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Abstract

The different types of fusion power plants are described by an
energy flow oriented system of components which is not unduly
complicated. The individual plant components are characterized
by efficiencies and energy ratios which are called "component
energy parameters". The "plant energy parameters": critical
energy amplification QC, net plant efficiency n, and circulating
energy ratio C are expressed by the component energy parameters.
In a parametric study the latter are subjected to systematic
variations with respect to reference conditions. These describe
a high-Q and a Tow-Q system, which may be examplified by a tokamak-
-Tike and a mirror-1ike device. The parametric variations show
a great impact of nearly all component energy parameters on the
plant energy parameters. This general sensitivity leads to the
conclusion that the parametric treatment is not sufficient but
is the framework for systems studies which have to be based on
physical modelling of the plant components and the energy flows
between them.

In two appendices simple physical models are used to establish
relations between plant energy parameters and physical parameters
such as the energy confinement time Tp» the plasma burn time Ths
and Tb/TE as functions of the net plant efficiency n and plasma
temperature T as well as diagrams showing the influences of the
plasma Q and required pulsed magnetic energy on n and C.
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Notations relating to the plant energy balance

Because the number of notations introduced in Section 3 to describe
the plant energy flow diagram is very large these notations are
collected here for easy reference. Most of them are also shown in
Fig. 1.

3 energy circulated back from the plant exit to its entrance
Eh energy input to the heating device

hf energy delivered by the heating device to the fusion device
E heating energy absorbed by the plasma

E energy input to the pulsed magnetic field device

Epf energy delivered by the pulsed magnetic field device to the
fusion device

Efp energy recovered by the pulsed magnetic field device from the
fusion device

E energy consumption of the auxiliary systems (except heating
and pulsed magnetic field devices)

Ef energy delivered by plasma fusion reactions and blanket
nuclear reactions

Eft thermal energy delivered by the fusion device

Efd energy delivered by the fusion device which can be converted
directly

Eet electric energy delivered by the thermal converter
Eed electric energy delivered by the direct converter
E gross output energy of the plant

E net output energy of the plant




Ene/En
Epf/(Ep g Efp)
Efp/Epf
Ey/(Epp * Egg)
Epa/Ehf

Epf/Epa
Ef/Epa

Erg/ (Brg + Egt)
Eet/Eft

Eed/Ef,d

En/Ef

Ec/En

(E4/Epalne 0




1. Introduction

The term " systems studies" though at present very
frequently used is not well defined. Our understanding of it in the
context of fusion power will therefore be described in the following.

Because no hardware realization of a fusion power plant exists as yet
one is dealing with a hypothetical system. To learn something about
such a system, one has to resort to mo de 1 s , which means that
one has to study how the model behaves when subjected to variations of
its parameters. By necessity such models have to be mathematical ones.
Depending on the degree of sophistication and disaggregation, it may
sometimes be possible to set up and study models analytically. In
general, however, it will be necessary to make use of numerical work
and computers.

A system usually consists of a number of subsystems coupled
to each other. If a subsystem cannot be subdivided further or if this

is not useful for the case considered, it is calleda component,
Systems studies thus include the modelling of components and their
couplings as the first step and the investigation of the modek'
behaviour as the second step. This second step will obviously be done

by applying variations of model parameters and checking the response.

The preceding description of systems studies disqualifies the term for
referring to design wor k , which means engineering based on
a set of virtually f i x e d parameters (so called "point designs").
In general, some kind of systems studies will be needed to produce just
this parameter set.

Obviously, the discrimination between systems studies and design work
should not be overstressed, because, for example, some minimum amount
of design has to be done before a component can be modelled. Systems
studies and design work will therefore mostly be used iteratively.
This has also been the case in the field of fusion. The early (1954)
stellarator fusion reactor study by Spitzer et al /1/, which was
impressively complete if one takes into account its early date, mainly
included the mathematical description of roughly designed components
because it was the starting point in this field and therefore could
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not enlist previous work. After a long phase concerned mainly with
mathematical mode11ling of components and treating isolated problems
/2 - 7/ the progress in confinement physics stimulated a great

deal of design work during the first half of the seventies /8 - 23/..
It now seems necessary to proceed to the modelling of complete fusion
power plants.

The purpose of this report is to describe the basis of the IPP fusion
systems studies. The scope will be restricted to plants delivering
electric energy. Other options such as the production of synthetic
fuels or the generation of heat will not be included. These would
introduce further dimensions of speculation and ambiguity.

2. Structure of fusion power plants

For the systematic investigations to be performed the power plant will
be described as a system of interlinked components which convert,
transfer or consume different types of energy. A rather unique feature
of the fusion power plant is the necessity of investing a non-negligible
amount of heating energy into the plasma to ignite once for one burn
cycle the reactions which deliver the fusion energy ("ignited devices")
or to keep these reactions going during one burn cycle ("driven
devices"). A fusion power plant will therefore work as an energy
amplifier with finite amplification, its reservoir being the energy
stored in the fusion fuels. In addition to the heating energy for the
plasma, energy also has to be invested to power the auxiliary installations,
but this is common to all types of power plants. At least for the
purpose of modelling we may assume that the energies for heating and

for auxiliary devices are recycled from the output side to the input
side of the plant, thus forming a feedback system. The margin between
the plant delivering net energy and consuming energy is marked by an
energy amplification of unity along the closed feedback Toop (output-
-input-output).

For a quantitative treatment we use the plant energy flow diagram
shown in Fig. 1, which only comprises the most essential components
and connections. At least part of the energies flowing between the
plant components will vary with time. We shall therefore often talk




F Fusion device 1
H plasma heating device
P pulsed magnetic field device

th PH

Pig

A auxiliary systems
T thermal converter
D direct converter

Fig. 1

about powers. If in connection with pulsed operation of the fusion
device F the use of energies is appropriate, we get them by integrating
the respective powers over the pulse length. We have always to keep

in mind, however, that a power plant with a pulsed fusion reactor in

its core has to deliver a smooth energy output to the grid. This
means that at least the components which convert fusion energy (heat,
charged particle energy) to electricity have to include storage devices.
The blanket of a fusion device will have some smoothing effect because
of its heat capacity. In the following, we shall use the term "energy"
as well as the term "power", depending on the case considered.

