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ABSTRACT

Controlled thermonuclear reactors (CTR's) have been
primarily considered for central station generation of
electricity where maximum power ratings are typically 5000
MW (th). Multipurpose CTR's (electricity, H, production,
process heat generation, etc.) can have much larger ratings
and still be compatible with existing power grids., The eco-
nomic advantages of operation at very high power ratings
{(12.5 GW (th) to 50 GW (th)] have been discussed in a previous
report.l an additional study2 has pointed out the technological
advantages of these large reactors.

In previous studies only circular_pross section reactor
plasmas were considered. The purpose of this research is to
examine the effects of.elliptical plasma cross sections.
Several technological benefits have been determined. Maxai-
mum magnetic field strength reguirements are 30 to 65% less
tkan for 5000 MW (th) reactors and may be as much as 40% less
than for circular cross section reactors of comparable size,
Very large nT values are found (10ls to 1017 sec/cm3), which
produce large burn-up fractions (15 to 60%). There is rela~
tively little problem with impurity bHuild-up. Long confinement
times (60 to 500 seconds) are found. Finally, the elliptical
cross section reactors exhibit a major toroidal radius reduction

of as large as 30% over circular reactors operating at comparable

power levels,



Chapter 1
INTRODUCTION

The purpose of this ressarch is the determination of
the plasma and engineering parameters which represent the
operating sequences of very large CTR's. The computations
are based on elliptical cross section tokamaks with rec-
tangular £irst walls. The D-T fuel cycle is used and trapped
‘ion.mode confinement scaling is assumed. Steady-state global
properties are calculated over a wide range of plasma and
engineering parameters. 7Two sceparate fueling models are to
be examined: (1) pellet fueling with beam heating and (2)
beam fueling only. In the pellet-fueling case the total fuel
source is the sum of pellet and beam sources, and the beam
also serves to supplementally heat the plasma. In the case
of beam fueling only, the beam is the sole fuel source as well
as again providing supplemental heating.
Chapter 2 contains a brief summary of the calculational

model utilized to compute the global properties. A

detailed analysis of the differences between circular and
elliptical cross section plasmas is included. A four

species plasma i: considered -- fuel ions, alpha particles,
impurity ions (agron) and electrons. Loss of znergetic alphas

and beam ions is accounted for in terms of energy loss only



due to the large values of confinement times encountered.
For a more detailed summary of the calculational model the
reader should refer to a previous report.

Chapter 3 presents the results of the calculations
performed based on the model of Chapter 2. The absolute
values of the steady-state variables are presented as well
as a discussion of the variations of the parameters with the
remaining plasma and engineering properties. The steady-state
results obtained are tabulated in the Appendix and a special
nomenclature explaining the terms used in the Appendix im-
mediately precedes it.

The most significant portion of the research is contained
in Chapter 4. The basic conclusions drawn from the report are
presented here. A summary of the advantages of these very
large CTR's is presented as well as a summary of the advantages
of the elliptical cross section configuration. A nomenclature

listing the terms used in the main text of this report follows

Chapter 4.



Chapter 2
CALCULATIONAL MODEL

A calculational model used to determine both the plasma
and engineering parameters for the case of circular cross
sections has been detailed in a previous report.z This
model is again utilized except for those specific terms which
are altered by the geometric differences encountered here.
T™wo basic types of variables are to be examined -- (1) plasma
properties: temperatures, densities, source strengths and
energies, confinement times, and energy properties; and (2)
engineering parameters: magnetic field strengths, plasma
current, physical reactor dimensions, first wall loads and
thermal power levels. Certain other properties are also
calculated which tend to interconnect these two sets of
variables, e.g., plasma beta and safety factor. .

