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Summarz

SYSTEMS is a program system for evaluating the main physical
and technological parameters of fusion reactors. The current
version should be regarded as a preliminary one. Further

refinements and extensions will be provided in the future.

The first part of this report describes the calculation
procedure and lists all formulas used. The second part is
devoted to explaining the program structure and includes a

series of remarks on the input and output operations.

A reference list of all output quantities as well as an

input and an output sample are presented in the Aprendix.
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1. Introduction

Evaluation of the main physical and technological parameters
of a fusion reactor is not very complicated if based on
rather simple relationships. From the technological point of
view, such equations are in first approximation appropriate
for obtaining the most interesting parameters with a

sufficient degree of accuracy.

It depends on the amount of information desired whether such
calculations are very time-consuming or not when performed
by hand. In general, however, not only is a single set of
parameters required, it is also necessary to investigate the
dependence of a rather large series of quantities on special
variations in the assumptions. In such cases the time
required becomes rather long and as a consequence the cal-
culations are very susceptible to errors. This is usually
aggravated by the frequent need to convert the units of
single variables.

To overcome these difficulties, a computer program affording
a certain convenience in performing such calculations was
developed. SYSTEMS is mainly a collection of formulas
yielding the results in the most convenient units, The
calculation procedure is straightforward without any
iteration loops. Therefore, the computing time is very short.
For this reason it was not found worthwhile to separate the
program entries dependent on the variables to be changed;
any change in any quantity causes the program to start at
the very beginning and to run through the entire calculation
part. Special output routines, however, permit the user to

suppress unnecessary information.

2. Input requests

In writing a computer program for this purpose, it first has
to be decided which quantities to start with. This decision
depends mainly on the problems entailed. Because the
objectives involved are, in general, not always the same,




. .

the input parameter list of SYSTEMS cannot be optimum for
all cases studied. A long period of experience with this
program showed the following input list proved to be the

most suitable:

nominal thermal power Py [w]
total wall loading Py [W/cm?]
plasma aspect ratio Ap [ -1
ratio of plasma and wall radius y L = |
ion temperature T, [keV]
deviation from critical beta fB =
coolant temperature rise At [C] j
thickness of shield Sg [cm]
current density in super-

conducting magnets j {A/cmz]
number of single coils ne [ = ]
specific costs of super-

conducting material g’ [DM/A kG cml

safety margin (distance from
Kruskal-1limit) q [ -1
deviation from theoretical

plasma conductivity (see £, L~ 1

chapter 3.8)

This set of parameters together with a more detailed
description of the blanket and shield regions specified below
enables the user to calculate a large set of further
quantities of interest for both stellarator and tokamak-type

reactors.

The choice of the nominal thermal power Py and the total wall
loading PW as input quantities is a proper one from the

reactor engineer's point of view. The safety margin q and

the deviation from the theoretical plasma conductivity f,,

which are actually only needed for tokamak reactor calculations,
are like the aspect ratio Ap and the deviation from critical

beta fg’ parameters which can be conceived as typical of a
certain confinement scheme. The ion temperature T; was chosen




as the only independent plasma parameter directly describing
the reaction conditions. The specification of the coolant
temperature rise ﬂtc is not of too great importance and is
restricted in the current version to the case of direct
cooling by liquid lithium. The current density j in the
magnet and the specific costs C' of the superconducting
material are the only input parameters needed for calculating
the magnets. The number of single coils ne is needed for the

decision on the topological feasibility,

This set of input parameters is completed by a more detailed
description of the blanket and shield regions which is
essentially intended to allow the program to produce some
figures on the involved material inventories as well as some
estimates of the power multiplication and neutron flux
characteristics. The following quantities are needed to
describe the blanket:

Ok = breeding gain Te [ ]
"Li - breeding gain T, [ -]
ratio of the total and primary

14 MeV neutron flux f¢ [ -1
ratio of 1st wall power density

and total neutron flux fp [J/cm]
mean hlanket temperature ty [ C ]
number of radial blanket regions ng L=
for each region:
absolute radial extent S, [cm]
number of materials included m, [ -1
for each material:
material number code k [ -1

]

material volume fraction € m[ - 1]

As opposed to the blanket region, in the current version of
the program the shield region is described by geometrical

and materials quantities alcne:




number of radial shield regions ng Ei= .l

for each region:

relative radial extent s [ -1

number of materials included m, [ -1

for each material:

material number code kn m[ -1

material volume fraction B [ -1

|3}
.

Calculation procedure and formulas used

In spite of the straightforward calculation procedure the
entire program is subdivided into a number of subroutines
in order to obtain a clear and understandable program

structure.

3.1 The subroutine MAKEUP

This subroutine is for evaluating some fundamental
quantities which can be directly derived from the input
parameters and will be needed in almost all of the subsequent

routines.

Depending on the reactor type to be considered, first the
critical beta is evaluated. For the stellarator the

equation given by GIBSON [1] is used:

Beritr = 0-015 Ap [ -1 (1

for tokamak-type reactors this value is defined according
to SHAFRANCV [2] by

Berit ~ T [ -] (2)




The actual beta can then be obtained by

B = fB' Berit { =51 £3)
The total tritium breeding ratio
L= T *Ts I =] (4)

is defined for almost each blanket concept. This is not true,
however, of the energy multiplication factor. Therefore, in
first approximation the blanket energy gain is calculated
with the following equation:

+E. % T, =B [J] (5)

using the characteristic reaction energies of

_ Caa12 o,
Eg, = 2.8+ 10 J 2 17.6 MeV
Eg = 7.7 10713 g2 4.8 Mev
E, = -3.95 107 g e 2205 Mev

If the tritium breeding ratio is not defined, i.e. T = O,

then the well-known assumption long in use is introduced:

12

Ep = Ep, + Bc = 3.6 10 '“ J & 22.4 MeV

Fu

The energy multiplication factor EB/EFu is then used to
calculate the thermonuclear power produced in the plasma:

P = P T )1 (Wi (€)

With the nominal thermal power PN and the total wall loading

Pw the surface area of the first wall is calculated:

Fy = oo [cn’] (7)
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This value, the aspect ratio, and the ratio of plasma and
wall radius determine the geometrical parameters of the
plasma:

plasma radius:

I3
Tp = JL—§ Cy ot FW/AP [cml] (8)
torus radius:
— . .]
R Ap " Tp [ cml (9)

plasma volume:

3
Vp = 19.74 - Ay * rp°  [em’] (10)

3.2 The subroutine PLASMA

In the subroutine PLASMA the most interesting plasma para-
meters are evaluated. In the current version of the program
rectangular profiles for both the ion temperature and
density are assumed. Furthermore, no difference between the
ion and electron temperatures is made. These are, indeed,
significant simplifications which will be eliminated in the

next step of program refinement.