The fusion device F delivers the thermal power Pft’ which originates
from moderated neutrons and from absorbed particle and radiation
energies (these particles and the radiation may partly originate

from heating energy not absorbed by the plasma but by walls, divertor
plates etc.). Pet also includes the energy delivered by exothermic
blanket reactions. For some concepts it is conceivable that power is
also delivered as kinetic energy of charged particles, such as fuel
particles, reaction product particles and particles from beam heating
not absorbed by the plasma. Furthermore, work of the plasma against
the magnetic field may be converted directly by induction to electric
energy. For the total power that can be converted directly we use the
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term Pfd' The powers Pft and Pfd are converted to electricity by the
thermal converter T and the direct converter D, which deliver the
electrical powers Pet and Ped’ these together forming the gross
electric power Pg. From this gross output a portion Pc ("circulating
power") is substracted and fed back to the plant entrance. The rest
of Pg is the net power Pn delivered by the plant to the grid. A
portion Pa of the circulating power PC js used to powerthe auxiliary
devices, such as pumps, steady state magnetic fields, control systems
etc. The rest of PC is fed into the plasma heating device H and in
some concepts into the pulsed magnetic field device P. The heating
device H delivers the power thto the plasma, and the pulsed magnetic
field device P is coupled to the fusion device F by the pulsed magnetic
power pr. Because it is conceivable that power flows to F during

the initial phase of the burn pulse and may be recovered partly by
induction during the final phase, the flow of this power is assumed
to be bidirectional (pr and pr).

In some cases the boundaries between different components are not
clear a priori and therefore have to be fixed by definition in our
present global treatment. A typical example would be a tokamak
reactor where the pulsed magnetic field device induces the plasma
ring current, which primarily establishes the.plasma equilibrium, but
which also heats the plasma by the ohmic Tosses. In spite of this
side effect we do not include P in H and describe by H only the
devices necessary to heat the plasma after the initial ohmic phase
to burn conditions by the main heating methods (e.g. neutral beam
injection, RF heating,propagating thermonuclear burn). In more
detailed representations of fusion power plants most of the problems
associated with defining boundaries disappear owing to the higher
degree of disaggregation.

3. Quantitative treatment by energy balances

3.1 Characterization of the plant components by "component energy

parameters"

For quantitative treatment such as was first performed systematically
by Nozawa and Steiner /25/ we have to characterize the energy handling
properties of the components. This is done in terms of energy ratios,
which relate energies entering, leaving or flowing inside a component.




Very often these ratios are efficiencies as commonly used in connection
with power plants, but not always. In the following we shall Tist
these "component energy parameters".

The energies E always result from the corresponding powers P by
integration over the puls length.

The fusion device F is characterized by:

Q = Ef/Epa ("energy multiplication factor") (1)
g = Epa/Ehf ("absorption efficiency"), (2)
eﬂ'lp - Epf/Epa’ (3)

Ef = nuclear energy delivered by plasma fusion and blanket
reactions (in general Ef # Eft + Efd 1)

E__ = heating energy absorbed by the plasma,

Ehf = heating energy delivered to the plasma,

Epf = pulsed magnetic energy delivered by P to F,
Efp = pulsed magnetic energy recovered by P from F,

Efd = energy delivered by F, that is concerted directly to
electricity,

Eft = thermal energy delivered by F.

In connection with the energy multiplication factor Q care is necessary
because of the different definitions used in the literature. We adopt
the definition [eq. (1)] given in / 25/ but want to mention other
definitions as well. An energy amplification factor R was introduced

by Lawson /26 /. This factor R is identical with Q used here, only if
the energy containment is infinitely good as was assumed in /26 /.

For the purpose of compiling and comparing the results of various
fusion reactor studies /27 / the authors used a Q-definition /28/

which reads in our notation

Qpuy = (Epp + Egq)/Epg-




For ideal conditions (n, = 1, total recovery of the pulsed magnetic

a
energy) this leads to

=1+0Q

(Qpp ) ideal®

which reflects that the definition of QPLH includes the heating
energy, whereas Q only accounts for the energy released by nuclear
reactions. Very often - mainly in connection with mirror reactors -
Q is defined as the nuclear energy divided by the heating energy
input to the plasma, which in our notation leads to Ef/Ehf as
definition of Q. The a b s en c e of nuclear reactions in the
ideal case therefore leads to (QPLH) = 1, whereas we get the more
suggestive value Qideal = 0.

It is important to keep in mind that Epa is the total energy absorbed

by the plasma during the heating phase and not the plasma energy
content at a certain instant in time (for example at the end of
heating). This instantaneous plasma energy Ep is smaller than E 4

if the heating time T is comparable withor Targer than the energy
confinement time Teh which is characteristic of the heating phase. The
ratio € - for a tokamak reactor, for example, is therefore not only pro-

mp

portional to B . Vm/\.'p (V, = pulsed magnetic field volume, V =

pol p

plasma volume), but also depends on T and gy .

“The ratios B and Bpo] are commonly defined as the ratios of the space
averaged plasma pressure to the magnetic pressure averaged over the
plasma surface:

<ZnkT>

B —— 5
<B /%F0> ()

% <2nkT>

B T Bt ey ey
<Bp0]/%p0>

pol (6)

(B = main field induction, Bpol = poloidal field induction).
These relations are usually only approximately valid because they
imply Te =Tss P = nkT, and ne = nis which is not valid for every case.




To fit the B's into our scheme of energy ratios, we can use the fact
that nkT is the thermal energy density in the two degrees of freedom
normal to the magnetic induction §, and that Bz/%po is the energy
density of this field.

The thermal energy converter T and the
direct energy converter D arecharacterized
by the efficiencies with which the input energies are converted to
electrical energy:

nth = Eet/Erts (7)

Eft thermal energy delivered by F,
E

]

fd energy delivered by F which can be converted directly

Eet electric energy delivered by T,

E

ad electric energy delivered by D.

The heating device H converts its input energy E.
with efficiency n, to the heating energy Ehf delivered to the
plasma:

The total efficiency of the heating process is given by Ny = Epa/Eh.