The plasma model is considered first. The elliptical

geometry produces no changes in the plasma relationships from

the previous report:2
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The terms in the above equations have all been previously
defined and are included in the nomenclature at the end of this
report. Particle losses during slowing-down have been neglected
but energy 1oss§§ during slowing-down have been accounted for.
Beam-plasma_ fusion interactions have also been included in the

expressions. Electron and impurity concentrations may be de-

termined vi- the following relationships:

(s)

ne = nf + 2 nq + ZI ﬁI'
and ni v
P, = 1.2 _g"_z 7 % (6)

where argon is again the impurity species considered. The

steady-state versions of Equations (1) through (4) along with
Equations (5) and (6) and expressions for bremsStrahlung and

il



synchrotron radiation as well as the energetics model of
Houlberg3 complete the specification of the plasma model.
Once again it should be mentioned that a slightly modified
version of trapped-ion scaling4 is presumed. It is assumed
thaiz the only changes in the value of nT thus calculated are
due to the effects of the geometrical factors on various
engineering parameters as described below.

The elliptical geometry does produce several alterations
in expressions which relate engineering parameters B
to each other and to the plasma properties. The area of an
ellipse with minor semiaxis equal to a and majox semiaxis

egual to b is equal {:c mab while the circumference is approxi-

mately

s ¥ 2n /az + hi . (7)

2
In addition to these relationships values for the aspect
ratio,
A = R/a , (8)
and the height-to-width ratio,
n.= b/a , ) (9)
are also utilized. Expressions for the total fusion power

and wall loading are now given by
2
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and 2
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s is the circumference of the first wall which for this repcrt

is assumed to be rectangular with dimensions (aw, bw) where

a, =a + 1 meter (12a)
and bw =b + 1 meter. {12b)

While the first wall is assumed to be rectangular for
;implicity of calculation, only s, is actually needed for the
calculations, hence any geometry which produces a circumference
equal to s, could be substituted without altering the results.
In additicn to the changes in the power expressions, rel:tion-
ships for the safety factrr and plasma current also change.

The general expression for plasma safety factor
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for elliptical cross sections. The general expressicn for

plasma current

sB
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for elliptical cross section plasmas. The changes in these
properties will directly affect the ¢alculation of the trapped

ion confinement estimate
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Once the model has been esﬁablished, tﬁe ccﬁpﬁtational
procedures detailed in the previous report2 are again followed.
A non-linear least-square minimization technique is utilized
to calculate the solutions to the system of non-linear

algebraic equations which result from the reduction of the

calculational model.



Chapter 3

Again following the procedure of the previous study,2

i .. .___ [ STEADY-STATE RESULTS
' the system of non-linear equations is reduced via a series of
restrictions on certain of the input variables. These re-
strictions are summarized in Table 1. The beam-energy re-
stric;ions apply only to the pellet-fueling with beam-heating
model. Cases of fixed burn-up are examined, and = o
in these investigations < is allowed to vary since T has
effectively béen fixed by specifying & value for the fractional
burn-up.

The initial properties which are determined are the plasma
dimensions and the plasma fuel density. These values are
listed in Table 2 for n=2 and in Table 3 for x=3. Fuel
densities vary from 0.4 to 2.3 x 1014 ions/cm3' The fuel ions
are composed of a 50-50 deuterium~tritium mixture. The major
toreidal radius varies from 7.7 Mto 40.7 m for n=2 and from
6.7 mto 35.3 mfor #=3. The plasma minor semiaxis may be
determined from the aspect ratio,

A = R/a, (16)
and the major semiaxis is determined using the relationship

for ». It can be seen from Tables 2 and 3 that fuel density

increases with higher wall loadings but decreases ag total



power levels increase. Fuel density changes very little with
increasing x. Physical reactor dimensions increase as power
levels rise but deérease with ﬁigher wall loadings. Toroidal
major radius decreases as # increases while b increases with
# by definition. These parameters are all determined inde-
pendently of plasma £,q or fueling model and apply to each

of the variocus cases which foiliow.

