase.
{1 Parncles are sufficiently dispersed so that the particle-
particle interacuen is neghgible.
t12Mean flow 15 sieady and the matenal properties of rwo
phases are consant.

The conmnbution of the pamicles 15 accomplished by
integraung the following parnicle equanon of monon, the so-
called Basset-Boussinesq-Ossen(BBO) equaton.

1 du | oP 11
Frdpiop = Indpyitu-vg) - Grdp} - + ¥ FndplpE

t

2
+ Iﬂpb/ﬂpu _ﬂ%dt- +External force ( gravity eic.) .... (9)
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where dp is the particle diameter, up is the paricle velocity, pp is
the density of the particle and £ is the deviation of the mean flow
motion. In this study, the density fatio of the gas and particle
pipp is of arder of 10-3. In this case. an acceleration{3rd term of
the right hand side of equation(9) and the pressure gradient(2nd
term) are negligible. Basset force(4th term) s also smaller than
the Stokes drag(lst term). Therefore, the main term of this
equation(9) is the first term, that is Stokes drag. Finally, we get
the equation of particle motion as follows:

dupy 3pCp

dup

=———|u-upl(u-ug)+ g R— ()]
dt 4dppp P P

where Cp s the standard drag coefficient and g is the gravity.
The particle wajectories are obtained by solving this equation. In
SSF model, the stochastic model is used in order - :onsider the
turbulent diffusion duc o the interaction between the pardcle and
eddies. We assume the probability density function of the gas
velecity fluctuation 1o be Gaussian profile. In this swdy, the
new technique of the random sampling of the instantanecus
fluctuadng velocity (6] is used We decermmine the interaction time
between the particie and the ¢ddy by comparing the eddy life
time with the ume required for one particle 10 pass thraugh one
eddy.

The energy equation for the particulate phase is assumed
to be the contnuum approximation of the dispersion density of
the particles(ppm), and assumed that there is no thermal diffusion
and thermat radiation, The heat exchange between phases is only
due to the hear conduction. Therefore, the energy equanon of the
particulate phase is expressed as follows:

9{pmepl;T)
—a‘}L‘—+ bpAp(Tp - Tinp =0
Numerical proceduce
This code uses a finite difference method. A QUICK
scheme[13) is applied to the convective terms of the momentum
equation in order 1o suppress the numerical oscillation and to get
a more accurate numerical solution. Other convective jerms of
the scalar transpont equations use PLD-Scheme[l4]. The
pressure correction equanon is solved by PISO method|15).
A typical grid number in the numerical simulation is
40xB0 far the jet case and 40x40 for the gas-pamicle flow case.

For the gas-particle simulation case, we need four computational
steps: (1) Calculation of the single flow field, (2) calculation of
il particle wajectory, (3) calculation of two phase flow field and
(4) caleulation of the energy equation afier converging the entre
flow field. The CPU time is about 30 minutes for the jer case
and about 200 minutes for the gas-panicie flow case on CRAY-
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Fig.1 Solution Domain and Boundary Conditdons
for the Turbulent Impinging Jet



Nusselt number

200' T ) T rrr 171 T T
-“ Re=4.e4
‘_.r H/D=6,W/H=2
- %,
[ v, + ASM

oof TR, - k-e
[ iy * Goldstein{Expt.)

1

L “w
- ‘ °..°
|

0 U R R RPN SRS B | J S P |
0 5 10

r/'n

Fig.2 The variation of the Nusselt number along the Wall

Resul 1 di ion
A, Turbuleny jmpinging jel. In order 1o confimm the validity of
this code. we carry out the single phase turbulent ympinging jes
simulanon. One of the authors already seponed the results of this
flow simulation results using the k-¢ model of wrbulence(5].
Figure 1 shows the solution domain and the boundary
conditions of the impinging jet. At the impinging wall, the
velocity paralle] 10 the wall is calculated from the law of the wall,
the so-called 'Wall-function’ method. The wall is heated with a
consiant heat fiux. For the energy equation. we apply the
equivalent diffusivity [5] to the nearest computational cell.
Figure 2 shows the variation of the Nusselt number along the
radial direction (/D : D is 2 nozzie diameter) of the wali. The
ASM results are in much better agreement with the experimental

results by Goldstein[16] than the k- resulis{5]. We have thus
confirmed the validity of this code for the complex recirculating
flow problem.

