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FOREWORD

This Technical Report was prepared by the Power Systems Branch of
the Aerospace Power Division (AFAPL/POP-2), U. S. Air Force Aero Propulsion
Laboratory. The work described was performed under Project 3145, Task 32,
. Work Unit 21 (Studies Concerning Advanced Power Systems) by Capts Hugh L.
Southall and Frederick C. Brockhurst, Project Engineers. This work took
f place over the period from 1 Feb 1978 through 31 March 1979.
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SECTION I

INTRODUCTION
1.1 BACKGROUND

Prediction of weights, volumes, and efficiencies for components in
power supplies for high-power (multi-megawatt) applications is an
important first step in determining feasibility for use aboard aircraft
with strict size and weight constraints. Such a power supply system
is illustrated in Figure 1.

In 1975 and 1976, the U.S. Air Force Aero Propulsion Laboratory
(AFAPL) sponsored several contractual programs under the name of the
“High-Power Study" which resulted in computer programs predicting size,
weight, and performance for every component of a power supply system
like the one shown in Figure 1. Programs were developed for turbines
(References 1, 2), electrical generators (including both conventional,
iron-core, round rotor (Reference 2), and superconducting (References 2, 3)
and power conditioning components (Reference 4). Some of these programs
were detailed design programs, while others used curve fits to detailed
point designs within the scope of the study and were therefore not useful

for power or voltage requirements outside the valid parameter space of
the study.

TURBINE FUEL

SUPPLY
H1GH-POWER,
(;:J GAS GENERATOR g g
LOAD
GEAR | POWER
ARl GENERATOR || TRANSFORMER || POMER
POWER AUXILIARY  EXCITER AUXILIARY
POWER POWER POWER

Figure 1. Generalized High-Power Airborne System
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Since these studies were completed, the AFAPL has beqgun two develop-
ment programs in advanced technology, second generation airborne electrical
generators which are much different from the machines considered in the
High-Power Study. One program is for the development of a prototype 5 MW
permanent magnet generator (PMG) which would use high-energy-density
samarium cobalt magnets for the field (Reference 5). The other program

is a 20 MW superconducting generator using superconducting wire for the
field coils and a conductive environmental shield (References 6, 7, 8).
Algorithms developed in this report are specifically related to these two
classes of electrical generators.

1.2 PURPOSE OF REPORT

This report presents simplified weight and volume algorithms for the
two classes of advanced electrical generators discussed above and indicates
how system weight is affected by the type of generator selected. The
algorithms are simplified in the sense that they are not detailed design
programs which consider every electrical, thermal, and mechanical aspect
of electromechanical machine design. They are simplified, “approximate
design," programs which use fundamental sizing relationships of electro-
mechanical machine design coupled with current technology limits of the
design parameters pertinent to advanced permanent magnet and super-
conducting generators. Estimates of weights and volumes predicted by the
simplified algorithms are shown to be within 10% of current design
estimates of generator weights and volumes. Of great importance is the
fact that the algorithms can be used for any values of power, voltage,
rotational speed, etc., which makes the algorithms very flexible.

In addition, this report describes the important considerations of

system efficiency, component efficiency, and the propagation of efficiencies
in a power supply system. i

Finally, generator and power supply component algorithms are
exercised to illustrate how the results are used in power supply system
design. This study compares weights and volumes of the two types of
generators at output power levels of approximately 10 and 20 megawatts.

In addition, overall system weight is calculated for seven different point
designs.

e e
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1.3 FUTURE WEIGHT AND VOLUME COMPUTER PROGRAMS

The ultimate goal is to have algorithms which give accurate weight
and volume estimates for every component of the system shown in Figure 1
for a self-consistent total system size and weight. Indeed, as dis-
cussed in Section V, this is mandatory for a valid comparison of alter-
native power sources. Self-consistency means that all interface parameters
between components must be taken into account. For example, the generator
output voltage and frequency influence the size of the power conditioning
subsystem. Although this can be done manually, as in Section V, an
interactive, computer-aided power system design program has been developed
under contract for this purpose (Reference 9). This program allows the
interactive execution of all the computer programs developed under the
High-Power Study to arrive at a total system weight and volume. Also,
the program can be modified to accept new programs for advanced components,
such as the permanent magnet generator, or to accept improved, revised,
or new algorithms for other components.




AFAPL-TR-79-2073

SECTION II
POWER SUPPLY EFFICIENCY CONSIDERATIONS

Because of the influence on required prime mover and electrical
power, it is important to analytically determine the effects of com-
ponent efficiencies on the power supply system. Figure 2 illustrates

a power supply system which supplies primary loads PLl and P 2 and

auxiliary electrical power PAUX' It should be noted that th; generator
exciter power (Figure 1) is assumed to be zero, which is valid for
permanent magnet and very nearly correct for superconducting generators.
The two primary loads are, in general, rated at different power and
voltage levels. If the number two transformer were used to supply power
to the number two primary load, the system would appear as in Figure 3.
Component efficiencies are indicated above the block representing each

component.

Efficiency is defined as

e Pout/Pin’ (1)

where POu is the power out of a component and pin is the power into a

t
component. Heat generated within each component is given by

= _ (d-n
Pross = Pin~Pout = n Pout' (watts) (2)

From the definition of efficiency and the specification of the required
output powers, PL] and PLZ’ the auxiliary electrical power requirement,

PAUX’ and the auxiliary mechanical power requirement, PMECHAUX, the power
requirement at any intermediate stage within the system can be determined

if all the component efficiencies are known. For example, P], the input
to the number one power conditioner can be found by dividing PL] by s -

Py = PLy/m (3)

B e
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Powers at intermediate stages upstream can be calculated in a similar
manner. Since the required output power of the generator, PG’ is of
primary interest in this report, expressions for PG are given for the
systems shown in Figures 2 and 3. For the system with transformer T1
supplying both primary loads (Figure 2).

JTef B P
Pt . M2 2

P , (watts) (4)

G

and for the system where transformer T1 supplies one primary load and
transformer T2 supplies the other primary load (Figure 3).
i PLo

p. = + . (watts) (5)
G N2 M2

The mechanical shaft power which must be supplied by the turbine, for the
system of Figure 2, is given by

Ny Py + 1y P P P
Prum = ] A W LI SRR 1) o MECHAUX (o ie) (o)
nGB] e Brpy Ty Ny ”GB1 e T2 ”632

and for the system of Figure 3 by

PLy PL2 PMECH AUX

P = + +
W Rep, TR T g8, N "2 "2 NGB

. (watts) (7)
2

Generator efficiency, ure is calculated as part of the generator
algorithms, PTURB is used in estimating the amount of prime mover fuel
required, since fuel consumption is directly proportional to shaft power.
Fuel weight is a major part of the overall system weight.

L emrE
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SECTION III
PERMANENT MAGNET HIGH-POWER GENERATORS

3.1 BACKGROUND

This analysis provides weight and volume estimates for iron-core
alternators with permanent magnet field poles. The term "iron-core" is
used to distinguish this class of machines, which relies upon a relatively
small air gap and a high permeability iron path for the circulation of
magnetic flux from rotor to stator, from machines which utilize relatively
large air gaps (air-core machines). The field structure in the latter
case must provide tremendous magnetomotive forces (mmf) to establish the
required magnetic flux densities in the stator. Large air gap machines
generally have superconducting field windings and are described in
Section IV.

3.2 WEIGHT AND VOLUME EQUATIONS

The primary components of the alternator are indicated in Figure 4.
They include the yoke (or back-iron), the teeth, the copper conductors
and insulation in the stator, and the rotor. The total "electromagnetic
weight" is the sum of the weights of these components. Total alternator
weight is estimated by multiplying the electromagnetic weight by 1.20 to
account for endbells, bearings, shafts, and structural material.

Magnetic flux lines

Permanent

magnets Stator conductors

Insulation

Figure 4. Conventional (Iron-Core) Alternator Radial Cross Section

e ——




AFAPL-TR-79-2073

Three fundamental relationships are used in sizing alternators. The |
rotor diameter is determined by the stress-limited tip speed, Vt’ as
follows,

720 Vt
D = TRAM (inches) (8)

Machine length can then be found from the generated phase voltage expres-
sion (Appendix A),

Vo = 7-4018 10710  ReM x K, X NxDxLxB, (volts rms) (9)

where Kw is the winding factor, N is the number of series-connected turns
per phase, N = (p/PPATH)nSCS/Z, with p = number of poles, PPATH = number
of parallel paths per phase, .= number of slots per pole per phase,

CS = number of conductors per slot, L is the stack length in inches, and
B is the peak value of the fundamental sine wave component of flux density
in the air gap in lines per square inch. The phase voltage calculated
from Equation 9 is the open circuit phase voltage. Machine reactance
will reduce the terminal phase voltage under load; however, since machine
reactances are not calculated in the algorithms, this voltage regulation
effect has not been included. The effect of machine reactance for
sinusoidal, steady-state operation is to reduce the phase voltage at the
terminals to a value given by

-b + /52 - axZ p2/(9PF2)

Yoh (LoaD) = > s (volts rms) (10)

where b = [(2X_ P /1_pg2 )/(3PF)] - Vgh, X, is the synchronous

reactance in ohms, PF is the power factor of the load, P is the output
power in watts, and Vph is given in Equation 9. For any power output
greater than zero, the terminal phase voltage under load, Vph(LOAD)’

will be less than the open circuit voltage vph' Thus, machines designed

to use the algorithms presented in this report will supply the rated

power; however, the rated voltage is somewhat high and the rated current

is somewhat low, due to the fact that voltage regulation has been neglected.