First the thermonuclear power density in the plasma is
calculated from the total thermonuclear power and the plasma

volume:

ap = T [W/cm’] (11)

With the fusion reaction energy gain the reaction rate, which
is required to yield the indicated power density, is
evaluated:

R, = =& [cm = s '] (12)




This value yields the required ion density:

T
n; = 2-j{73_\ [cn™] (13)

The value of the plasma reactivity <9:” is supplied by a
function subprogram depending on the ion temperature. This
subprogram, called SV, evaluates the <5U> values by inter-
polation within a table presented by MILLS [3].

From the ion density and temperature it is possible to
calculate the bremsstrahlung power density of the plasma

using the formula given by, for instance, CARRUTHERS et al
[41:

=31

2 ——
= 5.35:107° - ny % T [W/cm>] (14)

This value is used to determine both the total bremsstrahlung
power

Py = q. " Vp [w] (15)

and the contribution of the bremsstrahlung power to the
wall loading

_ 2
Pubr = Ppp / Fy [W/em®] (16)

The plasma power balance, which was likewise stated by
CARRUTHERS et al.[4], yields the product of the ion density
and confinement time:

3n.”T. - E!
n,t = ln = E [s/cms] (17)
‘- v g

In this equation Eﬁ is a conversion factor

-16

Eﬁ = 1.602 * 10 J/keV




E, is the energy of the a-particles produced in the fusion
reactions:

E, = 5.64 <107'° 7 2 3,52 Mev

Equation (17) therefore describes the plasma energy balance
in the steady state if the plasma heating is only
accomplished by internal energy exchange.

The required confinement time can be evaluated using eq. (17)
and the ion density defined by eq. (13):

T o= A [s] (18)

The fuel burn-up is calculated by a formula also given by
CARRUTHERS et al.[4]:

e 1 ongrc <Eu> [l (19)

One of the most important quantities evaluated by this
routine is the magnetic field strength on the torus axis.
From the definition of B,

2 n. kT
s e
Bo /2”0
an equation was derived yielding B0 directly in units of
kilogauss:

n. T.

- : -7 11
B0 = 2.84 -+ 10 5 [kG] (20)

From the plasma parameters evaluated up to now some further
interesting figures can be calculated.

The total number of ions present in the plasma:

Z. = n;. .V [-] (21)




The average burnup rate:
Zy, = fb 'Zi/T [s '] (22)
The ion injection rate in the case of steady-state operation:

i} -
Z;, = L/ [s™'] (23)

The ion extraction rate in the case of steady-state operation:

2 =f = £ [s™ 1] (24)

-Z +
eX

1
b) in ) 2

b
With regard to energy balance considerations it is important
to know the total plasma energy:

E = 3+ E

p T

l . .

p i0 0y VP [J 1 {25)
From the engineering point of view the power carried by the
ions to the divertor device is of interest:

Ppiv = Zex * Ep/Zi [W] (26)

This formula, however, is only valid on the assumption that

no energy is transported to the wall.

To complete the set of plasma parameters, finally, some
diffusion parameters are evaluated by this subroutine. The

classical diffusion time is determined by the equation
- c1010.5 2., 2. [T
Tel = 1.42857 +10 B, r'p Ti/n.1 [s] (27)
which was derived from an expression given by ARZIMOWITSCH [5].

Additionally the Bohm diffusion time is calculated:

— . —8 . 2 L] 2 .
oo = 2766 -107° +rp® « B/ (v °Ty

) “Lksld (28)
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This equation results from the expression

16 - A2 +e - B
T =

Bo kT

9}

given by ROSE [6] using
A = 1,/2.405
for determining the mean free path of the ions. Both the

classical and the Bohm diffusion time are subsequently
related to the confinement time to yield

@ = T/Tcl (29)

gy = T/TBO (30)

3.3 The subroutine WALL

The third subroutine in the calculation part of the program
system performs the evaluation of a series of parameters
either depending on or important for the first wall.

After the inner wall radius
Tw = rP/y [cm] (31)

is fixed, first the 14 MeV neutron current impinging on the
first wall is calculated from the reaction rate, the plasma
volume, and the first wall surface area:
Pt b

= R -VP/FW [cm

®14 R (32)

From this fiéure the total neutron flux at the first wall

(33)
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is evaluated using the factor f¢ specified in the blanket
input list; subsequently, the 1-year neutron doese:

_ e -2

D1a = 3.1536 -10 Qtot [cm “] (34)
and the neutron wall loading

P, = @.. -E [w/cm? ] (35)

We 14 n
are calculated, where E, is the primary neutron energy:

E, = 2.2524-107'%J 2 14,08 MeV.
From the thickness of the first blanket zone the outer
wall radius

ryz = Tyt sy [cml (36)
and the total wall volume

2 2 3
Vw = 19.739 - R (rwz - Ty ) [cm™ ] (37)

are specified and then the weight of the total first wall
is calculated

W = ¥

W W. iVW [g] (38)

The density }W of the wall material is thereby supplied by
a subprogram named PROP which contains all material
properties needed in the whole program system.

The remaining calculations of the subroutine WALL are con-
cerned with certain safety considerations. In the event of

a malfunctioning of the divertor device the entire plasma
energy could be dissipated on the first wall. The wall would
then be exposed to an adiabatic temperature rise which is

determined by its heat capacity:

Aty = EP/(Ww -cw) [C] (39)




The same event could, if it happens within a very short time,
lead to the vaporization of a certain amount of wall material.
The amount of vaporized material can be determined in first
approximation by

E

AW = P : : [9] 40
% cw(tV - tB) + Als + llv (40)

In this equation tv’ ﬁiv, and Ais denote the temperature and
the heat of vaporization and the heat of fusion. All these

specific material properties are supplied by the subprogram
PROP; as is the specific heat Cye
From the amount of material evaporated it is possible to

calculate the material volume evaporated

AV, = AW/ [em®] (41)

and hence the loss of wall thickness

Asy = AVV/F [cm ] (42)

W

Actually, these final results are only first-order estimations,
because it is assumed 1) that the specific heat of the wall
material is the same in the solid and the liquid state, and

2) that the energy deposition is uniform on the entire wall.