The pulse’d ¢iifagnetic field device P

converts its input energy (Ep + Efp
Epf transferred to the fusion device F. The overall efficiency of
conversion and transfer to the plasma is (T

; see Fig. 1) to the magnetic energy

M = Ep/ (Ep + Egp)- (10)

The fraction of Epf that can be transferred back to P after the burn
pulse is denoted by €n’

B B Efp/Epf' (11)
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The energy consumption E,of the auxiliary systems A
is characterized by the fraction

ey = Eg/(Egy + Egy)- (12)

This definition is used because one can expect the auxiliary energy
required to be roughly proportional to the energy delivered by the
fusion device F, because this is a measure of the plant size. This
definition of €, is fundamentally different from those used in /25/
for the corresponding parameter a, which gives the energy Ea in units
of(Ph + Pp). Whereas €4 has a Timited range of variations, the para-
meter a strongly depends on Q. If for given gross output, for
example, Q tends to large values, a has the same tendency. Therefore,
a cannot be treated as virtually constant but has to be adjusted to Q.

3.2 Energy balance of complete plants leading to "plant energy

parameters"

The following fourteen energies are involved in the energy balance
of the plant according to Fig. 1:

Ecs Eh’ Ep’ Ea’ Ehf’ Epa’ Epf’ Efp’ Eft’ Efdf Eét’ Eed’ Eg’ En'
These energies were already introduced and defined in Section 3.1,
with the exception of Eg, En’ and Ec’ which are not characteristic of
a single component but of the plant as a whole. Eg is the gross
energy delivered by the two energy conversion systems T and D, E,, is
the net energy delivered to the grid after the energy Ec has been

subtracted to be circulated back to the plant entrance.

The fourteen energies are linked by the following thirteen equations:

£, = Ep + E) + Ey (13)
Ene = h Epe . (14)
Epa = 13 Epe €13)
Epf = (Ep + Efp), (16)
£y = € Ept (17)
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Enf = €mp Epa (18)
E, =e, (Eqp* Egg)s (19)
Eet + Egg = QEpy + (1mn,) Epe + (1-e) Epe * N Epes (20)
Bed = cat (Bgt * Beq)s (s
Eet = Ngh Eppo (#2)
Eed = Na Erd> (23)
Eq = Egt + Eeas (24)
E. =Eg-Ep (25)

Equations (14), (15), (16), (17), (18), (19), (21), (22), and (23)

emerge from the definitions of Mhs Nys s Epe €mp® €a’ €4t® Nth® and n
in Section 3.1. Equations (13), (24), and (25) obviously follow from
balancing the energy flows at the nodes a, b, and c inFig. 1. Equation
(20) reflects the fact that the energy delivered by the fusion device

is the sum of the reaction energy delivered by the plasma and blanket,

the heating energy not absorbed by the plasma, the pulsed magnetic

energy not transferred back to P, and the heating energy originally
absorbed by the plasma but Tost during or after the burn to the reactor
structure. By using egs. (13) to (25), we can calculate the “"pTant
energy parameters" Qc’ n, and C which are characteristic
of the plant as a whole: Qc is the critical value of Q necessary for

the plant to sustain itself energeticallysn is the net plant efficiency,
and C is the ratio of circulated energy Ec to the net energy E_. They

are functions of the component energy parameters introduced in Section 3.1
f 1

g i SN SR | L 26
Qc (Epa)c T Torr [1+ n, emp el em)] (26)

n = g:-j = (1 - Q./Q) ngpe> (27)
.. ;E _ 1 +¢ £y [Qna + 1+ Namp (1- Em)] (28)
n € Ny Naff (Q = QC)
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with the following abbreviations

E NN

E, + Ep Ny + gmpnan?1(1 - emnm)

Nerf = (Ngp = €5) *+ €g¢ (g = nyp)- (30)

The parameter € is the ratio of the heating energy delivered to the
plasma to the sum of the energies fed into the heating device H and
the pulsed magnetic field device P; Neff is the effective energy
conversion efficiency of the plant. It depends on the types of energy
converters used via Nth and ng but also on the type of fusion device
via €dt and finally on the energy consumption of the auxiliary devices
via €q°

The critical amplification QC quantifies the imperfection with respect
to energy handling of the components surrounding the fusion device F.
If there were no energy losses or demands made by these components

(nh =1, Iy 5 1, Mg 13 Ntp = 1, Ng::# 1, 85 0, &y ® 1), the criti-
cal amplification Q. would be zero. This means that in the ideal case
no additional energy such as fusion energy is necessary tc keep the
plant itself running. Qc provides a yardstick for assessing plasma
quality. This is best done in terms of the ratio QC/Q. Only if QC/Q

is sufficiently small, say less than 0.1, can the net efficiency n
come close to its upper Timit n ¢ and C close to its lower limit
€3/Nefg @S Shown by egs. (27) and (28) respectively.

The net efficiency n is the most commonly used figure of merit for
all types of power plants. The obvious implications concerning
resources, plant economy and environmental aspects need not be
repeated here.

The circulating energy ratio C measures the energy consumed by the
plant in units of the net energy delivered to the consumer. Values of
C up to several per cent are usual for fossil and fission power plants.
A unique feature of fusion power plants lies in the danger of needing
C values closer to or larger than unity than values close to those of

present-day power plants. The reasons for this are the need for
complicated systems with presumably moderate efficiencies to produce
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and maintain fusion plasmas. An additional reason are the large energies,
such as pulsed magnetic field energy (described by Emp)’ which possibly
have to be transferred internally. If such transfers could be performed
without losses (e.q. = 1), their influence on Q. and C would
disappear as shown by eqs. (26) and (28). Large values of C mean large
installations with the corresponding negative impact on installation
and maintenance costs. Even for ideal internal energy transfers (e.g.
B, ™ 1) high values of these energies (e.qg. €np >> 1) Tead to high
costs because of the size of the installations needed. This effect is
not displayed by C but by parameters such as €mp-
For the hypothetical case Q + « we read from eqs. (27) and (28)

n =

n
eff> (31)

C -~ Ea/neff. (32)

This 1imiting case confirms the importance of the definition of ¢,
used in this report: only for Ea ¥ 0 would one approach the ideal

value C = 0, but Q - « is not sufficient to reach this goal.

To show the connection between fusion physics and the formal energy
balances treated in this section, we present in Appendix A a calcu-
lation of Q based on an extremely simplified plasma model similar to
that used by Lawson /26/.

3.3 Parametric sensitivity study

To draw essential conclusions from a parametric study of component
energy parameters and plant energy
parameters,wehave to assume that the latter represent real
figures of merit which quantify important physical, technological,

and economic aspects. Furthermore, we have to assume that also in the
future economic and ecological criteria will decide on the introduction

of new energy systems and not only the mere need of energy. This does

not mean, however, that a decision between future systems can be made

on the basis of present cost estimates because the extrapolation in time

is hardly possible and because costs are only one ingredient of energy
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prices, which are also influenced by economic and political boundary
conditions. On the other hand, it is absolutely necessary to optimize
each energy system separately with respect to costs and environmental
standards because otherwise resources or money would be wasted.