A S QMg e
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For a given power output, power factor, number of phases, and phase
voltage rating, the current per phase in the stator is given by
Iph = P/PFn¢ Vph) (amps rms) (T
A generator design is obtained by iterating three different,
independent design variables. These are: ng (also equal to the number

of single coils in a pole phase group as indicated in Figure 5); C_ (which

is always an even number for a double layer winding); and PPATH. )
The number of slots per pole per phase, ng» is varied from 2 to 6
with ng greater than or equal to 3 for permanent magnet machines to
reduce pulsation losses. CS is varied from 2 to 20 in increments of
two. PPATH is varied from 1 to nePs where ngp is the number of coils per
phase; however, only those values which divide evenly into n.p are
considered. For example, if ngp = 8, only the values 1, 2, 4, and 8 are
used for PPATH. A double layer stator winding design is used for all
iron-core alternators, as illustrated in Figure 5. CS/Z conductors lie
in an upper bar and CS/2 in a Tower bar within a slot.

[]= Phase A coil side Note: fig = 2 (two slots, or coils, per

B = Phase B coil side pole per phase)
8. Phase C coil side

Wﬂ g0 mege C0OeRBE 0ORRBA
goaegzga 00 amge oOoemga
, : C R
|
N 5 N S : N
|
1 | -
0° 180° 360°

electrical degrees

Figure 5. Stator Coil Arrangement for a Double Layer Winding
With Full Pitch Coils

10
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Required input parameters are listed in Table 1. Parameters listed
in the first group are independent input variables which are specified to
obtain a machine of the desired rating. The second group of input para- {
meters are set by the present technology of high speed, high-power-
density rotating machinery. For example, the stator bar current density
is limited by the cooling capability of the stator. Given these inputs,
the three independent design variables are varied to find a minimum

weight machine. Several intermediate parameters of interest are:

(a) total number of active conductors in the stator

Z=n_n

s Mo P CS =2 x PPATH x n, x N (12)

¢

(b) total number of slots

SLOTS = ng ny P (13)

(c) current per conductor
IC = Iph/PPATH (amps rms) (18)

(d) specific electric loading (ampere conductors per inch of stator
periphery)

g = Eig " g Cs P " P % RPM (15)
L 1D PPATH PFxV 720 V
ph it
(e) slot width (Figure 3)
s = 1D (a-1)/(ansn¢p), (inches) (16)

where o is the ratio of the magnetic flux density in the tooth to that
in the air gap. From Figure 6(a), it can be seen that the tooth width
is given by s/(a-1) when the assumption is made that the slot and tooth
have straight sides.
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TABLE 1

REQUIRED INPUT PARAMETERS FOR IRON-CORE ALTERNATOR DESIGNS

PAREMETER SYMBOL UNITS NOMINAL VALUE
Rotor Speed RPM rev./min 18,000
Power Rating P watts x
Voltage Rating (phase) Vph volts (rms) 588
Number of Phases n¢ - 3
Number of Poles p - 14
Power Factor PF - *
Rotor Tip Speed Vt ft/sec 600
Stator Bar Current Density qu amp/in2 20,000
Peak Gap Flux Density B 11'nes/1‘n2 50,000
Insulation Rating VPMIL volts/mil 80
: & F 2
Flux Density in the Yoke Byoke lines/in 120,000
Stator Bar Packing Factor F - 0.80
Tooth Flux Density/B o - 2.5
*Depends upon the load.
(f) slot depth (see Figure 6(a))
Cs Ic
d = (5-25) F x T + 0.01 (CS - 2) + 568, (inches)

where qu is the current density in the copper of the stator, ¢ is
the ground wall insulation, § = V2 (Vph/VPMIL) x 1000, and F is the

stator conductor packing factor. If the cross-sectional area of a

(17)

conductor were Ab’ then the copper area is given by FAb and the space

reserved for cooling passages is given by (1-F)Ab.

12
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t = s/(a-1)

Figure 6(a). Slot Detail with Iron Teeth

L

4
<T
s

Figure 6(b). Stator Coil Geometry

14 |
. %
1/2 2
>/ W =/—92= [1-cos 2—:—]
X % = w/(2 sin x) §
o

e = w/(2 tan x)

j Figure 6. Stator Winding Details for Iron-Core Alte:rnators
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(g) yoke depth (thickness of back-iron)

= (D/p) (B/B ), (inches) (18)

dyoke yoke

where Byoke is the allowable flux density in the back-iron.

(h) end turn length per slot (see Figure 4)

D oy 4 V/2
L' =20 = —— x [1 - cos =— ] , (inches) (19)
vV 2 siny P

where the end turn extension angle, yx, is defined in Figure 6(b).

(i) stack length (straight length of the stator coils)

-10

L = Vph/[7.4018 x 10 X RPM x Kw X (nSCS/p) x (p/PPATH) x D x B «x

C -0.06546
(Ei) (inches) (20)

-0.064%6 ,ccounts for slot leakage as the number

where the factor (CS/2)
of conductors per slot (or alternatively, the slot depth) is increased.
This decreases the effective flux, B, and increases the required machine

length.

(j) frequency
£ = (pr2) (B . (hy) (21)

Once the input parameters of Table 1 have been defined, the three
independent design variables nes CS, and PPATH are varied to yield
alternator designs which consist of components whose weights (in pounds)
are calculated by the following formulas:

(1) yoke (back-iron weight)

NY = Py (nd (D+2d +d 1L, (22)

yoke yoke
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(2) teeth

up = op [ 1091, (23)
(3) stator insulation

NINS = PINs X SLOTS x (sd - CSIC/JCU)(L +2L'), (24)
(4) stator copper

Ncu 2 Py X SLOTS * (CSICIJCU)(L + L"), (25)
(5) rotor

Mg = pg (10%/8) (1 - £9) L, (26)

where the mass densities, PysPTs etc, are in 1bs/cu. in. Appendix B,
and simply multiply the calculated component volumes. Overall machine
weight is given by (wY+wT+NINS+wcu+NR) x 1.20 and the "specific weight"
in pounds per kilowatt can be found by dividing the overall machine
weight by the power rating in kilowatts.

An algorithm for the volume of the generator can be derived once
the machine dimensions have been determined. The envelope volume in
cubic inches can be found by multiplying the overall machine length
by the frame cross-sectional area, or

VOL =7 (L +2e) (D +2d +2d_, +0.5)%/84, (27)

yoke
where e is the distance which the end turns extend beyond the straight
portion of the coil (Figure 6(b)). A value of 0.5 inch is assumed to
account for twice the air gap length plus twice the bore seal thickness.
A bore seal is required on the stator inside diameter of machines which
use fluid-cooled stators in order to exclude coolant from the air gap.

Appendix B includes a 1isting and sample output of a computer
program written to calculate the weight and volume of a PMG. Parametric
results obtained from the program are described in Paragraph 3.4.

15
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In some cases, particularly for short run times, it may be desirable
to design a generator without active cooling. Generators which operate
in this adiabatic mode, where waste heat is absorbed by the heat capacities
of the materials, are called "thermal lag" machines.

Thermal lag designs differ from actively cooled designs due to
a reduction in the allowable stator conductor current density and an
increase in F, the stator bar packing factor. For an operating time
of 4 t_ seconds and an average temperature rise of AT (°F), the current

on
density can be obtained from the following equation:

BN
= h cu . 2
qu = \/[_ngg—ﬁ—— , (amp/in©) (28)

where Ch =~ 315 joules/1b/°F is the heat capacity of copper, O is
0.32 lbs/in?, and p is the electrical resistivity of copper, which can
be calculated from

234.5 + T

i -7
p =6.77 x 10 x[ 264 5

] , (ohm-inches) (29)

where T is in degrees centigrade. The average temperature rise is

assumed to be about 1/4 of the allowable hot spot (or local) temperature
excursion, which may be almost 400°F; therefore AT is assumed to be

100°F. The allowable operating stator conductor current density is

only about 8,500 amp/in2 for a 120 second run time. Another design
consideration for thermal lag generators involves F. For actively cooled
designs, about 20% of the conductor bar cross section is required for
cooling passages, while 0% is required for thermal lag designs. Therefore,
F = 0.8 for an actively cooled generator, while F = 1.0 for a thermal :
machine.

16
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3.3 GENERATOR EFFICIENCY CALCULATION

An estimate of generator efficiency is obtained by calculating the

losses due to ohmic heating in the stator conductors and eddy current

and hysteresis losses in the iron stator yoke and teeth. This approxi-
mation should be accurate to within 10%, since the rotor losses,
including induced surface current losses, bearing and windage losses,
are much less than the stator losses due to the large operating current
densities in the stator bars, high operating frequency and relatively
high magnetic flux densities in the iron.

Ohmic heating in the stator windings can be calculated from

J2 pV

Pohmic = Yeu

i (watts) (30)
where qu is the copper current density in amp/inz, p is the electrical
resistivity of copper defined in Equation 29 and ch = wcu/pcu is the
volume of stator copper in cubic inches.

Iron losses consist of hysteresis losses and eddy current losses
given by

b 1.6

7.} % 10

O
]

fB (watts/1b) (31)

and

T f2 82 (watts/1b) (32)

©
n

4,3 % 10

where f is the operating frequency and B is the peak magnetic flux
density. Actual loss in the yoke or teeth can be calculated by multiplying
the loss per pound by the weight of the yoke or teeth in pounds.