I. Pellet Fueling With Beam Heating ) o
Subject to the restrictions indicated in Table 1 a self-
consistent set of plasma and engineering parameters was calcu-
lated for the pellet-fueling case. These results are listed
in separate tables according to values of #, Vﬁ (beam energy).
and P,* A special nomenclature precedes these tables in the,‘
Appendix. The values calculated for the pellet-fueling'model
appear in Tables Al through Al2., As in the previous report,
a full set of solutions which cover the entire variable range
of interest is not found due to too-short as well as too-long
confinement times. A large number of solutions are found,
however, which do cover a significant portion of the range of
investigation. Species densities are all related to the fuel
densities given in Tables 2 and'3: the ele;tron density varies
from 1.5 to 2.5 times the fuel density while alpha particles

range from 10 to 75% of the steady~state fuel ion concentrations.

-



Impurity (argon) concentrations are typically 2% or less of
the fuel ion density. Confinement times range between 60
and 500 seconds with corresponding fractional burn-ups of
15% to 6U%. Pellet and beam source strengths are typically
6xlOlo to 4x1012 ions/cm3/sec. The plasma current ranges
from 30 to 100 megamperes. All of the above qguantities have
roughly the éame range of variation independent of the value
of x. Maximum B-~field variations exhibit dependence on x as
well as the wall-loading chosen. Typical ranges of Bmax are
from 20 to 65 kGauss for 1.0 MW'/m2 wall load and #=2 and 15
to 50 kGauss for x=3. For 3.0 MW'/m2 and #x=2 the range is from
50 to 140 kG and from 30 to 110 KG for x=3. For 6.0 Md/m°
and u=2;‘Bmax varies from 75 to 250 kG and from 60 to 240 kG
for u=3.

The second interesting facet of these results is their
variation, as a function of the other plasma and engineering
parameters. The previous report2 has summarized these variations
for circular cross section plasmas. In this report only changes
in fluctuations or new dependences will be reported. The only
new variable introduced into the computations was x.

Electron temperature and density, alpha particle concentration,
confinement time, fractional burn-up and plasma current all

increase as * rises. Impurity concentration, source strengths

-10-~
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and magnetic field values all decrease as " goes up. Figures 1
and 2 illustrate the variation of T with power level, poloidal
beta and wall loading for x=3., Figures 3 and 4 illustrate

the burn-up variations, and Figures 5 and 6 present the Bmax
variations again for =3 only. These figures were all prepared
using values of cT corresponding to 0.1l.

II. Beam Fueling

Tables Al3 through Al8 present the results of the calcu-
lations performed for the beam-fueling model. The restrictions
on these computations are again presented in Table 1 with the
exception that the beam energy, Vb, is no longer specified.
For this model the range of VS is found to be from 40 to 200 keV.

The ranges of the remaining variables and their variations with

‘% are found to be nearly identical with the pellet-fueling

results. The required beam energy incfeases as # rises. The
variations of T are illustrated in Figures 7 and 8, while the
fluctuations of fractional burn-up and Bmax are depicted in
Figures 9 and 10 and Figures 11 and 12, respectively. Once
again, these variations are restricted to cT = 0.1 and »=3.
III. Fixed Burn-up “

For these computations the burn-up fraction is fixed at

20% which effectively fixes T, and fb is replaced as a variable

in the calculations by cT. The range of cT,variatiop is found

-11-~



to be from 0.2 to 0.7.c; decreases as # increases for both
the pellet-fueling and beam-fueling models. Tables Al9
through A30 present the plasma and reactor parameters for
the pelle;—fueling model for x=2 and #=3. The beam-fueling
results are shown in Tables A3l through A36. The variations
of m% with reactor.power, BB and wall load are illustrated
in rigures 13 and 14 for pellet fueling and in Figures 17 and
18 for beam fueling. These results are depicted for #=3
only. Figures 15 and 16 illustrate the Bmax variations for
pellet fueling with the beam-fueling results shown in Figures
19 and 20. This essentially concludes the summary of steady-
state results found for the various fueling models examined.
In the previous report2 cases of pulsed operation were
also examined. It was not neéessary to repeat these calcu-
lations here due to the fact that no significant differences
should result. The previous report should be consulted for

any who may have a specific interest in long-pulse operation.