3.3.1 Reference conditions

In the preceding section the plant energy parameters Qc.» n» and C are

given in terms of the component energy parameters which describe the
individual plant components. We shall use eqs. (26), (27), and (28)

to assess the sensitivity of the plant energy parameters with respect

to changes of the component energy parameters. This is necessary because
only some of these parameters are known, whereas the rest are specu-
lative, particularly for the unconventional components such as the
fusion device F, the heating device H, the pulsed field device P,

and the direct converter D. We thus intend to seperate parameters

with strong impact on the plant energy parameters from those of only
moderate influence.

To have a starting point, we choose two sets of reference values, one
describing a high Q system which may be realized by a system with

good particle confinement, (e.g. a "closed system" such as a tokamak-
like device) and one for a system with a Tow Q, such as a device with
poor particle confinement (e.g. an "open system" such as a mirror-1like
device). To be more precise, we should compare the two systems on the
basis of their values for Q/Q, corresponding to a given n instead of
their Q values. Therefore, our terms "high Q" and "low Q" have to be
interpreted as "high Q/Qc“ and "Tow Q/QC”. The two sets of energy
balance parameters chosen are shown in Table 1.

The high-Q system is supposed to operate in a pulsed mode. The values
chosen for ny» nus nys €pe and e, are intended to be realistic or
even somewhat pessimistic. €qt = 0 describes the fact that the whole
output of the fusion device is in the form of heat. The value of g
therefore has no influence (we have arbitrarily chosen ny = 0).

The value of €mp is rather arbitrary. We have chosen €mp = 5, which
is close to the value for the UWMAK II design /8/ (poloidal field
energy/absorbed energy = 5.2), which uses poloidal field windings
inside thetoroidal field coils. For the poloidal field coils
outside the toroidal coils used in the UWMAK I design the

poloidal field energy is larger by a factor of five. For other concepts

4——#
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High-Q system Low-Q system
(e.g. tokamak system) (e.g. mirror system)
nh = 0.5 nh = 0.5
B = 0.8 N, = 1
n, =0.5 n, = 0.5
Nty = 0.36 Nip= 0.36
ng =0 ng = 0.7
Emp =5 Emp =0
Em = 0.5 gm =1
eqt = 0 eqt = 0-5
Ey = 0.03 €y = 0.03
=. 233.58 Q =17.5
Table 1

such as the reversed field pinch where all magnetic fields are pulsed

and produced by normal-conducting coils €_  assumes very high values,

mp
which indeed may not be tolerable.

The value Nth = 0.36 ist a reasonably realistic mean value for a
thermal conversion system using steam turbines at moderate live steam
conditions.

For the low-Q system we assume continuous operation and have chosen

silagys = 0408, o3 1 to describe formally the fact that no pulsed

n =
mggnetic ?gelds are present. The losses due to stationary fields are
included in €y The value of ny = 0.7 is rather speculative, but
certainly not over pressimistic. With Edt S 0.5 we have adopted a
value which is characteristic of the classical mirror machine (see
Appendix B). In fact, ey decreases with increasing Q. In our
parametric study we do not want to account for this coupling. There-
fore eq¢ = 0.5 represents an academic reference value. New concepts
such as the tandem mirror /29/ would have values of Edt appreciably

lTower than 0.5.

-k—ﬂ
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The Q values for both systems are not realistic, pessimistic or
optimistic but required to get a net efficiency n = 0.3. This value
seems to be a target figure which one should not fall short of. The
high value Q = 233.58 is only conceivable if ignition (see Appendix A)
can be achieved. The value Q = 17.5 for the Tow-Q system cannot be
reached in a classical mirror machine which are characterized by Q
near unity. Whether new concepts such as the tandem mirror can lead

to Q = 17.5, which we have characterized as "low", is still open.

The values of the plant energy parameters Qc’ n, and C and the value
of Neff corresponding to the reference values of the energy balance
parameters given in Table 1 are collected in Table 2.

High-Q system Low-Q system Table 2 shows the characteristic
difference between a high-Q
Q. = 21.235 QC = 7.00 system (only heat delivered)
d a Tow- tem (heat and i
n = 0.30 n o= 0.30 and . Jow=Q'systen. (heat an
directly convertible energy
C = 0.2125 C =0.8733 delivered): the Tow-Q system
Neff 0.33 Neff = 0.50 can reach the m?rgin of net
energy otuput with much Tless
amplification than the
Table 2 d %

closed system. The Qc values
differ by a factor of 3 in the reference case. The much less stringent
requirements concerning plasma performance in the low-Q case have to
be paid for by a large circulating power ratio C, which in the
reference case amounts to 4.1 times the high-Q system value. This
high amount of energy circulating inside the plant is also reflected
by the large difference between the effective efficiency g = 0.50
and the net efficiency n = 0.30. The large value of C and the need
for using two different energy conversion systems presumably increases
the installation costs.

- —— = e m el r e e, ——- -

In this section we shall describe the effect of varying the component
energy parameters (see Table 1) on the plant energy parameters Qc’ Tis
and C. The plant energy parameters are given in units of their reference
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values according to Table 2. The only energy balance parameter not
varied is the thermal efficiency Nih > which we assume to be reasonably
well known. According to the characteristics of the two systems, some
of their parameters will not be varied. The parameters to be varied
are shown in Table 3.

high-Q .
n n Q € n € € not varied
system h a a m mp m
Tow-Q - .
n n Q € not varied n €
system h a a d dt
Table 3

The variations of QC, n, and C for the two systems are shown in Figs. 2,
4, 6, and 3, 5, 7 respectively. Each curve is marked by the component
energy parameter which varies along the curve, the variation with respect
to its reference value being given by the abscissa values. In some cases
the extent of the variations is academic. Examples are Ng <Ngp = D36,
which is not of practical interest, or ¢_ = 1, which is not possible

m
physically because of coil losses and plasma resistivity.