3.4 The subroutine BLANK

As the next step, the subroutine BLANK calculates the materials
inventories and some power parameters of the blanket. In the
current version this subroutine is, however, restricted to a
rather narrow field of blanket concepts.

From the specifications of the thickness and the material
compositions of the single blanket regions first the total

blanket volume

2 2 :
Vg = 19.739.R > (r_,; - Tp°) [md] (43)




is evaluated with

followed by a similar calculation of the total blanket weight

B 2 2
Wy = 19.739-11-]%\::1 (rpe] -1, )" #n [g] (44)

using a mean region density fn resulting from the material

composition

In the current version the program can handle up to 10
different regions with up to 5 different materials in each
of them.

To complete the set of bulk blanket parameters, the total
blanket thickness

:
sg = Tyt %; B [cm] (45)

and the outer blanket radius, which equals the inner shielding

radius, are evaluated:
Ig = Ty *+ Sp [cm] (46)

During the evaluation of the total volume and weight of the
blanket the single contributions of each material and region
are stored, Therefore, the program is able to scan all these
figures once more to extract the specific contributions of
distinct materials. This scanning is performed in the current
version, however, only for the coolant and the reflector

material to yield the
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coolant volume Mes [g] (47)
coolant weight W [g] (48)
reflector weight W [g] (49)

Subsequently, all weights which are neither coolant nor

reflector are said to be
structure weight WS [g] (50)

The calculation of power and cooling parameters starts with
the total blanket power:

[w] (51)

According to this equation the blanket power is the sum of
the bremsstrahlung power and that contribution of the
nominal thermal power which goes with the neutrons. From

this total power the mean blanket power density
i 3
qg = Pp / Vy [W/cm™] (52)

and the mean power density in the coolant as a more or less
fictitious quantity

Q. = Py - Pp) /V_  [Wem’] (53)

are evaluated. The total blanket power must be removed by
a coolant mass flow rate given by

R P A G Atc) [g/s] (54)

which corresponds to a coolant volume flow rate of

. 3 . 3
Vo = m./ [cm™/s] (55)

C




These calculations are at present restricted to lithium
cooling systems, the specific heat and the density of
the coolant again being taken from the subprogram PROP.

The blanket calculations are finished with the determination

of the real nuclear wall loading

— . - 2
Pyoy = fp ot Sy [lw/cm®] (56)
and the real wall loading
P =P, + P [W/cm?] (57)
Wth Wnu Wbr

being the sum of the nuclear and the bremsstahlung wall
loading.

3.5 The subroutine MAGNLET

One of the most significant parts of the program system
is the subroutine MAGNET, because it yields a series of
parameters for the coil layout and for restrictions con-

cerning the topological feasibility of the reactor.

With the shield thickness and the inner shield radius
first the inner coil radius

re; = Tg * sg [cm] (58)
and the coil aspect ratio
Ac = R/rg; [-] (59)

are evaluated. This aspect ratio and the field strength on

the axis determine the maximum field strength at the coil
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surface as one of the most important technological parameters:

Biay b=l ® AC/(AC ~-1) [ kG ] (60)
With the overall coil current density specified by the input
list the total coil cross-section and, according to the
number of coils indicated, that of a single coil are

calculated:
. 2
Foeor = 2¢ R Bo/3 g [em©] (61)
= 5000 R* B/]
F =F. ./n [em?] (62)
C Ciot'—C

Assuming a square cross-section of the coil as a compromise
between manufacturing and cooling requirements the edge
length is given by

be = /%c [cm] (63)

and therefore the outer coil radius by
Tca = Tcoi b [cm] (64)

To get a feeling for the material inventory involved and for
the problem of heat influx from the environment to the
superconducting coil the volumes and surface areas of both

a single coil and all coils together are of interest:

2 2
Ve = Tebolrey” - o) [cm®] (65)
Veror = ¢ * Ve [em® (66)
2
Oc = 2 Vc/bC + 2m (rci + rCa) -bC [em™] (67
_ 2
Octot. =1 D¢ + 0¢ [cm“] (68)
The total field volume
Vo = 19.739 «R-r1..° [cm ] (69)
F : ci
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the total field energy

_ - 1072.p 2.
Ep = 3.98-10 B "+ Vg [J] (70)

and the field energy density
3
[J/cm”] (71)

are, furthermore, significant quantities for comparing

different systems.
With the mean coil radius

Lo, = Do ™ sd ¢ bC [cm] (72)
it is possible to evaluate a quantity which, according to
SCHMITTER [7], is a measure of the superconducting material
inventory.

M. = 15.7 - 10° - R » B % (1 + ¢ 14 ke 1 (73

s . Tem * Po AC-1) emi (73)

The specific costs of superconductors as specified in the
input list enables the program to calculate the magnet's

contribution to the installation costs:

spec = (! -MS/PN [DM/W] (74)

In order to determine the topological feasibility of the

reactor evaluated by this program, the innermost circumference
of the torus

Ue, = 2n (R - rCa) [cm] (75)
is compared with the total axial extension of the coil

b =

Ctot - B¢ Pg [cm] (76)
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The ratio of these two quantities

L betot/Vca [ 71 (77)

is called the "cover factor'". Topological feasibility is
assured if this factor is

—
N
—

A further geometrical restriction at least for Tokamak
reactors using an iron core is determined by the free
space available around the major torus axis. From the
inner torus radius

Ry = B> nm [cml (78)

this free space is calculated:

A; =t R [em?] (79)

Also the outer torus radius

Ri: & B b [cml (80)

is evaluated to get information about the absolute size of
the reactor.