-12-




Chapter 4
CONCLUSIONS

The purpose of this research was to identify reactor
oPera£ing regimes for elliptical cross section tokamaks
with thermal power ratings between 12.5 and 50 GW(th). This
research was to aid in the selection of particular reactor
models for the purpose of a complete system design study.
Several favorable combinations of system variables were
determined in the previous paper2 which are again noted in
this study:

1. Low Be (relative to A) and low g combinations are
desirable. Low Be means no problems with MHD instabilities
and high burn-up fractions. Low g results in reduced magnetic
field reguirements and high burn-up.

2, Injection energies should be kept below 500 keV to
produce lower total source strength requirements and lower
beam source power levels. Optimal beam heating profiles
tend to occur in this range of beam energies also.

3. A median range of power level and wall loading will

need to be utilized to achieve an optimum design. Increased
power rating increases the physical reactor dimensions while
decreasing the magnetic field requirements. The effect of

increased wall loading is just the opposite. Increased power

-]ld-




levels also decrease significantly the pellet and beam source
rates, These factors will all need to be considered when a
reactor model is chosen for a system analysis.

In addition to confirming the akove conclusions reached
previously, this report has also identified several advantages
of the elliptical plasma cross section:

1. The value of Be may be raised due to.the increase
in the MHD stability criteria, i.e., Be may now be greater than
A. Larger values of Be do not produrce values of magnetic
field strengths which are as large as for the circular model.
Reductions in maximum magnetic field strengths may be as large
as 40% over circular values at the same Be.

2. Major toroidal radius, R, is decreased for these
elliptical plasmas. This results in decreases as large as
30% for x=3. However, since b=ra, the reactors are now
taller than were the circular models.

The major conclusions reached in the previous study2 are
confirmed here with the exception of the pulsed operation
results, which were not reexamined.

1. Maximum magnetic field strengths are between 25 and

50% less for these large CTR's than in the case of 5000 MW (th)

reactors which have been the study of previous design analysis.

The transition to elliptical cross Section may produce an |

additional reduction in regquired field strength of 40%.

-14-



2., These larger CTR'S represent a regime of high
néT product (typically 1015 to 1017sec/cm3) with associated
high burn-up fractions (15 to 60%) which indicate excellent
power production capabilities as well as efficient fuel use.

3. There is relatively little problem with impurity
build-up and this problem may be further alleviated via use
of the pulsed reactor concept modeled in the previous report.

4, Long confinement times (60 to 500 seconds) are found
throughout most of the reactor regimes, o

5. While fueling using ihe pellet conéepé_mayrprésegﬁ
some difficulties, this is alleviated via use of the pulsea
operation scheme.

6. The utility of the control mechanism for thermal
instability has been shown to be excellent while not consuming
a significant fraction of the reactor thermal power.

These factors when coupled with the benefits of elliptical
plasma cross section provide a most optimistic outlook for these
large CTR's,

In addition to the technological advantages of operation
at these vefg_}argg power_rgtiqgs cove#ed in the above analysis,
another previous reportl has indicated economic and enviroamental
advantages associated with these very large CTR's when they .
are used in conjunction with synthetic fuels production aﬁa

process heat generation in addition to electricity production.

=15=



It is this last fact which is perhaps most significant
because it indicates the mechanism whereby these very large:

CTR's can be used in conjunction with existing power grids.