For systematically assessing the sensitivity of the plant energy para-
meters with respect to variations of the component energy parameters we
use the following procedure, which admittedly is somewhat ambiguous:

We vary the component energy parameters in the range of 1/2 to 2 times
their reference values and classify the resulting variations of the plant
energy parameters according to the sector scheme shown in Fig. 8. The
classification ranges from the obvious "no influence" over "weak",
"moderate", "strong" to "very strong". The classification "very strong"
means that the resulting relative variation of a plant energy parameter
is stronger than the original relative component energy parameter change,
so that the line between "strong" and "very strong" marks the boundary
between the amplifying and damping action of the system. The results of
the classification are shown in matrix form in Fig. 9.

It is obvious that generally the low-Q system is much more sensitive
than the high-Q system. The reason for this behaviour lies in the fact
that the net output energy En’ the gross energy Eg and the circulated
energy EC are of the same order. Difference machines of this kind are
always very sensitive to parameter variations. A well-known example is
the gas turbine, the output of which is the difference betweeen

the gross output energy and compression work, both being of the

B EEE————
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same order as the output energy. After a long development the gas
turbine can now cope with this disadvantage partly because the
recirculated energy does not have to pass through energy conversion.
This has to be the case, however, in fusion power plants.

Another general feature is the weak influence of all parameter changes
on the net efficiency n for the high-Q system.

Plasma preparation and performance are qualified by Nhe Ng» and Q.
Owing to the structure of egs. (26) to (29) the variations of
Qc/Qc,ref’ n/Npes> and C/C ¢ with ”h/”h,ref and na/”a,ref are either
analytically identical or at least numerically close together. We
therefore need only discuss them in terms of NpNy 2 which is the
efficiency of the whole heating process. With respect to QC the
influence of NN, ranges from strong (high-Q) to very strong (low-Q)
which means high impact on the plasma quality needed. The impact on
the "economic parameters" n and C is strong or very strong for the
low-Q system, but only weak to moderate for the high-Q system. The
influence of varying the plasma performance Q is-strong to very strong
(with the exception of n of the closed system).

The influence of pulsed magnetic field technology is described by N>

» and g. The influence of n_ on the critical amplification Q. and

e .

mp m
on C is strong, whereas variations of e only cause weak to moderate
changes. Within the range of variations shown in Figs. 2, 4, and 6

the influence of En is weak to moderate. It may well be, however, that

p
upper values for €np will not be restricted to twice the reference
values (e.. = 5) but will amount to much larger values. This fact has

already bggn mentioned at the end of Section 3.3.1 in connection with
the reference value. Figures 2 and 6 show a Tinear increase of QC and C
with €mp of considerable slope. The weak to moderate influence of €mp
displayed by Fig. 9 can therefore change to a much more drastic or
even untolerably large effect. This danger cannot be quantified at
present because the €np values are highly speculative. At any rate
€mp should not exceed the values of about 20 because otherwise Q. and

C would amount to about twice their reference values, which are rather
high anyhow. The influence of €mp on n shown by Fig. 4 is weak and
will remain so for even larger variations. One has to keep in mind,
however, that the reference value n = 0.30 is very low compared with

those for present-day power plants.
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The parameters ng and Eqt are specific for low-Q systems especially

for mirror devices; u qualifies direct conversion technology, where-

as €4t is strongly dependent on the confinement concept and its per-
formance. The impact on the plant energy parameters is very strong or
strong, with the exception of QC and C, which only moderately

depend on Edt This latter fact would change to a stronger dependence if
we took into account the coupling between €4t and Q, because the slope
of the functions Q. (edt) and C(edt) becomes steeper with decreasing

€dt and Q. (see Figs. 3 and 7). The coupling between Edt and Q is
treated by a rough estimate in Appendix B.

Generally, one reads from Figs. 2 to 7 a weak to moderate influence

of €4 ON all plant energy parameters. This is mainly due to the Tow
reference value of 0.03 adopted for €y Whether this value, which is
about the same as or slightly higher than for present-day power plants,
is optimistic or realistic is open to speculation. This is because of
the fact that €4 comprises both conventional requirements (e.g. power
for conventional pumping, control etc.) and unconventional ones (power
for, for example, liquid metal and vacuum pumps, refrigeration of
superconducting magnets etc.). Whether the unconventional contributions
can amount to the same order as or even more than the conventional ones
can only be decided on the basis of fully elaborated designs. Because
these cannot exist at the present state of development a final assess-

ment of the impact of e. cannot be made. An upper value of ¢, = 0.12,

which is four times theareference value, would drastically increase C.
This effect is most pronounced for the high-Q system, whose C value

was a factor of four Tower than for the low-Q system and therefore
reacts more sensitively to additional power demands. QC would not react
very sensitively for both systems. Formally the same is true of n but
again one has to keep in mind in this context that ™ 0.3 is rather

low anyhow.




-22-

4. Conclusions drawn from the parametric study

The modelling of fusion power plants by systems of energy handling
components with component energy parameters
as input and with plant energy parameters as
output provides very sensitive systems. This sensitivity affords the
chance of obtaining important results already now where fusion systems
studies are of necessity theoretical and cannot be supplemented by
experiments in the near future.

The component energy parameters Mpe Ng» Mo Q, and Edt? which describe
the plasma type, preparation and performance are highly speculative at
present or at least theoretical all have a strong or a very strong
influence on the plant energy parameters. None of these component energy
parameters can therefore be omitted even for very crude investigations
of fusion power plants. The direct conversion efficiency U is very
important for the prospects of mirror-type reactors if €4t is large
enough because it very strongly influences all plant energy parameters.
Its impact on these parameters is stronger than the influence of Ny
which is specific to pulsed magnetic systems.

The component energy parameters €mp and £ describing the amount of
pulsed magnetic energy needed and the efficiency of its recovery have
not the strong influence sometimes intuitively suspected but act only
weakly on the "economic parameters" n and C and moderately on the
"physical parameter" Qc One has to keep in mind, however, that this
situation changes if the actual value for €mp becomes much larger than
the reference value of 5, as was already discussed in Section 3.3.2.

An anologous uncertainty holds with respect to ey. If g, o Tonger
remains small compared with unity, its influence may become rather
large, as was already pointed out at the end of Section 3.3.2.

The potential influence of €mp and € therefore lies in the fact that
they do not have a theoretical upper bound (smp) or that this bound
is much larger than the reference value adopted on the basis of non-
-fusion power plants.
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The above stated sensitivity of the system with respect to parameter
changes comprises the risk of proving statements which would be
correct only if the component energy parameters were independent of
each other or not subject to limitations besides the trivial ones.