Generator efficiency is given by

p
out
As * > (33)
G Pout i ploss

where P is the generator output power in watts and P]oss is the

out
sum of the ohmic losses and the iron Tlosses.

1 1
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3.4 COMPUTER PROGRAM PARAMETRIC RESULTS

To determine the accuracy of the computer program which utilizes
the equations developed in Paragraph 3.2, the results obtained from the
computer program are compared in Table 2 with an actual high power PMG
design performed by AiResearch Manufacturing Company of California. The
calculated specific weight of 0.104 1b/KW agrees with the design value,
and the calculated volume is very close to the design value. Of course,
all of the independent .ariable values and design parameters were chosen
to be the same for both the computer program and the AiResearch design.
This design can be considered as a "base-line case" with the parametric
results described below obtained by varying the independent variables P
(power), Vph (phase voltage), or RPM (rotational speed) one at a time
while keeping the other variables equal to their base value. In addition,
parameters which depend upon the state-of-the-art, including qu (stator

conductar current density) and Vt (rotor tip speed), are varied, in turn,
from their base values while keeping the other variables at their base

value.

Before describing the parametric results obtained from the computer
program it is necessary to show that a fair comparison of generator
weights and volumes for different values of the independent variables
can be made only if the different designs have the same value of specific
electric loading, in ampere-conductors per inch of stator periphery,
given by

R s P_(RPM) 33
L T TZ0-FRATRPF | WV, |

Since the number of poles, p, and the load power factor, PF, are not
varied in this study, the design parameters Ngs Cs, and PPATH must vary |
to yield designs with comparable specific loadings for different values i
of the independent variables in brackets. For example, if P were in-

creaced from 10 to 20 MW, the loading would double; however, if ng CS/

PPATH were correspondingly halved, the loading would remain the same

and a fair comparison of generator specific weight and volume for designs

at the two power lzvels could then be made.

18
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TABLE 2

BASE-LINE COMPARISON, 5 MW AIRESEARCH PERMANENT MAGNET GENERATOR

Design Parameters

Voltage (Volts, rms, line-line)
Power (MW)

RPM

No. of phases

No. of poles

Rotor tip speed (ft/sec)

Power factor

Armature curEent density
(amp/ in¢)

Peak gap density (lines/inz)

Insulation rating (volts/mil)
Yoke flux density (lines/in?)
Winding pitch

Ratio of tooth flux density to
air gap flux density

No. of conductors per slot
No. slots/pole/phase
No. of slots in the stator
No. of parallel paths

Specific electric loading
(ampere-conductors/inch)

AiResearch Design

PMG Program

19

1018.5
5
18000.0
3
14
625.50
0.82
36,270

48,900
100
100,000
5/6
2.2

168
14
3177

1018.5
9
18000.0
3
14
625.50
0.82
36,270

47,400
100
100,000
5/6
2.2

168
14
3120
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3
TABLE 2 (CONTINUED)
Weights (1bs AiResearch Design PMG Program
Total machine 520 522
3 Total machine (1b/kw) 0.104 0.104

Stator copper 26.2 24.8
Back iron (yoke) 64.6 65.5
Rotor 309.4 308.7
Dimensions (inches) AiResearch Design PMG_Program
Stator coil end extension 1.01 1.06
Stack length 31.22 31.19
Stack 0D 9.515 9.08
Rotor 0D 7.96 7.96
Volume (cubic feet) 2.18 2.03
Aspect ratio (L/D) 3.92 3.92
Losses (Kilowatts) AiResearch Design PMG Program
Iron losses

Back-iron (yoke) 278 27.9

Teeth 18.2 13.7
Ohmic losses 135.8 126.8

Efficiency (%), based
on stator losses
only 96.5 96.7
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Specific electric loading is an indication of how hard a machine
is being worked (or loaded). Higher specific loadings imply more power
output per pound of machine weight as shown in Figure 7. The loading
cannot be increased indefinitely because of cooling considerations. For
advanced high-power permanent magnet generators, the specific electric
loading is less than 3500. Note also in Figure 7 that for each value
of loading, i.e., 1560, 2340, or 3120, the specific weight depends upon
s? and Cs‘ The
and C, can be varied (to obtain

the particular combination of the two design parameters n
dependence is not strong, therefore ng
the same value of loading) as the independent variables are changed and

a fair comparison of generator weights and volumes can still be made.

In Figure 8(a), the specific weight and volume for high-power per-
manent magnet generator designs are shown as a function of rated output
power. Note that the specific weight decreases even out to 20 MW;
however, the decrease is much less for power levels above 5 MW. It is
doubtful that generators above 10 MW can be constructed as single units '
because of manufacturing and assembly problems and extremely large aspect |
ratios. An approximate value for the aspect ratio (stack length
divided by rotor OD) can be obtained from the following equation.

2
Loz70 —E(REM) (35)

Vi Kw B QL PF

Note from Figure 8(b) that the aspect ratio is approximately 4:1 at
5 MW and increases linearly with power, P, with the other parameters
fixed at the base-line values. One way to reduce the aspect ratio is

to increase the rotor tip speed; however, AiResearch has chosen 625.5 feet
per second as a fairly conservative number which has been experimentally
demonstrated. The approach taken by AiResearch is to design 5 MW
machines as modules which are connected together in order to achieve
higher power ratings. The same approach will be taken in this report
with a 20% weight penalty and a 50% volume penalty imposed for inter-
connection as described in Section V. Note also in Figure 8(a) the

| very small volume of the PMG. A 5 MW machine occupies only 2 cubic

feet of space.
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Figure 8(a). Specific Weight and Volume Versus Output Power
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Figure 8. PMG Output Power Variation

23




AFAPL-TR-79-2073

In Figure 9, the specific weight and volume are shown as a function
of the generator line-to-neutral voltage rating. Note the weak dependence
below about 1 KV and the significant upswing above this rating. Designs
above about 1.2 KV were impractical because there was no room for copper
left in the slot due to the thickness of insulation required. 1In
Figure 10, the specific weight and volume are shown to decrease with
larger rotational speeds. The effect on specific weight and efficiency
is indicated in Figure 11 for two different rotor tip speeds. Increased

tip speed results in lighter and more efficient generators. If the
operating current density in the stator conductors is varied, the

specific weight, volume, and efficiency are affected as shown in Figure 12.
In general, higher current densities result in smaller and lighter
generators; however, the efficiency is reduced. The efficiency decreases
because the conduction (IZR) losses increase.
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SECTION IV

SUPERCONDUCTING HIGH-POWER GENERATORS

4.1 BACKGROUND

The equations developed are restricted to that class of super-
conducting, synchronous AC generators which appear to be lightest at
power levels around 20 MW, i.e., image-shielded machines which use a
conductive environmental shield to attenuate the rotating magnetic field
in the aircraft environment and an actively cooled stator operating at
high current densities. This kind of superconducting generator is being
developed under contract to General Electric Company as a second
generation machine which utilizes advanced concepts and technology to
operate within requirements such as rapid start-up (one second excitation
and spin-up) and rectified output (References 7, 8).

4.2 WEIGHT AND VOLUME EQUATIONS

A radial cross section of the superconducting generator is shown in
Figure 13. The distance from the superconducting coil's outside radius

to the stator conductors can be considered as the "air gap," since no
iron is present. The pertinent tip speed is the peripheral speed at the

winding outer radius. This radius is given by

720 x V

r = W (1nches) (36)

where Vt is the tip speed (ft/sec) and RPM is the operating rotational
speed.

A longitudinal cross section of the machine is shown in Figure 14,
where all of the relevant dimensions are indicated. The stator inside
diameter, D, which is used below, can be calculated from

D=2 [Rr R, Fa 4 g] (inches) (37)

28
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Figure 13. Superconducting Generator Radial Cross Section
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In this case, D cannot be assumed to be the same as Dr’ i.e., 2Rr’
because of the large "air gap." It should be noted that there are

no high permeability materials within the flux paths of this kind of
machine; however, the superconducting field windings can easily supply
the large mmf required by this low permeability path by virtue of the
extremely large current densities in the superconducting field winding

modules (96,774 amp/inz).

The electromagnetic length of the stator can be obtained by using
the voltage generation equation as in the previous section.

L = P/[7.50 x 107% x pF x K, x RPM x D% x B, x Q] (inches) (38)

9
The term Bkg is the average flux density (crest value) in Kilogauss in
the stator winding calculated by taking an average of the two crest
values at the stator winding ID and OD. This must be done since there
are no iron teeth between stator bars in a superconducting generator,
hence the permeability of the magnetic circuit is low and the magnetic
flux density decreases rapidly across the winding. A subroutine is in-
cluded as a part of the weight and volume algorithm which calculates flux
densities based on the Biot-Savart law. Only four-pole, rectangular
cross-sectional field coils can be handled at the present time. Specific
electric loading QL’ is the same term used in Section III; however, it is
more convenient in the present context to express QL as

Q = AaF'qu (amp conductors per inch) (39)

where Aa is the winding thickness, F' is the armature (or stator) packing
factor and qu is the copper current density. F'qu is the armature
overall annulus current density. In the computer program in Appendix B,
F' is represented by the variable FARM and is a calculated quantity.
The required length of the active conductor straight section is less than
Lm because of emf generated in the end turns for this kind of machine.

‘ L, the actual straight section length, is given by the following equation,
where Lm is assumed to be 25% longer than the actual length.

