
OPERATING REGIMES OF FUTURE TOKAMAK REACTORS
ACCORDING TO NEOCLASSICAL THEORY

By Weston M. Stacey, Jr.

-NOTICE-
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United Staces nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

Presented at:

Fifth Symposium on Engineering Problems of Fusion Research,
Princeton University, November 5-9, 1973

U of C-AUA- USAEC <mmm^mmm—a—m—w^^^m'^^^^^^^——*'^^^-^^~m—^^—^—mm~

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

Dis":7.:



Paper for presentation at Fifth Symposium on Engineering Problems of
Fusion Research, Princeton University, Novembeij 5-9, 1973; and for
publication in Proceedings of the Conference by the Nuclear and Plasma
Sciences Society of the IEEE. j

OPERATING REGIMES OF FUTURE TOKAMAK REACTORS
ACCORDING TO NEOCLASSICAL THEORY*

Weston M. Stacey, Jr.
Applied Phyaic8 Divieior,

Argonne National Laboratory
Argonne3 Illinois 60439

November 1973

Work performed under the auspices of the V. S. Atomic Energy Commission.



OPERATING REGIMES OF FUTURE TOKAMAK REACTORS ACCORDING TO NEOCLASSICAL THEORY*

Western H. Stacey, Jr.
Applied Physics Division

Argonne National Laboratory
Argonne, Illinois 60439

Current Tokamak theory Is extrapolated to predict the
characteristics of future reactor regimes and to examine
certain transport effects 1n those regimes.

Theoretical models of radial transport In Tokamaks
have met with some success in fitting present-day exper-
iments.'*' This success encourages the extrapolation
of current Tokamak theory to the prediction of operat-
ing regimes for power reactors, which is the main pur-
pose of this paper. A secondary purpose is to examine
the effect of certain transport phenomena upon the
determination of the operating regime.

The calculational model consists of: (1) a parti-
cle balance between a uniform Injected source of Ions
(a single species is treated with parameters adjusted
co represent a 50-50 D-T mixture) and losses due to
radial transport and fusion; (2) an Ion energy balance
between alpha heating and losses due to radial energy
transport and heat conduction, work done against the
confining poloidal field by the outward moving Ions,
and Coulomb energy exchange with the electrons; (3) an
electron energy balance between alpha and ohmic heating
and Could* energy exchange with the ions and losses
due to radia? energy transport and heat conduction,
work done against the confining poloidal field, and
bremsstrahiung and cyclotron radiation losses; and (4)
a calculation of the poloidal magnetic field distribu-
tion end the toroidal current distribution. The ion
and electron spectral distributions are assumed to be
Maxwellian. Alpha heating of ions and electrons, radi-
ation losses and electron-tun energy exchange are
modeled as In Refs. 3 and 4. The radial plasma veloc-
ity, and hence the radial transport of particles and
heat energy and the work done against the confining
poloidal field, is based upon Ref. 5 with the inclusion
of a term to account for the trapped particle pinch
effect6 1n the banana regime. Heat conduction is
modeled after Ref. 7 in the banana regime and otherwise
described in Ref. 1. The diffusion coefficient and
thermal conductivities at each radial location are com-
puted from expressions for the banana, plateau, or
classical regimes, based upon the selection criteria
given In Ref. 5.

In radial geometry, with corrections for toroidal
effects, the basic equations are:
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In these equations, a Is the plasma radius, R is the
major radius of the torus, n is the ion density* S 1s
the injected source of ions, Tt and Tc are ion and
electron temperature, Qi and Qc are the net ion and
electron heat sources, E.. is the polotdst magnetic
field, n is the plasma resistivity, £z is the toroidal
electric field and j;; is the resulting current, and 0
and K are the diffusion and conductivity coefficients.

The transport coefficients in the banana regime,
which obtained for all calculations in this paper, are:

Banana Transport Coefficients
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.v, Is the Urmor radius in the poloidal field, and te
and ii are the electron-ion and ion-ion collision times,
respectively.

A reactor model with a major radius of 5 m, a plas-
ms radius of 1 m, and a toroidal field of S Wb/m' was
chosen for the study. As shown in Table !, an equili-
brium regime was found with n-jX » 2.8-3.2 > 10

: V « J ,
7max * 20-190 keV, and particle and energy escape m in
the range 2-8 • 10?fJ sec/m}. m ' s were computed by in-
tegrating the LH5 of Eqs. (1) and {2} over the plasma
radius, once the solution was obtained. Particle n»'s
are shown in the tables. This regime had 2-1 IS frac-
tional fuel burnup and linear radiation and neutron
power production rates of 0.2-0,6 and 6-3? KW/m, res-
pectively. Radial density and t«nper*iure profiles
were found to be rather flat, and tiajre wes no evidence
of a stdn effect. The safety parameter* q, was i2 on
the axis and increased to ̂ 10 at the piasKa radius, in-
dicating an ample margin of stability against kink
modes. However, % was orders of magnitude grenter
thin the aspect ratio, implying instability against
balloon modes. B% was computed as the ratio of the
thermal pressure at the plasma centerline to the poloi-
dal magnetic pressure at the plasma radius. Increasing
the toroidal current to increase the poloidal field,
thereby reducing 83, led to high temperatures which off-
set the reduction in s0, from which it may be concluded
that the purely classical formulas predict too great in
energy and particle confinement for operation 1n the
reactor regime. More realistic calculations arc in
progress in which bremsstrahlung losses ere enhtnced to
account for the presence of impurities, and radial
transport and heat conductivity are enhanced to account
for the presence of microinstabiiities.

Additional calculations were performed to assess
the effect of various terms in the description df the

radial transport and heat conduction phenomena, and the
results are summarized in Table II. The trapped parti-
cle pinch effect was found to be negligible. The omis-
sion of heat transport due to radial plasma flow in-
creased the electron temperature, as expected, b>n
decreased the ion temperature—heat transport is small
relative to heat conduction for the ions; and the in-
creased alpha heating of the ions, which results from
the increased electron temperature, is a more impor-
tant effect. A similar result was obtained when work
done against the confining poloidal field was omitted,
for similar reasons.
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TABLE I . Operating Characteristics

{R = 5 m, a = 1 m, Bz = 5 Wb/m2, S = 1020 m-3-sec-»)
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5.4

TABLE I I . Sensitivity to Transport Model

(R » 5 m, a » 1 m, B * 5 Wb/m2, S = 102" nr3-sec - , J = 0.4 « 106 A)
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