-16=-
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NOMENCLATURE
plasma minor semiaxis
first wall minor semiaxis
aspect ratio (=R/a)
reduced aspect ratio (=A/3)
plasma major semiaxis
first wall major semiaxis
reduced toroidal field (=Bt/50 k6)
maximum magnetic field at superconductor
poloidal magnetic field
toroidal magentic field
coefficient of trapped ion scaling
deuterium
subscripf identifying electrons
average energy of beam particle
average energy of slowing-down alpha particle

total energy released in fusion reaction and sub-
sequent events

subscript identifying fuel ions

fractional burn-up

per-particle probability of beam-plasma fusion while
slowing down

subscript identifying plasma ions

plasma current, subscript identifyihg impurity ions

-18-



. - . b
beam ion density (—Sb TSD)

electron density

fuel ion deqsity

ion density

impurity density

alpha particle density o
wall lecading

bremsstrahlung power

synchrotron power

total reactor thermal power rating

plasma safety factor

equivalent to E__, energy of alpha particle born in
fusion reaction™ -

plasma major radius
circumference

first wall circumference

péllet source strength

beam source strength

total source strength (= S + Sb)
time variable

Tritium

electron temperature

ion temperature

=19~



bi

ai

fractional multiplier to determine amount of beam

energy transferred to ions .

fractional multiplier to determine amount of alpha

energy transferred to ions

relative velocity

beam particle initial energy (= Ebo)

energy transfer rate from electrons to ions

electronic charge of ion species i

subscript identifying alpha particles

ratio of plasma pressure to total magentic pressure

ratio of plasma electron pressure to poloidal magnetic

pressure

ratio of plasma pressure to toroidal magnetic pressure

(= 8)

ratio of plasma pressure to poloidal magentic pressure

ratio of major to minor semiaxés of plasma
permeability of free space 1

reaction cross section

reaction probability

confinement time (= a2/4D)

Bohm confirement time prediction

beam slowing-down time “

alpha slowing-down time

-20-




Table 1

RESTRICTIVE CONDITIONS

Power - GW(th)
12.5 25.0 50.0

Wall Load - MW/m2

1.0 3.0 6.0
q: 1.5 2.0 2.5
By* 1.0 1.5 2.0
c 0.1 1.0 10.0

E. = 20 MeV

£
T. = 10 keV
i
A = 2.6
ns 2.0 3.0

For Beam and Pellet Case Only
Vs - keV

200 500

=21~



Table 2

POWER-RESTRICTED PARAMETERS

n=2

Wall Load Power Fuel Density a b R
_ (Myi/m? (GW). (2013em=3) (M) - (M) ). -

1.0 12.5 5.5 7.7 15.3 19.9

25.0 4.5 11.0 21.9 28.5

50.0 3.7 15.6 31.3 40.7

3.0 12.5 13.1 4.3 8.6 11.2

25.0 10.6 6.2 12.4 16.1

50.9 8.7 8.9 17.8 23.1

6.0 12.5 23.0 2.9 5.9 7.7

25.0 18.5 4.3 8.6 11.2

50.0 15.0 6.2 12.4 16.1

_22-



Table 3

POWER~RESTRICTED PARAMETERS

=3

Wall Load Power Fuel Denssty a b
(MW/m2) (cW) (1013 (m) (m)
1.0 - 12.5 5.5 6.7 20.0
25.0 4.5 9.5 28.6

50.0 3.8 13.6 40.7

3.0 12.5 13.0 3.8 11.3
25.0 10.7 5.4 l6.2

50.0 8.8 7.7 23.2

6.0 12.5 22.8 2.6 7.8
25.0 18.4 3.8 11.3

50.0 15.1 5.4 16.2
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PT (pt)
Q (@)
BO  (B,)
TE (Te)
NE  (n)
NA (nd)
NI (n)
FB. (f)
CT (cT)

C T TTAUT (1)
CTTT/TB (1/7g)
sp (8)

SB (S,)
ST (St)
VB (Vb)
I (v)
BT  (B,)
BMAX (B )

SPECIAL NOMENCLATURE
total reactor thermal power rating

plasma safety factor

ratio of plasma pressure to poloidal magnetic
pressure

electron temperature _
electron density

alpha particle density

impurity density

fractional burn-up

coefficient of trapped-ion scaling
confinement time

ratio of actual confinement time to Bohm confinement
time prediction

pellet source strength

beam source strength

total source strength

beam particle initial energy
plasma current

toroidal magnetic field e e .