L = L,/1.25 (inches) (40)
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The stator coil geometry is identical to that in Figure 6(b) and the
same geometrical relationships apply. However, a single layer stator
winding is assumed as shown in Figure 15(a). A detail of a single bar
(which occupies a single slot on the stator) is shown in Figure 15(b).
The ratio of cross-sectional area of copper to the bar cross sectional
area is the bar packing factor Fbar' A hollow, water-cooled conductor
is indicated and the cross-sectional area of copper is just CsIc/qu’
where CS is the number of conductors per bar and IC/JCu is the cross-
sectional area of a single conductor carrying a current of IC amps with
a current density in the copper of qu amps/inz.

Racetrack-shaped coil modules are assumed for the superconducting
field windings as indicated in Figure 16. Module dimensions depend
upon Dr’ p, and L. The independent dimensions of the module are its
height, a, and bend radius, b. As shown in Figure 17, once a and b are
specified, the module width can be calculated from

= [(Rr - a cos w/p) x sin w/p] - b (inches) (41)
For the image-shielded machine, the skin depth in the environmental

shield material at the operating frequency must be calculated. The
frequency is given by Equation 21, and the skin depth by

Al 1 2 , ‘
§ = 0 0258 X “Bﬁgg (inches) (42)

where w = 2uf, B 2 4t x 10'7 and ¢ is the conductivity of the shield

material, which is about 3.77 x 107 mhos/m for aluminum. The
environmental shield thickness, Aes’ is assumed to be three times the
skin depth for adequate attenuation of the electromagnetic field within

the aircraft environment.




—

AFAPL-TR-79-2073

i anoo imn oz oome oo o
I G e net

Figure 15(a). Single Layer Stator Winding (Developed View)

B Mgy e
EaS T
8

O

]
; |

119
____}__J R i !

bar
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Figure 15. Stator Winding Details for an Air-Core Alternator
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Figure 16. Rotor Field Winding Details for the Superconducting Generator
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The required input parameters are listed in Table 3. Intermediate
parameters required to calculate component volumes are listed below with
all dimensions in inches, unless otherwise indicated.

Vph = VDC/2'3 (volts rms) (43) {
Iph = P/(PF n, Vph) (amps) (44)
Ry, = (Rr - a cos m/p)/2 (45)
R R (46)
Rs = Rr By * As +g + Aa + s (47)
h, = R, = (s #¢ ) (48)
Lo=L+2(b+1t) (49)
L' =L + 2e (50)
SW(slot width) = [nD - n¢p éph - (ns-l)n¢p6bar]/SLOTS (51)
A Csth/(sw'ZGi) + 0.01 (CS-1) 1 Zéi (52)
Lde = LC/S (53)
Lade = LC/S (54)
Z = mbg /1 (55)
Ay = Tonfde, (amp/in’) (56)
There are thirteen components for which volumes are calculated. {
Weights of the individual components are then determined by multiplying

the component volumes by the corresponding mass densities shown in f

Table 8 in Appendix B. |
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TABLE 3

INPUT PARAMETERS REQUIRED FOR CALCULATING THE WEIGHT
AND VOLUME OF A SUPERCONDUCTING GENERATOR

PARAMETER SYMBOL UNITS NOMINAL VALUE
Power rating P Watts 20 x 106
Field winding tip speed Vt ft/sec 471
RPM RPM revolutions/min 6,000
Stator copper current density qu amp/in2 33,000
Field winding current density Jf amp/cm2 15,000
DC load voltage VDC volts 40,000
Power factor PF -- 0.86
Winding distribution factor Kw -- 1.00
Stator bar packing factor Fbar -- 0.45
Number of poles p -- 4
Number of phases n¢ -- 3
Coil bend radius b inches 1.50
Coil module height a inches 2.85
Stator coil end turn angle X degrees 45 N
Gap between rotor and stator ] inches 0.65
Distance from stator QD to s inches 6.0
environmental shield ID s
Damper shield thickness Ag inches 0.75
Phase break insulation Gph inches 0.50
Stator bar insulation Shay inches 0.02
Stator conductor insulation 6 inches 0.005
Bore tube thickness Ay inches 0.25
Torque tube thickness At inches 0.60
End bell thickness Ag inches 0.50
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Component volumes, in cubic inches, are given by the following equations: !
4 (1) Eavironmental shield — cylindrical portion
it 2
¥y nLC X (ZAes Rs * Aes) (657)

(2) Environmental shield — two conical sections

V, = 2rs A, x (2R  + B -8 (58)

~

(3) End Bells

Vy = 2r 4, x [(Rg - 5)7 - ¥2] (59)
(4) Superconducting Winding Modules
V, = p x [2Lat + ma (2bt + t2)] (60)
(5) Drive end-stub shaft plus bearings
1 V= ariLy (61)
(6) Anti-drive end — helium transfer system plus bearings
Vo = mrel . (62)
(7) Torque tube plus torque tube extension
V, = mll, +s) (2R 8, + %) (63)
(8) Bore tube
Vg = L, (2R, &, + &) (64)
(9) Field winding support structure
Vg =L, (RZ - ¥d) -y, (65)
| (10) Electromagnetic shield on the rotor (damper shield)
3 let Res = Rr ta, and Reso = Res +ag
Y10 * e (sto = Rgs) * TTAs(Rgso 8 ri) (66)
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(11) Copper in the stator

Yy = 28, (L + W/sinx) (67)

i : (12) Insulation in the stator
let Ri = Reso + g, and Ro = Ri t 8,

o whh ERR o e

(13) Bore seal

it 2
Vig =L (2dBS x Ry + dge)s (69)

where dBS is the bore seal thickness and is calculated in the program.

A computer program was written to calculate the volumes and the
corresponding weights. The total weight of the machine is just the sum
of the individual component weights. No correction factor is required
to account for end bells, bearings, structure, etc., as in the PMG
design, since everything is included in the component weights. An enve-
Tope volume which includes the cylindrical portion of the environmental
image shield and the two end pieces which are frustums of cones is
calculated from

2

= gt 2 2 .
VOLUME = =L (RS + Aes) + 21rS[2Rs +.§° = ZSRS + RS(RS-S)]. (cuzin) (70)

Appendix B includes a listing of the computer program and a sample output.
Parametric results obtained from the program are described in Paragraph 4.4.

4.3 GENERATOR EFFICIENCY CALCULATION

An estimate of the efficiency for the superconducting generator
can be obtained by calculating the ohmic (!2R) losses in the normally
conducting copper stator bars, the eddy current losses in the stator
bars, and the losses due to surface currents induced on the environmental
J image shield. Even though windage, bearing, and rotor (electromagnetic
: shield) losses are not considered, they are small compared to the above
losses, and a reasonably accurate estimate of efficiency should be obtained.

i
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Ohmic losses are determined by

2
Ponmic = JeuPe V11 (watts) (71)

where qu is the current density in the stator in amperes/mz, e is the
resistivity of the conductors, assumed to be copper, given by

. = 1.72 x 1078 [gégggf%—l] (ohm-meters) (72)

where T is the average stator bar conductor temperature in degrees

centigrade and V]] is the volume of copper in the stator given by

Equation 67, expressed in m3.

Since the full magnetic field is allowed to penetrate the copper
stator bars rather than being shunted through iron teeth around the bars
as in conventional, iron-core machines, the eddy current losses are
significant. For square, hollow conductors as shown in Figure 15b, the
eddy current loss in watts is given by (Reference 12)

2 h

P = Ty
eddy 24pC

2
om

2
+B ) x Zx A xL s (73)

h- - h

O MO

4
; x [B
i

where w is the electrical radian frequency, ho is the conductor height
in meters, ts is the width of the hollow center of the conductor in
meters, Bem is the average of the peak value of the azimuthal components
of magnetic flux density calculated at the inner and outer radii of the
stator, and B‘,_m is the average of the radial component. Bem and Brm

are in TeslaV and Acu and Lc must be in meters.

Losses due to induced surface currents on the environmental shield
are calculated from

wRSL'
Pshield = 56— * —7 - (watts) (74)
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where Rs is the radius of the environmental shield (in meters), L' = L+2e
(in meters) and Btan is the crest value of the azimuthal component of the
magnetic flux density at radius Rs in Tesla. The skin depth, &, must be
expressed in meters. Shield losses predicted from this equation are
almost 50% lower than the losses predicted by the GE design as shown

in Table 4.

Generator efficiency is calculated from

p
out
Na ® F———F—— (75)
G Pout + P1oss

where Pout is the electrical power output and P1oss is equal to the sum
of the stator losses and the losses in the environmental shield.

4.4 COMPUTER PROGRAM PARAMETRIC RESULTS

To determine the accuracy of the computer program which implements
the weight and volume equations given in Paragraph 4.2, predicted machine
parameters from the program are compared in Table 4 with an actual
superconducting generator design produced by General Electric Company
(Reference 8). As shown in Table 4, the predicted weight and volume
agree well with the GE design numbers for identical input parameters.
This design point is considered the "base-line design" and parametric

results are obtained by varying certain input parameters from their base
values, indicated in Table 4.

Parametric results are obtained for the independent variables P
(output power rating), DOC rectified output voltage, and RPM. In addition,
f the technological parameters qu (stator conductor current density) and
Jf (field winding current density) are varied from the base-line design.
As described in the beginning of Paragraph 3.4, all designs must be
compared on an equal specific electric loading basis. This has been done
in the following curves which illustrate how the weight, volume, and
efficiency of this class of superconducting generators change with rating

j and other machine input parameters.