In reality, this simple situation does not hold. To set up models

of reasonable realism, one has to account for couplings (e.g. edt(Q),
see Appendix B) and limitations. In general, however, these act on
the level of component physics andnot on the
level of the highly aggregated component energy parameters (see,

for example, Appendix B).

The necessity of accounting for mutual relations between the component
energy parameters and the advantages of an energy flow diagram orien-
ted system can be brought together by modelling the different
components on a physical basis. This can be done by using the equations
which describe the physics of the individual components to determine
the component energy parameters. The couplings between the components
have to be treated similarly to the components, which means that the
abstract energy flows have to be replaced by flows of particles,
radiation, heat and so on which physically carry the energy.

The representation of fusion power plants in this way should provide
the models for the theoretical systems studies necessary in the course
of fusion development. Because of the modular structure it is possible
to adjust the models to different kinds of fusion reactors as well as
to progress made in physics and technology of individual components.
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APPENDIX A:

A condition for the reactor burn time based on a simple plasma model
and the plant energy balance

To find a connection between the energy amplification factor Q and
fundamental plasma parameters, we shall use the following strongly
simplified model of a pulsed confinement system:

a) DT plasma,

b) temperature T (T1 = Te = T) and density n (n.i e n) constant

during plasma burn,
c) after a burn time Th the pulse terminates abruptly,

d) the time T, Necessary to bring the plasma to ignition (a self-
-heating) is small compared with t,

e) the Tosses during the heating time are described by the gross energy
confinement time TEh?

f) the transport losses during the burn phase are described by the
energy confinement time Tp»

g) the radiation Tosses during the burn phase are only due to electron
bremsstrahlung.

The idealized function T(t) is shown in Fig. Al.

Fig. Al
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In the following we shall use energies per unit volume (e) instead
of the energies (E) used in Section B.

The energies delivered by fusion reactions in the form of neutron
and a-particle kinetic energies are given by

12

e, =z N > E 1y (A1)
.

e, =z™" <6y> E, Tp (A2)

(E, = 14.06 MeV, E_ = 1/4- E, = 3.52 MeV).

To heat the plasma to the burn conditions, the energy epa, which is
the sum of the following two energies, is necessary:

. 3 k¥, (A3)

en.1 = (3 MKT/Tg) =7y (A4)

where €th is the energy content of the plasma under burn conditions
(T, n), and en ] is the energy absorbed by the plasma but already
lost again during the heating phase.

During the burn the energies e and .44 are lost by transport

transp
processes and radiation:

1]

€iyansp (3 nkT/7g) T35 (A5)

_ 212
erad = gb n-T Tb (AG)

(gp = factor of proportionality).

The burn conditions (T, n, TE) are chosen such that the transport
and radiation Tosses are just covered by the fusion energy carried
by the o particles:

transp T ®rad T Eu (A7)

Together with eqs. (A2), (A5), and (A6) this leads to the so-called
"ignition criterion"
12 k1

g - — (1)
<€&y> E{]- 4ng

s 4




-26-

The energy balance of the "ignited plasma" is visualized by Fig. AZ.

th tp

€n, ey

e1runsp

Plasma °< €rad

€n

x
y

x
I

Fig. A2

By definition (1) the amplification factor Q is given as the energy
delivered by nuclear reactions (ef) divided by the energy absorbed
by the plasma (epa). With

ep = e, te, (A9)
and
€ha = ey * €. (A10)
we get
. n2 <Gv> (E.+E )T
= 4 n ol b (All)
3 nkT (T"f‘ Th/TEh)

No amplification M by blanket reactions was included in (All). From
(A1l) we obtain the condition

12 kT (1 + 7 /Tgp)
S R R o R

(A12)

which always has to be supplemented during the burn by the "ignition
criterion" (A8). By combining eqs. (A8) and (Al2) we arrive at

Tb <6'V> Ea - 4 ngl/z
T =Q (1 + /) o5 (E, ¥ E) x (A13)
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Equation (A13) quantifies the ratio between the reactor burn time
Ty and the transport energy confinement time necessary to achieve
the energy amplification Q taking into account the burn temperature
T and the losses during the heating phase.

By using eq. (27) we get from (A13) and (Al2) respectively

Ty Q. <EV>E - 4ng1/2

—_— = 1 -~ (1 + Th/TEh) <e > (E T8 E ) Y (Alq')
TE /Mese V> Ep T By

o b et 1+ 1, /Tep) 12 KT (A15)
= T /gy - F T/TEn) @ (E, FE)

It is reasonable to evaluate eqs. (Al4) and (A1l5) for the assumption
T N TEp? which means that the heating power has to be R 3 nkT/TEh.
Figures A3 and A4 show Tb/TE and Nty Vs. T for the marginal case
Th/TEh =1, with n/neff as parameter. For QC we have chosen 21.235,

10[]0: T I ] L ‘ T |‘ T :
I= | | -
F Q=223 | | | ]
I } N/ e lﬂ a :
. | 095 03 4247
W
| | |
05 0900200 22 b————o
F il | | |
e __L_____R-B_ﬂ__ﬂ-zﬁi_ﬂlfiz____1
£t N [_Mg_jﬁﬂ__wﬁ__m_%
) i1 [ R g _0_7_21-235__4_?‘0’5 '
B | | ]
I i | /
B /4 -
L
1 1 1 1 1 l 1 ]U‘Il'
0 10 20 30 4 50 60 70 80 90 100
TlkeV] —

Fig. A3




= |

e m 0
1095 0314 4247
1090 0297 2124
1 080 0.%31. 1%55
16 1070 0. _
NN — o L
C ,_.—-—""_-- .
T B - 10 0 2235
i __._—-""-_.P”’_
v \ Jiast— Qc=21.235
§ 0% :
g I 3
1011. __...-—-""'/-‘:
E | < 3
E | (n'l.'b,L E
10]3 1 1 1 Il L
0 10 20 30 4 S0 60 70 80 90 100
TlkeV] —=
Fig. A4

which is the reference value for the closed system described in
Section 3.3. Because 4be1/2 << <fV> Ea at least for temperatures
in the range of 10 to 100 keV eq. (Al4) can be well approximated by

T
ba-l, c__

The dashed lines in Fig. A3 show the approximation (Al6) for the above
used parameter values. Also included in Fig. A3 1is the ignition f

criterion (A8), which always has to be met, together with (Al4) and
(A15).