After calculation of the reactor's overall power density
Qor = Px/ OV * Vepor) [W/cm’] (81)

as the last parameter of the magnet the average mechanical

stress in the toroidal magnet coils is determined according

to KNOBLOCH [8]:

- 2 R -
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3.6 The subroutine SHIELD

In a similar way to BLANK the subroutine SHIELD calculates
the

total volume \'s [cm3]

(83)

wn

total weight W [gl (84)

92}

of the magnet shield. In the current version of the program
this subroutine is restricted to a narrow range of
variations in the material composition. In the course of
the calculation distinct figures for the

weight of lead pr [gl (85)
weight of water W [g] (86)
H,0
weight of graphite Wo., [g] (87)
weight of structure wstr [gl (88)

are extracted. The total shield weight is finally added to
the total blanket weight to obtain approximately the whole
reactor weight except that of the magnet coils.

W = Wy + Wg [g] (89)

3.7 The subroutine TOKAM

A special subroutine has been added to the program system

for evaluating some characteristic quantities of Tokamak
fusion reactors. For investigating reactors of the
Stellarator type this subroutine is skipped. Most of the
following quantities are evaluated using equations formulated
by KNOBLOCH [8].

The plasma current

I = 5000 -

p [A] (90)
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and the plasma inductance

L. = 1.257+ 108

& "R (0.25 + log Ap) [@s] (91)

are needed to determine the magnetic energy of the poloidal
field:

2

Eop = 057 Lp~ I, [J] (92)
The poloidal field strength
BPol = Bo/q' Ap [kG] (93)

is used to calculate the poloidal B:

- en~14 . 2 _
Bpol = 8.05 10 ny Ti/Bpol L=l (94)

and the ratio of the poloidal and axial B:

B Bpol/ﬁ [-] (95)

pol/ﬁax
The value of Bpol gained by this formula is consistent with
the assumption

Bpol - \/A—IP
which is implicitely used in eq. (2).

The plasma conductivity

X = f -1

. A -1
P A xSpitzer (Ti’ni) L cm (36)

is calculated from the theoretical conductivity defined by
SPITZER [9] and a factor f, permitting the investigation
of deviations from ideal plasma behaviour. The theoretical

conductivity is supplied by the subprogram SPITZ.




With the plasma conductivity it is possible to calculate the

plasma resistance
Rp = 2°Ap / (rp° 2p) [al (97)

and together with the inductance the electromagnetic time
constant

'l'e = LP / RP [s] ' (98)
This quantity, in turn, permits the evaluation of the flat-top
energy

p [J] (99)
a quantity most valuable for overall energetic considerations.

This formula results from economical considerations [8].

Finally, the necessary iron core cross-section and radius are
determined by making use of the assumption that the flux swing
in the core can be made AB = 50 kG. With this value the
cross-section and the radius can be calculated by using the
equations

L}

2000 * L, * I, [cm?] (100)

Acore P P

- 0.654 Acore [cm] (101)
The comparison of these values with those of Ai in eq. (79) and
R. in eq. (78) respectively again determines the geometrical

i
feasibility in the case of Tokamak reactors.

3.8 Further subroutines

As indicated in the preceding sections the program system
makes use of three further subprograms within its calculation
part.




The first one is the function subprogram SV, which calculates
the reactivity of a D-T plasma <6V> as a function of the ion

temperature.

The second subprogram is the subroutine PROP. Depending on
the material number code and the operation temperature, it
supplies the density, the specific heat, the thermal con-
ductivity, the heat of fusion and evaporation, the melting
point and the vaporization temperature. In the current version
this subroutine is not very accurate because for most of the
materials a temperature dependence has not been introduced.
For the present purpose of this program system, however, such
a refinement is not necessary. At present time data are
available for the following materials: vanadium, niobium,
molybdenum, lithium, graphite, lead, water, and iron. A
refinement of this data library and an extension to other
materials is suggested, however, with regard to a number of

other applications of this program.

The third subprogram used in the calculation part is the
function program SPITZ, which calculates the ideal plasma
conductivity as a function of the ion temperature and density
according to the equation presented by SPITZER [9] for the
specific resistivity

i - . 3 . 1]‘1‘1
‘\P = 6.53 10 m [Qcm]
with
Y4 2 1/2 E \1/2
A= 3. 1 .,'(ku} 4.2 510
Z 7.7 . e3 L0 8 ) \ T )

When applied to the problem of a D-T plasma, these formulae
result in the expression

T_1.5
1

e - - (102)
6.53.. 10° 1n (6.2 « 1017 « T,/ /)




4.

Program structure and organization

4.1

Program structure requirements

Whereas the preceding section was devoted to explaining the

calculation part of the program system, this section deals

with the program structure and the organization of the input

and output operations.

Since the number of input quantities is relatively large

and it is desired to vary all of them arbitrarily,a special

program structure was applied. This structure should meet

the

1)

2)

3)

4)

5)

6)

4.2

following requirements:

It should allow simple input in general and simple
variation of special input parameters.

It should permit the possibility of either obtaining
comprehensive output of all quantities evaluated or
selecting special quantities for output.

It should allow ready graphical display of selected
output quantities.

It should avoid large storage requirements for both

input parameters and calculated quantities.

It should afford maximum clearness in the formulation
of statements, thus preserving the possibility of
easily extending the calculation part whenever
necessary.

It should permit easy and reliable handling of the
entire program system.

Input and output routines

To meet these requirements a strict separation between the

calculation part and the control part was introduced. As

in the case of the calculation part, the control part of

the

program is also subdivided into a number of subroutines:




INPUT accomplishes the input operations for all
quantities needed for both the calculation and
control operations. It is only used, however, at
the start of the program and therefore the quanti-
ties specified here are only related to the initial
reactor model to be evaluated.

CHANGE, in constrast, is used to change any of the
input parameters for a subsequent run. If there are
no more requests for subsequent alterations or if
the total output storage is filled up the program
control is switched to the subroutine OUTPUT.

OUTPUT performs the output operations specified by
the initial input. There is the possibility of
choosing between getting the entire information (in
the current version a total of 120 different
quantities) or only a selected part of it. If there
is a request for graphical display, this routine
keeps all information in a special array until, at
the end of the program run, it is required by the
subroutine GRAPH.