41
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TABLE 4

BASELINE COMPARISON, 20 MW GE
SUPERCONDUCTING GENERATOR

Design Parameter GE Design SCGEN Computer Program
Voltage (volts rms, line-line) 30,100 30,100
Rectified DC Qutput Voltage (KV) 40 40
Power (MW) 20 20
RPM 6,000 6,000
No. of phases 3 3
No. of poles 4 4
Field winding tip speed 471 47
(ft/secg
Power factor 0.86 0.86
Armature current density 29,400 29,400
(amp.in¢)

EM shield thickness (in.) 0.75 0.75
Torque tube thickness (in.) 0.50 0.50
Armature annulus packing factor 0.386 0.386 (calculated)
Field winding module overall 15,000 15,000

current density (amp/cmz)
Specific electric loading 11,400 13,692 (calculated)

(ampere-conductor/inch)
Slots/pole/phase 28 28
Conductors/slot 6 6
No. of parallel paths 1 1

No. of slots 336 336




AFAPL-TR-79-2073

TABLE 4 (CONTINUED)

Weights (1bs

Total machine

Total machine (1b/KW)
Rotor

Armature copper
Environmental shield
Stator bore seal

EM shield

Field winding modules

Dimensions (in.)

Field winding outer radius
Armature thickness

Straight length of coils
Thickness of environmental shield
Radius of environmental shield

Volume (cubic feet)

Losses (KW

Ohmic losses

Armature eddy current
Environmental shield

Efficiency (%), based on
stator losses only

Magnetic fields (kilogauss)

Radial fiux density at:
armature inner radius
armature outer radius

———— - s O St e

— —— — T RPe—

GE Design
1740

0.087
870
286
280

32
112
246

GE Design
9.0

1.0
6.0
0.50
19.7
35

GE Design
770

390
380
93

GE Design

14.0
9.9

43

SCGEN Program
1706

0.085

846
274
285
39
85
258

SCGEN Program

9.0
1.42
5.0
0.69
15

35

I

SCGEN Program k
L

756

347 i

193 |
93.9 |

SCGEN Program

Vi3
11.6
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In Figure 18, the specific weight, volume, and efficiency are shown
as a function of rated output power. The efficiency of this class of
generators is comparable to the PMG only at power levels above 50 MW.
Also, the volume is approximately three times as great as the volume of a
PMG of similar power rating.

The dependence of specific weight, volume, and efficiency upon the
generator output voltage is indicated in Figure 19. Phase voltage (rms)
is approximately one half the DC rectified output voltage. Note that
even for an output voltage of 100 KV DC the specific weight increases by
only 50% above the base-line design at 40KV, and the volume by only 27%.
This is in direct contrast to the PMG where voltages of even a few KV
were unattainable. This high voltage capability of the superconducting
generator is due to the "air-core" nature of the stator winding and
consequently the extra space for insulation in the absence of iron teeth.
It is concluded, therefore, that the PMG is a "low voltage" generator
while the superconducting generator is a "high voltage" generator.
Efficiency is only a weak function of output voltage as shown in Figure 19.

The effect of rotational speed variation is shown in Figure 20. Note
that there is a minimum in the specific weight and volume curves at
about 8000 RPM and a peak in the efficiency curve at about the same speed.

The current density in the field winding coils is determined by the
characteristics and packing factor of the superconducting wire or cable
used in winding the coils. This parameter is, therefore, set by current
technology and/or manufacturing limits. For the base-line design, the
current density is 15,000 amps/cm2 (i.e., 96,774 amp/inz). In Figure 21,
the generator specific weight, volume and efficiency are shown as a
function of field winding current density. Specific weight and volume
decrease slowly as the field winding current density is increased. Note
that the efficiency also decreases. This offsets the advantage of
reduced weight and volume to some degree. The decrease in efficiency

is due to increased eddy current losses in the stator winding and
environmental shield.
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Base-line design parameters:

6000 RPM
17,378 volts/phase
0.20 F 3 phase
4 poles
200 Hz
QL 213,690
Vt = 471 ft/sec
0.15 - Power factor = 0.86
Jey = 29,400 amp/sq. in. o i
= 96
¥4
a2
& - 5
» 0.10 -
=
-
o | 94
fj Efficiency
& (%)
'g L 93
Q.
“ 0.05 1 ”
[ 91
0 Jhgo

0 10 20 30 40 50 60 70 80
P (Output power, Megawatts)

Figure 18. Superconducting Generator Output Power Variation
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Specific Weight (1bs/KW)

Efficiency »

Specific
Weight
(1b/KW)
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Figure 20. Superconducting Generator RPM Variation
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Figure 21. Superconducting Generator Field Winding Current
Density Variation
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In Figure 22, generator specific weight, volume, and efficiency are
plotted as a function of the current density in the stator conductors.
Again, all three parameters decrease for increasing current density;
however, the rate of decrease of both weight and volume is greater than
that observed when the field winding current density was varied.

Decreasing efficiency is caused by the larger conduction (IZR) losses in
the stator conductors.
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Figure 22. Superconducting Generator Stator Conductor Current
Density Variation
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SECTION V

GENERATOR INFLUENCE ON POWER SYSTEM WEIGHT

A true comparison of different generator concepts, such as
permanent magnet and superconducting, can only be made by comparing
complete power supply systems. Even though one generator may weigh
less than another generator for the same power output, the overall system
which uses the lighter generator as a component may be appreciably
heavier because of the influence that the generator has upon the system.
The mechanical part of the system is influenced by the generator (rotor)
rotational speed and the generator efficiency. The cooling subsystem is
also affected by generator efficiency. Components in the electrical part
of the system (power conditioning subsystem) are influenced by the
generator frequency and output voltage.

Therefore, to compare the PMG and the superconducting generator,
system weights were calculated by using the algorithms described in
Appendix C (Reference 13) and the two generator algorithms in Appendix B.
The systems are shown in block diagram form in Figure 23 for the PMG and
Figure 24 for the superconducting generator. A total power generation
time (or run time) of 120 seconds is assumed. The auxiliary mechanical
power is assumed to be zero for simplicity and a main transformer (T1)
is not required for the system in Figure 24 because of the high voltage
capability of the superconducting generator. The assumed component
efficiencies are indicated below each component. Note that the efficiency
for the power conditioning component includes the efficiencies of both
a rectifier and an LC filter. Power levels shown in parentheses are for
a 20 MW (approximately) generator and the other power levels correspond
to a 10 MW (approximately) generator. The load consists of a main power
of 6 MW or 15 MW at 30 KV DC or 40 KV DC, respectively, and a secondary
power of 1 MW or 2 MW at 130 KV DC or 150 KV DC, respectively. Numbers
in circles near the gear box indicate point designs which use a gear box
or direct drive between the turbine and the alternator.
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A summary of the seven point designs is shown in Table 5 along
with the two base-line designs. Generator power requirements are
determined by the load and the component efficiencies between the
generator and the load. The superconducting generator output power
of 8.670 MW is slightly less than the PMG output power requirement
of 9.066 MW (two 4.533 MW modules), since the inefficiency of a high
power transformer is absent in the case of the superconducting generator
system. The 10 MW designs include a directly driven and a gear box
driven PMG and a gear box driven superconducting generator. Note that
two PMG's must be used to meet the power requirement since it has been
assumed that single unit lightweight permanent magnet generators larger
than about 5 MW are not presently practical; however, the combination of
any number of these size devices (with a 20% weight and 50% volume
penalty for connection) is feasible. The 20 MW point designs include
a direct and gear box driven PMG and superconducting generator. In this
case, four PMG's are used to supply the required electrical power.

Before comparing system point designs, it is useful to point out a
few items of interest in Table 5. In general, the PMG is a high speed,
high frequency, and low output voltage device; the superconducting gen-
erator is just the opposite, i.e., low speed, low frequency, and high
output voltage. These features should be carefully considered when
selecting a machine for an application where these parameters are critical.
The PMG is much smaller in volume and somewhat higher in efficiency than
the superconducting generator. The superconducting generator is much
lighter than the combined PMG's at the higher power level; however, at
the lower power level, the combined PMG's are lighter if the rotational
speed is high enough.

A summary of the system point designs is given in Table 6. No
volumes are given; however, generator volumes are given in Table 5.
System weight relative to the lightest system for each of the two
power levels is shown in the right most column. Note that the gear box
driven PMG is the lightest system at the 10 MW power level and the directly
driven superconducting generator is the lightest system at the 20 MW

power level.
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Plots of component weights in Figures 25 and 26 enable one to more
easily see how the weight distribution within the system changes as the
generator design changes. Note that the fuel weight dominates at both
power levels. A 14,900 RPM turbine using JP4-LOX fuel with a specific
propellant consumption (SPC) of 7.0 1bs/(horsepower-hr) is used for the
10 MW power level, and a 10,500 RPM turbine using JP4-LOX fuel with an
SPC of 7.0 1bs/(horsepower-hr) is used for the 20 MW power level.
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.l Figure 25. System Weight Distributions for the 10 MW Point Designs
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COMPONENT WEIGHT (POUNDS)
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SECTION VI
CONCLUSIONS

Equations for calculating required generator and turbine powers were
derived assuming that the component efficiencies in the system were known.
Simplified weight and volume algorithms for high power permanent magnet
and superconducting, synchronous, electrical generators were developed
and used to obtain parametric results, These algorithms are in the form
of computer codes whicn feature simple input format for the important
input parameters. This allows one to make use of the algorithms for other
parameter ranges of interest to obtain weight and volume estimates. In
addition, generator efficiency, which is a very important system parameter,
is calculated. Further, it was found that fair comparisons of generator
designs (of the same class) at different power, RPM, or voltage ratings
can be made only if the specific electric loadings for the different
designs are identical.