.maximum magnetic field at superconductor
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APPENDIX

STEADY-STATE RESULTS

Note: Due to an error in the reference from which the
expression for the Béhm confinement time was taken, the
values of T/TB presented in the tables are in error.

Multiplying the tabulated values by 64.0 should produce

the correct ratio.

-28=
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TABLE A2
PFLLET-FUELING HOBEL, PH = 3.5 M4/5Q.A4. 5, KAPPA = 2,5 ANT Y8 = 204, Ki V.

PY n a0 L NE NA NI Fy  C¥ | VT VTN 5P %9 A H 1) BT $
1% 13 12 11 11 11

(" KEV 10 10 10 sCe o 10 107 wa k6 xe

12,5 1.5 1.8 9.14 2,73 6.01  1.18 (668 1.0 119, 35.5  3.39 45.% 33,2 44,2
105 1.5 9.08 2.4 4,11 1.70 375 1.0 at. 31,1 8.62 1642 25,7 73.6
1.5 2.0 9,05 2.29  3.12 1,99 313 1.3 62. 28,0 13.09 37.9C 32.99 29.6 21.6 61.9
2.0 1.5 9.17 2.89 7,05 «92  W5067 1.5 139, 37,3 2,44 16,67 19,31 38,2 37.2 1.6.5
2.0 2.8 9,12 2,65 5,39 1.34 440 §.0 10K, 34,2  5.18 16.83 22.51 31.6 30.8 88.2
2¢5 2,8 9,20 3.06 8,16 +65  J5hh 1.0 161, 38,9 1.12 16.71 17.82 34,0 41.4 119.6

25.0 2.0 1.0 9402 1479 2,08 1.75 272 .1 62e 8,2 10.91 12.41 23,32 53,4 35.8 83.6
2.5 1.0 9.6  1.95 3,20  1.41 365 .1 9. 9.7  S.u46 11.92 17,33 55,7 46,7 108.9
2e5 1.5  9.02 1.80  2.17  1.72 L2801 65, 8.7 10,32 12.34 22.66 43.8 36.7 B5.6
1.5 1.5 9.23 2.56 7.6 48 J564 1.0 216, 39.8 o706 10456 11,26 52,0 26,1 6le3
1,5 2.8 9437 2.30 5.5i «79 498 3.0 166, F6.9 2,07 $3.67 12.76 42.7 21.5 S7.:

5.0 1.5 1.0 9406 1.656 2,26 1,27 331 .1 150, 9.1 5.15 7.93 15,08 72,4 25,0 51.6
1.5 1.5 9,02  1.45  1.54  3.50 251 .1 68, 7.8 B8.79  8.48 17.27 Sb.4 19.8 4.7
2.0 1.0 9.13 1.8 3.9¢ «82 46y 41 173, J8.1 1.80  7.59  9.39 76,7 3£.9 73.9
2.0 1.5 9,08 1.62 2,66 1.16 o363 .1 118, 9.7  3.99  7.76 11.77 9.4 27.8 b47.2
240 2,0 9,09 . 1.52 2,02 1,35  ,306 .1 a9, 848 6447 8.2t 14413 49,9 23,4 Ld,2
2.5 1.5  9.14  1.83  4.05 *78 470 .1 179. 11,3 1,62  7.59 9,20 ©3.6 36.8 75.9
2.5 2.8 9410 1.68 309  1.04 o603 .1 127. 0.3 .25 TB7 1..72 5244 30.6 63.1
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