GRAPH accomplishes the graphical display. The program
is able to provide up to 10 diagrams, each showing
the dependence of one single output quantity on the
same input parameter. If a graphical display is
wanted by the user, some special input restrictions
have, however, to be observed:

1) There is allowance for changing only one of the
input quantities up to a total of 10 times.

2) It is permissible to change afterwards a second
input quantity. This must be followed by a
variation of the first input quantity according

to the first remark.
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3) This procedure may be performed up to 10 times.
Before changing the second input quantity,
however, an empty input has to be provided.

This procedure results in the graphical display
showing the dependence of the desired output quantity
on the first varying input quantity with the second
varying input quantity as a parameter. The input
restrictions specified above are not valid if no

graphical display is requested.

4.3 Special routines for graphical display

Since the output quantities to be shown in the form of
diagrams, in general, vary widely in their orders of
magnitude, special means had to be provided for convenient
performance of the plot output. Therefore, for this
purpose a plot subroutine developed by the author just for
this kind of application is used.

UNIPLT is a universal plot program performing an optimum
plot output with a minimum of programming effort. It is
adapted to the special features of the IBM 360/91
operating system and the facilities available at the
computer of IPP. It makes use of the basic plotting
routines implemented in this machine, but offers at the
same time a great deal of comfort to the user. The most
remarkable features of this subroutine are:

1) It is possible to show up to 10 curves on a
single sheet.

2) The program automatically chooses an optimum
scale on both abscissa and ordinate.

3) Both axes are provided with a scale subdivision
which can be optionally extended to an entire

grid.




4) The scale marks of both axes are labeled with the

actual figures of the data plotted on each sheet.

5) To distinguish the single lines of one sheet,

they are automatically marked by figures.

6) Provision is made for an additional text at the
bottom of each sheet which can be specified by
the user.

7) An option is introduced for the choice of the !
order of interpolation. Automatic interpolation
is performed if there are only few data
available.

This plot routine, which has been tested in a number of
other applications, needs three further subroutines named
CHARAC, SORT, and INPOL. A detailed description of all of
these four subroutines is, however, beyond the scope of
this report.

4.4 Program connections

Figure 1 presents a simple flow diagram of the progran
system showing once more the connections hetween the
single subroutines. All these subprograms are incorporated

in a short main program.

The program starts by reading the input information by
means of the subroutine INPUT. Then the calculation part
is entered using successively the routines MAKEUP, PLASMA,
WALL, BLANK, MAGNET, and SHIELD and the routines SV and
PROP called by them. If Tokamak type reactors are to be
handled, the calculation part is extended to the sub-

routine TOKAM, otherwise it is skipped. Now control is
transferred to the subroutine CHANGE, which at first saves
all data evaluated before requesting an alteration. If a
change in any one of the input parameters is wanted, it

reads the new figure from the input unit and replaces the

old by the new information. Program control is then trans-




ferred back to the beginning of the calculation part. If
there are no more requests or if the output storage is
filled up, control is transferred to the subroutine OUTPUT,
which prints all information required. If there are more
outstanding requests, control is again transferred to the
beginning of the calculation part, changing that information
meanwhile kept by CHANGE. If all calculations have been done
and graphical display was requested, control is finally
transferred to the subroutine GRAPH.

To perform this operating sequence in an easy way without
losing clarity in the statement formulation, two special
methods of FORTRAN programming have been applied.

All constants and variables involved in the calculation
procedure are transferred from one subprogram to another
by use of COMMON statements. All variables needed for

control operations, however, are transferred by argument
lists. In this way a clear separation of calculation and

control can be guaranteed.

The initial input routine and all calculation routines
call all variables involved in the calculation procedure
by name. This ensures clear formulation of the arithmetic
statements not being subjected to a great amount of
errors. The entire field of variables is referred to by
the subroutine CHANGE by means of a one-dimensional array,
thus permitting a direct change of an input parameter
without calling it by name. The same sequence within the
array is provided for the three-dimensional output array,
which is also transferred by a COMMON statement between
the routines CHANGE, OUTPUT, and GRAPH. To have the names
of the variables available in the output routine, too,
they are stored in the equivalent order in a DATA state-
ment.

Up to now experience with this program system has shown
that this kind of structure is suitable for the purpose
of introducing changes and extensions without too much

programming effort.

-




5. Final remarks and conclusions

The program system SYSTEMS described in this report is a
first step in the direction of developing a computer
program for fusion reactor system studies. In its current
version it has already proved its usefulness on the one
hand and 'its easy practicability on the other hand. The
structure chosen for this program seems to meet the
requirements very well. It is suitable for introducing

program changes and extensions in a rather easy way.

Changes and extensions both for refinement and for the
purpose of getting more information are still necessary
and are to be made in the near future. It is hoped by
the author that the work already done might be a good
starting point for more detailed fusion reactor systems
analyses.
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Appendix 1

Reference 1list of output quantities

The following reference list is a helpful means for identi-
fying all quantities appearing in the output list. The list
contains:

- the identification numbers of all quantities which are
equal to the index in the output array. These numbers
have to be used in the input specification when defining
the variables to be changed in successive runs of the
program. They have also to be used to specify the identi-
fication numbers LP for the plot output resp. LR for
the print output if selective output is wanted (LPRT # 0).

- the meaning of each quantity in the output list.
- the abbreviation of each quantity. These names appear in

the first column of the output list (see app. III) and

are identical with the variable names in the routines

of the calculation part.

- theunits of all quantities valid for both the print and

the plot output.




NR.