General conclusions regarding the two kinds of electrical generators
include: The PMG is a high speed, high frequency, low voltage, low volume
machine, while the conductively shielded superconducting generator is a
low speed, low frequency, hiagh voltage, large volume machine. The weights
of the two generators are not very different at 10 MW; however, the super-
conducting generator is significantly lighter at the 20 MW power level.
The PMG has a higher efficiency than the image-shielded superconducting
generator at power levels below 50 MW. Volume estimates for image-shielded
superconducting generators are more than three times greater than for the
PMG; however, it must be noted that the stator coolant is integrally built
into the frame of the superconducting generator, while the coolant for the
PMG requires external storage and heat exchanger space. This offsets the
volume advantage of the PMG to some degree, although the exact volume of
the external coolant loop for the PMG has not been calculated. Also,
image-shielded superconducting generators are inherently of large volume
but very low weight. Superconducting generators using iron shields will
have much smaller envelope volumes; however, the iron will tend to make
these machines heavier than their image (conductively) shielded counter-
parts. Although these general conclusions are valid, a true comparison
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of the two classes of electrical generators can only be made by comparing
complete power supply systems as described below.

The generator algorithms plus the component algorithms in Appendix C
were used to obtain system point designs at 10 and 20 MW power levels.
From the system point designs, the two classes of electrical generators
can be compared. From Figure 27, it can be seen that the PMG results
in the lightest system at the lower power level, while the superconducting
generator results in the lTightest system at the higher power level. The
two lightest systems are quite different, besides having different kinds
of generators. The PMG is gear box driven and operates at a high electrical
frequency, but the superconducting generator is directly driven from the
turbine and operates at a lower electrical frequency. These differences
account, in part, for the relatively small variance in system weight
between the point designs at a given power level. For example, even
though the superconducting generator is much lighter than the four PMG
modules at the 20 MW power level, the low electrical frequency of the
superconducting machine imposes a weight penalty in the power conditioning
subsystem (transformer and filter). The weight differences between the
lightest and second lightest systems are 440 and more than 1500 pounds
for the 10 and 20 MW systems, respectively, ard are significant from a
mission payload/performance perspective. Although the individual compo-
nent algorithms are oniy 10% accurate, a comparison of systems using the
same algorithms should be valid. In other words, even with the most
detailed point designs for every single component of the power supply
system (rather than the approximate algorithms of this report), the
relative weight standings shown in Figure 27 for the seven point designs
should not change dramatically; however, the absolute magnitudes of
the system weights would most likely shift upward.

The lower efficiency of the superconducting generator is offset to
some degree by the absence of a high-power transformer and the attendant
gain in system efficiency. This is illustrated by the fact that the fuel
supply for both PMG and superconducting systems weigh about the same.
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Figure 27. System Weights for the Seven Point Designs
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This, and the fact that the weight of the fuel is a large part of the
total system weight, are other reasons for the relatively small variance
between the weights of the system point designs at similar power levels.
However, again, the importance and significance of the weight differences
must be emphasized. Also, the higher operating frequency of the PMG tends
to make the power conditioning equipment lighter for this system; this is
not apparent in Figures 26 and 27 because the PMG power conditivning
subsystem includes a high-power transformer and the superconducting power
conditioning subsystem does not.

There are certainly factors other than system weight which must be
considered in selecting a generator. For example, in point design number 6,
which is the lightest system at the 20 MW power level, the superconducting
generator is directly driven by the turbine at 10,500 RPM. This will
require careful design of the superconducting field coils, coil support
structure, and helium management system for operation at this high speed.

A 12,000 RPM superconducting rotor has already been built and tested by
Westinghouse Electric Corporation (Reference 14).

It would obviously be desirable to improve the accuracy and/or
flexibility of the two generator computer programs. One area for improve-
ment would be to more accurately determine the weight and volume penalties
associated with interconnecting the 5 MW PMG modules. Another would be
to expand subroutine MFLD in the superconducting generator program to
include other field winding configurations. In addition, it would be
useful to consider the effect of reducing the "air gap" in the super-
conducting machine for higher rotational speeds as the rotor decreases in
diameter. This could be done ty reducing the thicknesses of the EM shield
and/or the torque tube. Calculation of the machine inductances for dif-
ferent designs in order to determine voltage regulation and the effects of
operating with rectified output or pulse forming subsystems is also needed.

From the overall system viewpoint, estimates of component volumes
such as the turbine, fuel supply, cooling subsystems, and power condition-
ing components are required. One further step would be to consider
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packaging and interconnection constraints in assembling the power supply
system into the compact quarters of an aircraft.

Computer programs such as those described in this report are used as
part of the AFAPL computer-aided power system design in-house research
effort. These programs are used to predict the weight and size of
components in high-power, airborne, power supply systems. These programs
yield approximate weights and volumes, since they are not detailed design
programs; the results should nevertheless be useful in feasibility and
tradeoff studies concerning these two kinds of generators. One of the
major advantages of this kind of "approximate" program is the fact that
it adapts easily to "computerization" and allows a large number of point
designs to be made with moderate computer time.
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APPENDIX A
GENERATED VOLTAGE IN ALTERNATING-CURRENT SYNCHRONOUS MACHINES

Figure 28 illustrates the rotor of an AC, synchronous generator
(alternator) with the projection of stator coil (aa') area shaded. A1l
dimensions are assumed to be in meters and the angle 6 is measured
as indicated. The area of the projection is mDL/p square meters for a
p pole machine. It is assumed that the rotor produces a sine wave of
magnetic flux density, which is shown in Figure 29 at a given time, t.
The average flux density linking coil aa' at this time is given by

T-wt
= l i = gg. ~ 2
Bavg(t) = 1T'/‘B sing d8 = == cosut, (webers/m”) (76)
-wt

where 6 is the angular displacement and B is the peak value of the sine
wave of magnetic flux density. The average flux linking coil aa' at
time t is just the area times the flux density, or

$2vqlt)

v cosut, (webers) (77)

where

¢o = 2DLB/p (webers) (78)

is the total "effective webers per pole" and can be written as

¥ = [wDL/p] x [2B/m], (webers) (79)

where the first term is the area projected onto the rotor, and the second
term is the average value of a positive half-cycle of a sine wave.

For a coil with N turns connected in series and linking the same
flux, the generated voltage is given by (Reference 10)

Eg = - N f’ﬁ favg(t) (volts) (80)

or

g

L}

- N (d¢e/dt) coswt + mN¢e sinwt (volts) (81)
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Figure 28. Projection of the Area Enclosed by a Stator Coil (aa') onto
the Surface of the Rotar

B(8)

wt i

Figure 29. Magnetic Flux Density Variation in the Stator Winding
(Coil aa')
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If R does not change with time (as is usually the case),

Eg = uNo, sinat. (volts) (82)

The rms voltage per phase is just

v mN¢e//T

ph

v

o 4.44 f No, (volts rms) (83)

By including a winding factor, Kw’ which accounts for the distribution of
the stator coils relative to the spacing of the field poles, the generated
phase voltage becomes

Von = 4.44 £ K, N [20LB/p], (volts rms) (84)

where the expression for N is given below Equation 9 in the text. Con-
verting from MKS to English units then yields Equation 9 in the text.
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APPENDIX B
COMPUTER CODE LISTINGS AND SAMPLE OUTPUTS

The following computer code listings and sample outputs are given
for reference. Sample outputs were obtained directly from the listings
indicated. Fortran IV programming language was used throughout and
comment cards were liberally employed which should make the programs
easier to understand.

Input parameters appear at the beginning of each program and can
be varied by changing the value of any input parameter at this point
in the program.

A11 of the component mass densities for the PMG and superconducting
generator are given in Tables 7 and 8 respectively.