3] w ipg We apply this code to the gas-
parucle flow and heat transfer problem. In this preliminary
sumulacion, we are chiefly interesied in the upward flow in a
veruca! circular pipe. Figure 3 shows the solution domain and
the boundary condition. The velocity and temperarure at the inlet
are set o conslant values. At the outlet, the streamwise gradient
of all the vanables are set 1o zero. For the continuous phase, the
wall-funcuon method is applied w the closest computational ceil
along the wall. Fer the particulate phase, the elasuc collision of
the particte with the wall is assumed. The pipe wall is heated
with 3 constans heat flux. We assume that there is no heat
conducbion and radiation b-tween the particle and wall. In this
proplem. 1he velocity and temperature ficid are developing
symultaneously, The physical and thermal propesties of the
1.5MPa CO7 gas and Sngamc!e are used in this study. The
average diameters of the SiC particles are assumed dp=0.01 and
0.03 mm. The loading rauo of the paruculate phase 1o the gas
phase is set to I'=0.1,1 and 10. Reynolds numbsr based on the
pipe diameter 35 set 10 5.4 and 5.¢5. Figures 4 and 5 show the
axial and radial veloc:ty profiles respectvel 11as found that the
velocury field 15 developung after acceleranon at the entry region.
lgure 6 shows the dispersion density rato (pm/p). The
majonty of the parnculate phase transfers to the pipe center
region. We feel thot this phenomene i5 & consequence of the
accelerauon of the fluid at the enry region and the tracking
method of the parncles. We need 1o carry out further calculations
for th1s mechamsm. Figures 7 1o 9 show the ratio of the
iurbulence encrgies: kp 15 the furbulence encrgy of the pamiculate
phase and ks is thai of the single phase. Figure 7 shows the
experimental 1esults by Maceda (17} and Tuji [14,19]. Their

expenments were camed oul using the more heavy (p/pp=1.3¢-

4 Maeds. dpe0.0136mm) and light (plpp=l.2e-3: Tujs,
dp=0.02 and 0.05mm) parucles than our simulauons
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Fig.7 Comparison of the Turbulence Intensities 1R
Fig.9 f

Maeda: dp=0.0136mm.["=0.54 Fig.8
Tuji: (a)dp=0.02mm.(b)dp=0.05mm. =13

(p/pp=3.3e-4, dp=0.01mm). Therefore, we can not compare our
resurrs with their enes directly. But, the tendency of the variatian
of the ratio shown in Fig.7 is similar to our results shown in

Figs.8 and 9. Figure 10 shows the temperature distribution of
the gas-particulate flow. The temperature contours are slightly
waved neas the center region of the pipe. This is caused by the
existence of the particles. Figure 11 shows the variation of the
Nusselt number along the axial direction of the pipe. The hear
transfer in the case of the smaller panticles is betier than that of
the larger particles and single flow art the entry region. This is
caused by the heat ransfer characieristics of the panicles
depending on the particle size. But. at the developed mgion, the
heat gansfer of the smaller particles is lower than that of 1he
larger particles and single flow. We consider that this is caused
by the dispersion density of the particulate phasc which is
concentrated near the center region of the pipe by the acceleration
of the mixed phase at the entry region.

Itis found thar this code vsed SSF model can be applied
1o the gas-particie flow simulation in a pipe. However, one need
‘o carry out further calculations and investigate the physical
mechanism and the modeling of this gas-particle flow and heat
vansfer phenomena in order 1o obuain a fully understanding.
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