Figure A4 shows that the Nty values for the closed reference system
have to be much larger than those which follow from the classical
Lawson criterion /26/, and which are also included in Fig. A4 for
comparison. It is important to keep in mind that the Lawson criterion
does not refer to an ignited device which has to meet the ignition
criterion (A8), but to a fusion device which delivers all its output
energy including both neutron and a-particle energies to a thermal
converter with Nip = 1/3. The Lawson criterion describes the margin



P

between net output and net consumption of a very simple plant model:
the whole output of the energy converter is fed back to the plasma

to maintain the plasma temperature against the losses due to electron
bremsstrahlung (transport losses and losses during plasma heating

and energy necessary for refuelling are not accounted for). This
simple scheme is visualized by Fig. AS5.

€tn
h—:
Reid < €rod
fEr—
en Nip= 1/3 —
% =
€q
—— -
Elg= AS

The product (nT)L for this case is given by

12 kT
<EV(EptEy) nep/ (1-ngp) - AgpT

(ntp), = 73 (A17)

Within the framework of the plant scheme according to Fig. 1 used
throughout this report the Lawson case is described by the following
highly idealized set of component energy parameters: n, =n, = s
S ef = 0, nypy = 1/3; the values of n_, ngs and e need not
be specified because of the simplifications. This parameter set
leads to

QC = (QC)L = 1/nth -1=2, (A18)
which is obviously a value of more academic thanpractical interest.
A not ignited device such as the Lawson-type model cannot lead to

infinitely large Q values even for infinitely long burn times .
The Q values attainable depend on the details of the losses as well
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as on the energy requirements of plasma heating and refuelling. For
a burn temperature of 25 keV a rough upper Timit is given by the
ratio of fusion energy (17.6 MeV) to the thermal energy of the two
ions and the two electrons involved (Eth =4 x 25 = 100 keV). This

simple estimate leads to Q... ¥ 175.
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APPENDIX B:

A simple estimate for the relation between e, and Q for mirror-1ike
devices

In an open-ended device the amplification factor Q can be enhanced by
decreasing the loss of particles which carry energy out of the ends
of the device. This is inevitably accompanied by a decrease of €4t
because less energy is delivered to the direct converters.

The ratio €4, was defined by eq. (4) as

€14 = K B1
dt = E ¥ By (1)

We consider a device (e.g. the central part of a tandem mirror)
whose ion and electron temperatures and the density are kept constant.
Radiation losses will be neglected.

The power density lost with particles is given by

=

Y —

by = 2 (6 + ) 52)

p=]

(n; ¥ ngs n; = ion density, n, = electron density, Ey 1 = average
energy of the 1 ost ions, Ee,] = average energy of the 1 os t
electrons, Tp = particle confinement time). The power loss due to heat
conduction is expressed by using the ion and electron energy confine-

ment times T and Tee'
pc = E.I/TE.I + Ee/TEe (BB)

(E} and E; are the average jon and electron energies of the plasma).
The fusion power delivered by neutrons will be moderated and appears
as heat:

el a2
Pn =2 ™

<6'V>En B4)
(E,, = 14.06 MeV). The fusion power delivered by a particles leaves the
system via particle losses and heat conduction and is therefore included

in Py and p...
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By using (B1l) we get for Edt

R . . B
dt pp + Pe + pn

_ i/t (7 +Egq) -
= = o, i 1_2 '
ni/Tp(Ei’1+Ee,])+ Ee/TEe+Ei/TE1+ 1 <fV>En

Depending on the confinement scheme the mean energy of the

electrons lost is less than or approximately equal to the mean

energy of the lost ions. The latter may be the case for good particle
confinement. We thus have

E .~ E, (B6)

e,l i,l

Furthermore, we assume that the mean energies of the plasma ions and
the lost ions are approximately equal:

. & ET'}. (B7)
By using (B6) and (B7) together with the "fractional burn up"
f, = 1n <&v> T (88)
b~ 2" p

we get from (B5)

T 2 (B9)

If we neglect radiation lTosses we may write for Q

1 2
n.© <gv> (ME_+ E )
B rge (1 B q/E*ng Eifrgy + i/

(Ea = 3.56 MeV, M = energy multiplication by blanket reactions).The
full inclusion of E_ in the numerator of (B10) is not completely
correct because most of the a-heating is used to cover the power
losses which are described by the denominator of (B10).




o

By using E = 4 E, and (B8) we get from (B10)

i
Q= 4M+1 b™n . (B11)

8 . —
(e B /Bt /reg)* By (p/Tge)

From (B9) and (B11) we finally get

Ee 1/E; _aml
1+E;j}/Ei+rp/TEi + (Ee/Ei) (Tp/TEe) 40 + 4M + 1

=dt . (B12)

Exact determination of the first factor of (B12) is only possible
within the framework of a detailed plasma model. In the case of

very poor plasma containment and E_ not much greater or less than

E the factor is about unity. For good particle confinement the case
of particle loss by diffusion instead of pitch angle scattering is
approached. In this limiting case (corresponding more or less to

a toroidal trap) we may assume 1/'rp B 1/tgy t 1/1gq»> which is valid

if energy and particle losses are caused by the same collison
mechanism. Together with, for example, E;_1<< Es; and E; % E_ this
3 ]

leads to the factor 1/2 in (B12). We can therefore expect that

n, . . M + 1
egr © (1/2+ 1) * o+ 1 (B13)

is a reasonable estimate for the influence of Q on Edt and hence

on ngff down to Q ¥ 1, as is characteristic of the classical mirror
machine. Our definition of Q according to (1) includes the blanket
reactions. The value of Q therefore increases with M. For very good
particle confinement Q is proportional to M. Thus, in general, €4t
according to (B13) depends only weakly on M.

To get an impression of the effect on the plant energy parameters
produced by the relation between €4 and Q, we shall calculate n

and C as functions of Q and ¢ the rest of the component energy

mp’
parameters being fixed to the values:




N & 0..75
i 0.80
n, = 0.75
Nip = 0.36
ng = 0.70
EL = 0,50
€y = 0.03
Table Bl
For eq¢ (Q) we use
et = 0-5 T (B14)

which corresponds to M = 1.25,

Figure Bl gives an - at least rough - impression how n and C vary

if we go from a Tow-Q system to a high-Q system and take into account
the fact that the possibility of direct conversion decreases smoothly
with increasing Q.