Figure 30 is referenced in the superconducting generator program

SCGEN.
TABLE 7
DENSITIES OF PMG COMPONENTS

COMPONENT DENSITY (1bs/cu.in.)
Stator yoke 0.2815

Stator teeth 0.2815

Stator insulation 0.100

Rotor (overall) 0.238

Copper conductors 0.320
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TASLE 8
DENSITIES OF SUPERCONDUCTING GENERATOR COMPONENTS

COMPONENT DENSITY (1bs/cu.in.)
Environmental shield (components
4 1 and 2 in the computer program) 0.10
End bells 0.28
Field coils (epoxy-impregnated modules 0.75X 0.32+ 0.25X
with a 75% copper packing factor) 0.10 = 0.265
Anti-drive end structure 0.28
Drive end structure 0.20
Torque tube 0.28
Bore tube 0.28
Field winding support structure 0.10
Electromagnetic shield (rotor shield) 0.10
Copper conductors 0.32
Stator insulation 0.10
Bore seal 0.10
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I6=w’L3).)
SPACT FACTOR FOR STATOR 342 TOOLING
F=e85
RATIO OF ELUX JENSETY IN THE [COTH TO THAT TN THE AIR GAP
ALPH=2,22
AFIO OF SHAFT 03 Tu ROTAR 90
FR=04400
N3 TURl ANGLE
CHI=PI/445
*3% SET THMZ ALLOWAIL: FLJUX D=NSITY IN THt BACK=IRON (LINZS/ZIN*EZ) ¥Er¥ssavsvss
2Y0OKZ=17333C.6C
LR RS RS S R R R X ENJ JF P)HINT DN2SIGA SPECIFICATION VIR ERNFILERER B LR
*%% AAXIMUM SPECIFIC ELZISTRIC LOADING (AMPERI-CONDUCTOIRS/INCH)
IMAX=L0710,
RATIO OF FLUX JENSITY IN THT GAP TO THAT 1IN THE STATOR YOKE
368Y=86/3Y0K >
2% CNaCULATE THC P=AK FLUX JENSITY IN THE YOKE IN KLINES/ZINS®2 wEe
JYKL=8Y0KI/1003.°
#EF CRLCULAT= THZ PEAK PLUX JENSITY IN THE TEE8TH IN KLINSSZINY®Z *e%
JTTTH=35*ALPH/1250623
TEEREREEEESE  SET THE COMPONZNT MASS OENSITIES (IN LBS/Z GUBIC INedH) Freeessees
JENSITY QF STATOR YOK®
W=,2815
DENSITY OF STATOR TIZTH
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RT=,2815

DENSITY OF IMSULATION IN THT STATOR SLOTS
RINS=.119

ROTOR OENSITY

RR=,238

COPPCR DENSITY

RCU=, 32

3EGINNING OF GZINERATOR NZSIGN LOOP #*#+#sssrssss
INITTIALIZE THE NO. OF CONJOUCTORS PER SLOT TO THWO
CS=2,

ANS = NO. OF SLOTS PZIR PULE PZIR PHASE

ANS=4410

CONTINUZ

CALCULAT= THZ OQUTPUT POW R IN MEGAWATTS
A=14E=05%P0

CRLEULATZ THE FREQUENGY (HERTZ) FSEsizrsss
FREQ=(P/240) *(PM/0l.430)

PRINT 177 4,VPH,RPM,W,FREQ

G *¥svee CRLCULATE VHE ROTOR 9TAMZTER *¥revevs

0=(720*VT)/(PI*RPH)

CALCULATZ THc QUANTITY L PRIME USEJ IN THE COMPONENT VOLUMZI ZXPRZSSIONS
ALP=(0/ (141 4*SINICHI})) *SART (1.=C0S(2.*PI/P))

CALCULATZ THZ THICKNZS3S OF THE STATOR YOKEZ (BACK IRON)

JY=(N/P) *3GBY

CALCULATZ THZ RATED PHASZ CURRENT (AMPS R4S)

AMP= (PG/2F)/ (PH*VPH)

J1=TNSULATION THICKN:ZSS FOR LINI TC NeEUTRAL VOLTAGE (WALL TINSULATION)
J1=(SQRT(2,)*VPH/VPMIL)*L.Z-03

J2=INSULATION THICKNZSS 3ZITWZIZIN COILS

J2=01%2.3J

CALCULAT: THZ TOTAL 10, OF ACTIVZ CONDJCTORS IN THc STATOR
Z=ANS*P*PH*(S

CALCULAT: THZI TOTAL 0. 9JF SLOTS

SLOTS=ANS*P*PH

C **¥sxevsxr  SALCULATS TH: POSSISLE NUMBTR OF PARALLEL PATHS *ssxsssxsryss

c LR R R R

453

45€

w52
458

L56
457

€ *®»

' L *eesx

e YY)

IN THE STATO= WINDING
FIG=ANS*?

JIV=1.0
I=1
IIVR=FIG/DIV THYS po,

POT=[FIX(OIVR)

PPT22DIVR=-PPT mn BEg

IF(PPT24:04Cs0) GO TO 453 ??GNIFIausRNISHEDIIfQUMLITy

50 TO 455 "’s‘-‘?’ﬂaz,up T Nuyg Dpg CONTPRA"TIC" s

PP (1) =0DIVR “Er CIary QFFMGES AINep 4 ABrg,,
I4=1 ;
=T+t s e D’ONOT i

JIV=0IV+1i40

IF(OIVeGTeFIG) GO TO 452

GO TO 453

CONTINUZ

PRINT 453

FORMAT (1AL, 14HPARALLTL PATHS,/)

N0 w56 1=1,14

PRINT 457,1i,°P(1)

FORMAT(IL10,F2C47)

FENBENRRSIBRPRBRE ) DADALLSL PATH CALCULATION #¥5s3sasxsssssxsr¥sssss
CALCULATZ THZ WINDINS> FACTOR AS THe FROJJCT OF THE PITCH FACTOR

72
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AND THZ JISTRIIUTION FACTOR

CALCULATZ THZ PITCH FACTOR

AKP=SIN(PITCA/2.70)

CALCULATZ THI DISTRIBUTIUN FACTIOR FROM THIZ NUMBER® (OF COILS IN
ACH PHASE GROUP AND THI ELZCTRICAL PAJIANS BcTWEFN SLOTS ( 3 )
3=PITCH/ (ANS*PH)

AKD=(1402/ZAN3) *ISIN((ANS*3)/2.,("))/SIN(3/2.02)

CALCULATZ THZ COMBINZD WINJING FACTOFR

AKW=AKP*AK]D

ITERAYZ ON PPATH FOR GIV:N VALUSS OF ANS AND CS #vsevsss

0 658 I=1,11

PPATH=PP (1)

CALCULATZ THZ CURR:INT 9ZR CONDUCTOR (AMPS RMS) #s»e
AMPC=AMP/PPATH

CALCULATZ THzZ STACK LZINGTH **#+

THEZ FACTOR (CS/24050)%*%(=,1654n) ACTOUNTS FOR SLOT LZAKAGE AS THI NO.
OF CONDUSTORS PSR SLOT THCRSASES

AL=VPH/ (7 e 40 18Z~=10*RPM*AKW* ((P/PPATH)*ANS*(CS/24))*D*BG*(CS/2.000)
A**(=,06545))

CALCULATZ THZ SPSCIFLIC ZLZCTRIC LDADING **#

QL=(Z*A4PC)/ (PI*(D+.57))

IF(QAL«GTaAMAX) GO TO 150

CHECK PHYAST VOLTAGE (VPHL SHOULU ZQUAL YPH)
VPH1=347)095-1)%AKW* 2P 41* )% AL *36%((CS/2,330) %% (~,0n542))*((Z2/(PPATH
S*PHY))

CHICK PIOWZR (WS SHQOULD TQUAL W)

WC=AMP® IE¥PHEYOHY

CALCULATZ THZ SLOT WIDTH(IW)

S=(PI*D* (ALPH=1,4) )7 (ALPH*3LJITS)

C=CONDUCTOR (BA4R) dlITH (TNCHES)

C=S=2,4%71 .

CHFCK T) SEf IF THe GONDUCTOR WIUTH IS POSITIVY

[F(CelZe3e8) G TO 25C

CALCJULAT. THI 5SLAT J=PTH »+»
JT=(CS*A{PC)/(F*C¥TJ) +(C3=2,0) %, JL+D142,0%02

CALCULAT= TH=Z ARZA OF A SINGLE CONDUCTOR IH SQUAR: INCHES *##++
AC=AMPC/2J

WEIGHT CALCULATIAONS ( ZLZCTRUMAGNZITIC MWIIGHT )

AY=AACK I[RQM (YIKE) WIIGAT (POUNNS)

HY=RY* (P T*0Y* (J+2,%0T +0Y) ¥AL)

AT =W IGHT OF THT T-2TH (POUNDS)

AT=R2T*(D2T*(0+0F)*D7*AL) FALPA

ATNS= TUSULATION W_IGHT IN THZ STATOR(PJIUNNS)
WINS=RINS*(S*OT=(CS*AMPC) /3J) *SLOTS* (AL+24*ALP)

WRP= RJTI WEIGHT (POU'INS)

NRSIRTL (PR G ) S L0 2) (1 s =FRY*2) V¥ AL

WOU=WTIGHT OF TH: COPPIR IN TH: STATOR COILS(POUNDS)
WCU=RCU*SLOTS*AC*CS*® (AL+ALP)

UTOT=THOTAL FLICTROMAGN_TIC WEIGHT (POUNIS)

ATUT=HWY +ATHWINS +WR+WCU

TOTAL MACAHINI ATIGHT = WHASH(POUNIS)

AMACH=1420C*ATOT

CALCULAT D THI SO=CIFIC W-IGHT IN L3S/KW

SW=(AMACH/PG) *170Ce 02

CALCULAT S TR: FAMT RASIUS(IN) ABLS.