1‘
2.
3'
4.
5.
64
7.
R,
9,
10.
11,
12.
12
14,
15,
16,
17.
1q.
19
20.
2.
22.
23,
24,
25,
26,

28,
29,
3Q.
31‘
32,
33.
34,
35,
3R,
37.
3R,
39,
40,
41,
42,
43,
uy,
45,
L6,
47,
4R,
uq
50C.
51.
52.
53:
54,

x« HODz:

WORK ,REFLIST

QUANTITY

NOMINAL THERMAL POWER .vcseooses
FICTITIOUS WALL LOADING:sescesss
PLASMA ASPECT RATIO.eesoccancose
PLASMA/WALL RADIMS. . ceesesnneses
TON TEMPERATIRE.  veeessessecnoes
PLASMA /MAGNETIC FIELD PRESSNRE,.
DEVIATION FROM CPITICAL BETA,...
LITHIOM=6 BREETTNG GAIN:sessoses
LITHITMM=T BREEDIVG GAIN..:eevsss
TOTAL RREEDTING GAIN, .. eeensvosnns
SAFETY MARGIN.vcessssososssanssns
CRITICAT, BETA .. vcesccsssssscncsns
TOTAL FNSTON POWERwssecesossossecns
FIRST WALL SYRFACE AREA.,.sessnss
PLASMA RADTINS, ,ivceesecossnsnsnns
MATN TORTS RADTIUS.usssasesnsnsss
PLASMA VOLUME ... veeeessossnnsascs
PLASMA POWER DPENSITY.eesssesssas
FOSION RFACTION PATZ.cesvoncssens
FNSION REACTION CROSS SECTION...
TON DENSTITY..iveeosnnsssssansnas
BREMSSTRAHLUYNG POWER DENSITY,...
TOTAL RREMSSTRAHLUNG POWEP,..sss
BREMSSTRAHLING WALL LNADING.s.ess
CONFINEMENT PARAMETZPR N&TAT,....
CONFINEMENT TIME.seossonsnsrsenns
FOEL BURNIID, & . iessesssessssssns
MAGNETIC FIELD STRENGTH..s0sesss
TOTAL NUMBER OF TONS.seesesesces
BURNND RATE,..eeesssoccsscssnses
ION INJECTION PATE..scsevsessonas
TON EXTRACTION RATE..ceeecscscosss
PLASMA FNERGY.eosoesosssossssssses
DIVERTOR POWER..scscvsssesoeessne
CLASSICAL DIFFUSION TIMEseevases
BOHM DIFFISTION TIME.wsvecsssssos
CONFINEM-¥T/CTRSSICAL DIFF,TIME,
CONFTNFMTNT/ROHM NTPF, TIMZ, s s ass
TOTAL/DRIMARY NEUTRON FLIY,,,....
FIRST WALL THICKNESS.:sssess0ses
FIRST WALL MATERIAL NUMBER.,.....
FIRST WALL TEMPRERATIURE. .eccssess
FIRST WALL INNFR RADTIUS,:sssssses
FIRST WALT OUTFR RADTIUS.sueeeses
PIRST WALL VOLMME, .csevessaossnes
FIRST WALL YEIGHT.susesescessoonss
PRIMARY NEUTRON FLUY .. ..eeeesoss
TOTAL WALL NEUTRON FLTXeeeeeenss
ONE VYEAR WALL NETUTRON DPOSE.evess
NEUTRON ENERARY WALL LOADING.....
FIRST ¥WALL DPLASMA ENERGY TOAT...
ATIABATIC WALL TEMPERATURE RISE,
YALL WEIGHT LOSS BY EVAPSRATION,
WALL VOLIYME LOSS BY EVAPCRATION.

ABRR,

DNOM
PWF
ASPP
Ypw
TT
BETA
DBCR
BT6
BT?Y
BT

BECR
DFIy
W
RP

R

vp
QP
RR
SIGY
XNI
0R
DRF
DUBR
YNT
TAY
FR
30
7TON
ZARR
ZIN
TEY
ENDL
DIV
TCL
TRO
ALCL
ALBO
FXM
SW
XMAT
T™VHW
PW1
RW2
v
Wv
FY1U
FXTO
DOSF
DHNE
EWPL
DTATD
YEVA
VEVA

LAST MODIFIED 4.11.74

DIMENSION IN
PRINT

L
W/CH2

cM3

CM=2%5-1
CM=2%S5=-1
CM=2
W/CMH2
J/CM2

[

G

c"3

onuTPOT
rLoT

MW
W/CH2

LA

M2

(o]

CHM

M3

W/CM3

P 12%C¥-3x5-1
T-16%CM3/S
F 14x"M=3
W/Cc43

My

w/CM2

E 14xS/C™3

wn

¥GATISS
22%-
22%S5-1
F 22%5=1
F 22%S-=-1
®J

MW

ot

CM

CM

M3

T

E TUxC¥=-2%S5=-1
F 1UxCM=2%S=1
E 22«CM=2
W/CHM2

J/CH2

C

KG

M3

10

20

30

uc

50

50

70

0

90
100
110
120
130
149
150
167
179
120
100
200
219
220
230
240
250
260
279
229
290
309
210
320
330
340
350
360
370
ELL
390
500
410
420
430
uyn
450
450
470
420
490
500
510
520
5130
540
550
SE0
570