The values shown in Table Bl as a whole represent an optimistic set

of parameters. The values of n and C shown in Figs. Bla and Blb there-
fore also represent quite an optimistic view of the power plant as a
whole.

For €ap = 0, which corresponds to mirror-like or stellarator-like

devices, one has to reach at least Q ¥ 40 to get n % 0.3. Such values
of Q are hardly conceivable for mirror devices, on the one hand, and

lead to such small values of €4qt> ON the other hand, that direct energy
conversion becomes useless. High values of €mp (e.q. €mp = 5.2 for the
UWMAK II design) lead to very high Q values necessary to reach n = 0.3.
Q has to be 145 for € = 5 and n = 0.3. Most probably these values call
for an ignited device with a Tong burn time.

1_
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The drastic effect of small Q values on the circulating energy ratio
is demonstrated by Fig. Blb.

In passing we note that Q. can be read from Fig. Bla. It is represented
by the Tine of intersection between the surface n (Q,emp) and the

Q'Eﬁp plane.




-36-

References

v

L2}

/3/

/4/

/5]

/6/

/7/

/8/

il

/10/

Spitzer L. et al.: "Problems of the stellarator as a useful
power source". U.S. Atomic Energy Commission, Washington, D.C.,
Report NY0-6047, 1954

Carruthers R., P.A. Davenport, J.T.D. Mitchell: "The economic

generation of power from thermonuclear fusion", Culham Laboratory,
CLM-R85, 1969

Rose D.J.: "Engineering feasibility of controlled fusion -
a review". Nucl. Fusion 9 (1969)

Carruthers R.: "Engineering parameters of a fusion reactor".
In: Proceedings of the Nuclear Fusion Reactors Conference,
Culham, September 1969

Golovin I.N., Yu.N. Dnestrovsky, D.P. Kostomarov: "Tokamak as

a possible fusion reactor - comparison with other C.T.R. devices".
In: Proceedings of the Nuclear Fusion Reactors Conference,

Culham, Sept. 1969

Fraas A.P.: "Conceptual design of the blanket and shield region
and related systems for a full scale toroidal fusion reactor”.
Oak Ridge National Laboratory, Report ORNL-TM-3096, 1973

Danner W.: "Gegenwartiger Stand der Untersuchungen zu Blanket-
Neutronik und -Photonik". Internal Report No. 2, IPP - Projekt
Systemstudien im Bereich Technologie, Aug. 1975

Davis J.W., G.L. Kulcinski: "Major features of DT Tokamak fusion
reactor systems". Nucl. Fus. 16, 2 (1976) 355

Badger B. et al.: "UWMAK-I, a Wisconsin toroidal fusion reactor
design". University of Wisconsin, UWFDM-68 (Vol. I 1974, Vol. II
1975)

Badger B. et al: "UWMAK-II, a conceptual tokamak power reactor
design", University of Wisconsin, UWFDM-112, Oct. 1975




97

/11/ Badger B. et al.: "UWMAK-III, a high performance noncircular
tokamak power reactor design". University of Wisconsin,
UWFDM-150, June 1976

/12/ Mills R.G. ed.: "A fusion power plant". Princeton Plasma
Physics Laboratory, MATT-1050, June 1974

/13/ Sako, K.: "Fusion reactor design problems". Nucl. Fusion Suppl.,
IAEA, Vienna, 1974, p. 27.

/14/  Bertolini E. et al. in: "Proceedings of the first topical
meeting on the technology of controlled nuclear fusion®,
USAEC, San Diego, April 1974, Vol. 1, p. 21

/15/  Hancox R.: "Culham I reactor design". International School of
Fusion Reactor Technology, EUR-4999%e, Erice 1972, p. 135

/16/ Stacey W.M. et al.: "Tokamak experimental power reactor con-
ceptual design". Argonne National Laboratory, ANL/CTR-76-3,
Aug. 1976

/17/ Roberts M. et al.: "Oak Ridge tokamak experimental power
reactor study - 1976". Oak Ridge National Laboratory,
ORNL-TM-5572, 1976

/18/ Baker C.C. et al.: "Experimental power reactor conceptual
design study - final report for the period July 1, 1974 through
June 30, 1976". General Atomic Company, GA-; 14000, 1976

/19/ Saki K. et al.: "Preliminary design of a tokamak experimental
fusion reactor", IAEA.CN.35/13-1

/20/ Argonne Nat. Lab. and Los Alamos Sci. Lab.: "An engineering
design study of a reference theta-pinch reactor (RTPR)".
Joint report LA-5336 ANL-8019, 1974

/21/ Bodin H.A.B., T.E. James, A.A. Newton: "A pulsed fusion reactor
based on a toroidal pinch". Proc. Nuclear Fusion React. Conf.,
Culham 1969




/22/

/23/

/24/

/25/

/26/

/27/

/28/

fedi

-38-

Bodin H.A.B., T.E. James, A.A. Newton, C. Rostagni: "Further
considerations of the toroidal diffuse pinch reactors”.
Proc. IAEA Workshop on Fusion Reactor Design Problems, 1974

Moir R.W.: "Mirror reactor studies", IAEA.CN.35/12

Jassby D.L., H.P. Furth: "Ignition of large tokamak plasmas
by a propagating thermonuclear burn", Trans. Am. Nuc. Soc. 22
(1975) 72

Nozawa M., D. Steiner: "An assessment of the power balance in
fusion reactors", Oak Ridge National Laboratory, ORNL-TM-4421,
1974

Lawson J.D.: "Some criteria for a power producing thermo-
nuclear reactor", Proc. Phys. Soc. 70 (1956) 6

Persiani P.J., W.C. Lipinski, A.J. Hatch: "Survey of thermo-
nuclear reactor parameters", Argonne National Laboratory,
ANL-7807, Oct. 1972

Persiani P.J., W.C. Lipinski, A.J. Hatch: "Some comments on

the power-balance parameters Q and € as measures of performance
for fusion power reactors", Argonne National Laboratory,
ANL-7932, June 1972

Dimov G.I., V.V. Zakaidakov, M.E. Kishinevskii: "Thermonuclear
confinement system with twin mirror systems", Soviet J. of
Plasma Physics 2, 4 (1976) 326

Originally in: Fiz. Plasmy 2, 4 (1976) 597




	IPP_4_166 Deckblatt
	IPP_4_166 Text