*H0D: WOR¥ ,REFLIST LAST MODIFIED 4.11,74 PARE 2

NR, OUANTITY ABBR, DIMENSION IN NUTPNT 580
. PRINT PLOT 599
500 %
55, LOSS IN WALL THICENESS.seeesesss DSW cM o) 10
56. COOLANT TEMPEPATURE PISE.eeesses DTCO o C A20
57, THEPM,WALL LOADING/NERUTRAN FLUY, OWM J/CM F=14xJ/CM A30
Bg. ERTELDING VADIUS: cssasmansamuynss RoB CM (ol HE
59, TOTAL RLANKET VOLIMR,....co0s06ss VB cH3 ™3 A50 1
60. TOTAL BLANKET WFIOGPF ™ ..eecescsces WR a )] hRD
61. COOLANT VOLUME...ooecesevesacass VCOO CHM3 M3 ATH
$2. COOLANT WEIGHFTueeeesosevssscsceases WCOO (& T 580
63, PEFLECTOR WFIGHT ..eeesecesssseasss WREF G T 695
AL, BLANKET STRUCTURE WETGHT....os00. WSTP G T 769
65, TOTAL RLANKFET POWER,.eeeeeeesees PBL w My 71C
66, RLANKET POWFR DENSITY.eeceesosess QBL W/CM? 9v/CM3 720
6£7. COOLANT POWFR DENSTITYeeosesseasas 0OCOO W/rM3 W/CM3 720
68, CNOLANT MASS FLOW PATE.vecsessses ~LOW 5/5 T/S 749
69, COOLANT VOLUME FLOW PATE........ VOLF CM3/S M3/S 750
7G. NUCLTAR THERMAL WALL LOACING,... PUNT W/CM2 /M2 760
71, REAL THERMAL WALL LOADING....... PWTH W/CHM2 W/CM2 779
797, TOTAL BLANKET THICKNESS,seesceses SB cM c™ TR0
73, TOTAL SHIFLDING THICKNESS..e.e0... SSH cH c™ 795
T4, COIL CURBTNT DENSTITYeeeovoaososa CNMRE A/CHM2 A/CH2 RGD
75, NTMBER OF COILS..eesoesssceseasss YNC - - 819
76, SUPPRCONDUCTOR SPECIFIC COS™S... COST DM/AxKG%CM  MDM /AxKGxCM 320
Fi: THRBEP EOIE QADIIS; s on s wws siewm s = JED c™M cH 717
T8 COIL: KSPECT. BATT Dy s s siw wpusmews s ADPL = - 347
79, MAYIMNIM FTIELD STRENGTH . ..eseeesees BMAY KSATISS KGATISS 250
R0. TOTAL COIL CROSS SECTTON..eseee. ACTO CH2 M2 RAD
R1, SINGLE COTL CROSS SECTIONseessss AC cM2 M2 75
A0, COIL EDGE LENGTH: s sws ss o snsws w 1D c™ cH RAQ
A3:; DUTER COIL: BADING . s s e wa s HBCK M c™ RQ(
Bli. SINGLE COLL. NOLUME..s:seassuswss VO c%3 3 Ige
A5-. TOPAL. COTL: VOLOME ¢ iws is ansmasmn JOCTO c*3 ™3 910
86+, SINGLE COTL SURFACE AREA..cessss FC cY2 "2 922
27, TOTAL COIL SUFFACE AREA,..eseees FCTO cM2 M2 930
RR, MAGNETTIC FIELD VOLNMME..eeeeseses VP cu3 3 ays
9Q, MAGNETIC FTELT ENERGY ., .vsssessses EF J GJ a5¢
90, FIELD FENERGY DENSITY..essssssssse ENF J/CM3 J/CH3 aRM
91, SUPERCONT™NCT, MATERIAL INVENTORY Y¥YM™S Ax¥GANSSHCM T 12xA%xK53%CH Q73
92, SPRCIRPIC SHPERCONDOCTOR COSTS... COSpP DM /¥ o™ /W SR
93, INNFR TORNMS CTIRCNMMFIRENCE .. e saes ncrT CH cCH™ qan
94, COIL CIPCMMF, RFNONIREMENTS,,.... 8CTO C¥ cH 1000
g5L COIL. COVER FTACTORS : v v ais awn e wp G0V - - 1319
OA, TNNFR TORUS PADIUS . seesessssssos RT CH c* 1320
97, OUTER TORUS BADINS..sessssadssss RO cH ™ 10230
9R8, TNRYUS FREE SPACE APEA...ceoceses AI cM2 "2 1040
9Q, QVERALL POWER NFENSTITY . .eeonsssses NTO W/CH3 W/CM3 1150
100>, MECHANICAL 'COIL STRESS.cseesises STAS N/CH2 N/CH2 1060
101. SHIELDING VOLUME,..ceosecs0e0ss0es VSH c™3 M3 1070
102, SHISLDTNG WEIGH T e e s s eessosscsnas W3H G T 10879
103, LEAD WEIGHT IN SHIELDeusssscases WPB G T 1790
104, WATEP WEIGHT IN SHIZLDuessessseos WH20 G ) 1100
108, SHIFLD STRMCTURE WHETGHTeseess oo WSSH = T 1110
106, GPAPHITE WEIGHT IN SHTELU....... WGRS G ™ 1120
107, TOTAT BLANKRT+SHIFLD WEIGHT..es 9TOT QG T 11130
108, DEVIATION FROM SPTTZER CCNDNCT,, DSPI - - 1140



«WOD: WORK ,REFLTST

NR,

1009,
110,
111,
112,
113,
114,
115,
116,
117,
118,
119,
12C.

QUANTITY

PLASMA CURRENT, i cssesossnnssnns
PLASMA TNDUCTANCE.osesoessannnse
POLOIDAL FIFLD ENERGY,ieeoanecaes
POLOIDAL FTELD STRENGTH. s eesosse
POTLOTNAL BETA, i ieceveeesensonns
POLOINAL/AYXIAL RETA RATIC..vcews
PLASMA CONDUCTIVITYcesscoseosnsas
PLASMA RESISTANCE.eessssevesscos
FLECTROMAGNETIC TIME CCNCSTANT...
POLNIDAL FIELD FLAT TOP ENERGY,.
TRON CORE CROSS SECTINN, sees o
TRON CORFE PADITS, i.enessasanssns

LAST MODIFIED

ARBER,

pLCn
PLIN
ENFPD
RPOL
REPD
POTO
PL.CO
PLRE
TICO
ENFT
ACOR
RCOR

4,11.74

DIMENSION IN OUTPUT

PRTNT

A

OHM%S

J

K3ATNSS
1/0HM%CM
CHM

S

J

CM?2

CM

PLOT

M}
F=AxNHM xS
MJ

K3A15S

-

E Ax1/0HM%CH
E=Q%0HM

F 3%S

“J

M2

(k|

1159
1160
1179
11890
1190
1230
1210
1220
123C
1240
1250
1240
1270
1280
1290




Appendix II -3

Sample input

The following list presents an example of the input speci-

fication. It can be divided into five parts:

T ————

I) 1lines 50 to 150: Control part
line 50: total output requested
60: 7 plots requested
70; options for plot routine
80: specification of quantities to be
plotted
90 -150: text specifications for the 7

plot output sheets

II) lines 160 to 290: Specification of the initial
reactor model

III)lines 300 to 500: Specification of the blanket region
IV) lines 510 to 580: Specification of the shield region
V) 1lines 590 to 780: Specification of variables to be

changed in successive runs
Note: line 680 represents the

"empty input' (see section 4.2)

The contents of the first 12 positions in each input card is
optional and may even be filled up with blanks. It is ignored
by the program. The reason for this arrangement of the input
data has only to be seen in the special features of the
AMOS-system implemented in the IBM 360/90 computer of the
IPP. If these positions are used for defining the name of the
quantity as is the case in the sample input, modifications

of the input 1list can be done in an easy way.



#WOD:WORK.CTRD

/*CONTROL STEP

=lg REST=Y

LAST

/7 EXEC FJOG,LIB=WID, JAME=SYSTEMS

J/G.PLOTP DD D
//G.SYSIN DD *
LPRT eeceee=
LPLTesssee=
NETZ, INTER=
LPsscseses™=
NTEXT(L).e=80
NTEXT(2)..=84
NTEXT{3)..=RP
NTEXT{4)..=PR
NTEXT{5)..=VP
NTEXT(6)..=4B
NTEXT(T)..=C0
MTYPLaososs
PNCHessoee
PAFescenes
ASPP ssssss
YPWesososos
Tl aceosans
JB3CReevsene
DTCOesesense
SS5Heovssoes
CURKsossoss
XNCeooosnsos
COSTeeaase
Qeesssssse
DSPlesccss
BTOeacescse
BYTeoasese
FXMeaaowose
AHMecososa
TMWsaeosss
XZilLeososse
SBLy XM (1),
XMT’CJdToo
SHL,XM(2).
XMT,CONT e e
SBLe XM(3),
XMT,CdidT o w
SBLyXM{4).
XMTyCUNT . »
SBLy XH{5) &
XMTyCONT .
SuLsXM(61).
XMT,CUHT.-
XZSHaoeese
ZSHeXS(1).
XMSi,CONS .
LSHyXS{2)s
AXMSi{CUNS.
L3HyXS(3).

o

[T TR [ TN T T L VA O T T T T (Y T T [ (O ¥ | S VT I A A (N | I 1 [

UMMy

0

T

0 4
29 79 15

16

17 60

22

VS. PWF FOR ASPP=3,.0 AND
AX VS. PWF FOR ASPP=3.0 AND 3.5
VSe PWF FOR ASPP=3.0 AND 3.5

VS. PWF FOR ASPP=3.0 AND 3.5
VS. PWF FOR ASPP=3.0 AND 3.5
VS. PWF TOR ASPP=3.C AND 3.5

SP VS. PWF FOP. ASPP=3.0 AND 3.5

-
[

5. 070J0E 99
l.0000E 92
3,00000 OO0
Ne9)0IE 00
1.5200E 01
1.0000C 00
L.6730E 02
5.0000C 01
2.20000F 03
3.0000E 01
2.5000E-D6
2.0009E 90
1.N000F 00
N.920J0F 30
D.4300E 20
8.3333E 20
1.2432E- 14
6.0000E Q2
6.0000C CO
0.92200E 20
441000E 03
3.00Q020E OO0
3.N0N0OE 02
4,1000E O3
0. 5000F. 00
4, 100CE 03
6.0000E C1
3.0009E J2
4,1000E 03
3.00700F 01
6.0000E 02
6,.,0000E 00
3.00008 92
441000 Q3
3.0009%E N0
J.55J0E DU
2.6000E 03
1. 1009 02
N.3500E 00
1.1909C 922
J.1)00F Q0

1.0300E
1.0999E
2.0090E
0.940CE
N.1600E
1.0290E
1.0000E
2.0000E
Ne V4Q0E
0.0600E
1.0000E
1.0990E
2.000E
0.9400E
D.060CE

2. J000E
0.8900C
N0.200CE
loOQOOE
1.0090E
1.0)00E

a0
30
00
70
00
00
00
00
00
790
00
20
0n
00
00

00
on
00
00
00
90

MODIFIED 1llell.74

3.5

({TOK
( TOK
{ TOK
{TOK
[ TOK
( TOK
{TOK

5000)
5000)
50200)
5000)
5000)
5000)
50C0)

PAGE 1

1390
200
300
400
500
£H:)1)
700
300
900
1009
1120
1209
1300
1409
1500
1209
17C0
1800
1909
2200
2100
2270
2302
24090
2530
2600
2739
2800
29930
3090
3102
3200
3300
3400
3522
3600
3700
34890
3902
4090
41900
4200
43090
4400
4500
4690
47290
4800
4900
5009
5100
5200
5300
Hh40))
5509
5609
5700




T

*WGD:WORK.CTRD LAST MODIFIED 1l.1ll.74 PAGE 2
XMSH,CONS .= B.2000E 03 1.0000E 00 5300
PHFeeeesee= 2  1.2500F 02 5900
PHFesosaess= 2 1.50020E 02 6000
PilFecesocse= 2 1.7500C 02 6100
PUFeseases= 2 2.0000C 02 623
PAFessososs= 2 2.2500E C2 639
PAFoecososes= 2 2.5000F 02 H4U7)
DHF000000¢= 2 2-?500E 02 (JS")O
PAFesssses= 2 3.C000E 02 660)
PAFeocessee= 2 3.2500E Q2 6T7))
NEW LINE«s= 0 0.C0920LC €O 6300
ASPP esssese= 3 3.5000L 00 (900
PAFeeeease= 2 3. 0000E Q2 7C0)
PAFceesanse= 2 2.7500E 02 T100
PHFeoeeesse= 2 2.5000C 02 729 b
PAFesesssss= 2 22500E C2 7300
] 2 2.0000E 02 7409
PWFeossssss= 2 1. 7500 02 751
PAF ecessae= 2 1. 5000E 02 7609
] T L 2 1.2590E 02 7799
PWFesooesse= 2 1.0000E 02 7829




Appendix III

Sample output

The following pages contain an output example produced by
the sample input specified in appendix II. Both the print
and the plot output are, in connection with the reference
list (see appendix I), self-explaining.




20
[44
%1 31021°8
€1 ITH9L®6

ER:L L) s
3L096°2

LG 39186°9
90
20
20
20
€0

IBLE9"L
IT408° €
ERY-1-743
30000°9
30001 °%

10-30000°S
00 Jegee*8
20 3eHLs*1
S0-3€TLZ"T
20-36€ET1E"1

S0 36929°1
80 32688°L
60 36269°1
€7 38€60°1
€Z 38801°1

12 32866°2
€2 38C6C°C
10 3esE6"Y
20-30%0L°2
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