FRMZ (I+e50420%NT42,4NV42443) /2417 THIS DOCUMENT ISBESTQUALITYFRAI CTIAC ﬂ

FOONIA=F2Y4° IA4STLR |

AR T 10 0 CORIATVED &
AIGHIFICANT NUMBER OF PAGES WHICE DY

AEPRODUCE LEGIBLY. .
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c TALCULATZ THE TOTAL HACHINc VOLUMZ IN CUSIC FZET
VOL=(PI*FRM*%2) * (4L +ALP#CUS(CHI))/Z1723844C

C *% THE AVGe TCMPZIRATURE OF THE STATOR BARS IS ASSUMZD TO 8E TC BZGRIZS
10=232.9

G **% CALCULAT: THE STATOR 0AR RESISTINITY IN OHM~INCHES **+
RHOC=0e772L=37% (232434701 /254,45

C #%* CALCULATS THZ OHMIC HZATINo PEK CU3IC INCHA OF STATOR COPPER **+
PIRV=CJ*CJ*RAOS
PRLOS=PIRV* (WCJ/2CU)

C *%% CALCULATZ THZ HYSTERTSIS LOSS IN THE YOKE +*+
PHY=7.15~-15*FRIA*BYKL**14H0L
C *%% CALSULATZ THE ZDOY CURREINT LOSSZS TIH THZ YOKE ¥+

PEY=L 35 ~-09%FRE Q%283 YKL #82
€ *%% CALCGULAT= THZ HYSTERUSIS LUSSES IN THE TsoTi *t&
PHI=7 412-05*FRIQ*BTZTH**1 .01
G *%#% CALCULATZ THE Z0UY CURRENT LOSSZES IN THE TEETH *%*
PEY=6.35-09%FREQAN ¥ 253 TR T HN*2
C *%* CALCULAT: THZ LOSSES IN WATTS 8Y MULTIPLYING BY THZ WEIGHTS IN POUN
PYK=WY® (PHY+PEY)
PTHSWT* (APHT+PET)
G *%¥ CALCULATE THe TOTAL I[RON LOSSES 444
PIRON=PYK+PTH
€ *¥% CALCULATI THEZ Tatat STATIR LOSS (WATTS)
PLOSS=PRLOS+PIRONI
G **%% CALOULATE TH= MAGHIN- EFFICTENGCY SASED ON STATOR LOSSES ONLY *%ew
ZFF=(PG/ (PG+2LUSS))*101420
GO TO 655
150 PRINT 151
PRINT 1535,PPATH,ANS,CS, L
50 TO 563
25C PRINT 251%
PRINT 155,PPATH, ANS,CS, AL
50 TO 253
(‘\65 CDINI 33,3”,2:’“1,4\MPC,V9H1,—'~-1F’,1‘-KH
PRINT 273,AN3,0S,PFATH,SLOTS,S,0T,NY
FRINT 370 gWY 3 WT 3 WINSy Wy WCUSWTUT yWMACH
PRINT 407,2,05AL,VOL,QL
PRINT 431y “FF4PLOSS,P2LIS,PYKyPTH
669 CONTINUZ
362 CONTINGS
30 FORMAT(//,3%X*SPCe WIIGHT*IX*IPH*IXXAMPS#3X*CALCULATED PHASE VOLTA
SOT*2X*¥CU RINT (AMOSH* 2 X*WINING PTCH+DIST FACTOR*/3F12e3yF2Ueby2F20

$67)
2CC FORMAT(* NOJSL/P/PH cs PPATHS NUMBER OF SLOTS St
S0T WIOTH SLOT DEPTH YOKE OZFTH*/3F104395Xy4F1543/)

3C0 FORMAT (K *WE IGHTS=L 33+ *UR*YUKI*LIOX*TFETH*SX* INSULATION*7X¥ROTOR* IX
S*COPPER® IX*TOTAL®9IX*MACHIN */1 Xy7TF15,2/)
Loo FORMAT (3X*TOTAL NG« 50NT. ROTOR JIACIN) STATOR LiN(IN) YOLUME
S*6X*SPZC.LOAD*/5F15,47)
401 FORMAT(/ 45Xy 13HEFFICIENCY = 4F74233Xs7dALOSS = 4FBe1y3Xs8HONMIC =
&FH.l,SX,?HYC'(E = gFB8e¢1,3XyAHTELTH = yFB84147)
151 FORMAT(1od LIADING EXCZDID)
251 FORMAT(13H MO R00OM FOR COPPER)
166 FORMAT(4F154447)
177 FORMAT(1H1,5H VOPH=,F342,2X,4HPY=3F1542,2XyHHPOWIR=,F124242Xy5HFRE

L£0=4F12.2) n;yg,"
900 SToP M NT
<D TR 00PY mumpy < 25T QUAL I 7Y
BICHIPTArrre LD TO Dy e, - CACTICAR
NEPROI A + AR OF P e . |
b ) L S M'-‘i‘"’-

24 o

| —
e

CINTe.
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VPHE 338,80 @P%= 130Ceae]  20MER: 3,00 FRLQ= 2100404

PARALLT . PATHS

1 5640106000
& 28.9709)20
3 16e3000J00
& 8,00C3010
o 7.890000¢
6 L.03003350
? 2.000c0390
L] 1.0003040
SPEC, WIIGwT LR A%PC CALCULATED PHASE VOLTAGE CURRINT(AHMPS) WINONG PTCHeOIST FACTOR
<375 1830c.900 31.728 588.200000 34506.€07220 «937 4626
NOJSL/P/°H cs PPATHS NUMBER OF SLOTS SLOT WIOTH SLOT JEPTH YOKE JEPTH
ko030 2e00C 564432 168,000 081 o104 270
MEIGHTS-LAS, YOKZ TEETH INSULATION ROTIR COPPER TOTAL MACHING
251.13 41483 10.98 1236439 23.33 1562403 1674.51
TOTAL NO. CO4D,. ROTOR OIA(I) STATOR LENCIN) VOLUME SPZIC.L0AD
336.990¢C Ted641 126e7 141 742645 779.9992
EFFICIENCY = 35.33 LOSS = 265171.7 OH4IC = 113028.3 YOK: = 106921.5 TEETH = 19221,3
S7cCe NWIIGHT APy amfF g CALCULATED PHASE VOLTAGE CURRENT (AMPS) WINONG PTCH+OIST FACTOR
196 12000.200 123,652 5884002033 34564667220 0937424
NOLSL2P/PH cs PPATHS NUMBZR OF SLOTS SLOT WIOTH SLOT DZPTH YC«E DEPTH
L% 2.000 28.0350 1684000 +081 +166 270
WEIGHTS-L3S. YIKE TEETH INSULATION ROTIR COPPZR ToTaL MACHINZ
127.36 33,74 7.57 €17.45 23.83 839,94« 971,33
TOTaL WO, COwJ. RITOR JIACIN)  STATOR LEN(IN) VOLUME SPIC.LOAD
336.01200 Te3buy 8243370 3.7b45 1559.3385

EFFICISNCY = 35434 LOSS = 191330.% OHMIC = 121603.1 YOKZ = 564245.9 TEETH = 15481,3

L)
0 “tot : g £3!
i SPEC, WIIGHT  ep4 AMPC CALCULATED PHASE VOLTAGE CURRINT(AMPSY WINONG PITH*DIST FACTOR
| o106 130J0,030 245,305 5884000000 3455,6£7220 «337424
|
| Ma.sLzaceM cs SPATHS NUM3ER OF SLOTS SLOT WIDTH SLOT DFPTH YOKE GEPTH !

i i 4,099 2.00¢ 16.40C 168.000 £ 081 «292 o |
i |
i WNeIGHTS-L3S, YaK. TEETH INSULATION ROTOR COPPER TOTAL MACHINZ

85452 29,95 6411 308,72 24s 36 635,14 S22.46
TOTAL NO, COMJ.  ROTOR OIACIN) STATOR LENCIN)  VOLUMZ SPEC.LOAD
336.0200 7435061 $141785 2.0239 3119.877¢C
EFFICICENCY = 36474 LO3S = 168404,5 044IC = 12075247 YOKI = 279)8.1 TIETH = 1374347
LOLVING EXCE0E) DT e o S sy e el e G i
8.2300 4eG020 242009 5459, 7867
LOADING £xC2020
7.0000 442000 2.0000 6239.7539
LOADING EXCL0T)
bo0c0C “s 0290 2.001¢ 10919,569¢ 4
LOAUING €XCLDED
242320 “.0030 2.0008 21839,1338
LOADING £XCZINEY >
1.0000 ua 0090 2.0000 “3678.2776 »
2 4 -
o "‘ d
“ i

SAMPLE OUTPUT — BASE-LINE DESIGN ¥0a
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SUPERCONDUCTING GENERATOR WEIGHT AND VOLUME COMPUTER PROGRAM

PROGRAM SCGEN(QUTPUT)

D0JRLE PRECISION PMUyRMLyRMZyRSM,0Xy DY, XJdyY0,AL

JOUBLI PRZICISION 3R1,3F1,8R2,8F2,8M,3FM,3,BTM,E2RR,BFF,3T
JIMENSION VOL(13),P(13)

RUAL XKWy JCyMUZyLyLLyLC,IPHASE ) LPRIME,LSM

R Fr¥rreny ¥XXERNES rrvanven rerevnns
¥#% SUPERCONOUCTING GENERATIR BASTZ LINE DESIGN *#*%%ves

srrrevEn rrerrr e ¥rernvesn srerrnny rrsrnnn
LR

s¥exessxsx  THZ FOLLOWING PARAMETERS 1UST BE SPECIFIED srvsrrsravns
yresnrrrsy FOR A GZN:RATOR POINT DESIGN FRRRBIRIERELS

«s* SP-CIFY THZ GEZINZRATOR OJUTPUT POWER IN WATTS
POAER =20.0E+06
*%% SPICIFY TAZ GINERATOKR RECTIFIED OUTPUT VOLTAGE IN VOLTS
VO3=643c00.
8% SPICIFY THE ROTATIONAL SPEED
RP1=6120.
¥4 SPECTIFY THE RUMBER 'OF SLOTS PERX POLE PER PHASE
ANS =23,
*¥% SP-CIFY THZ HUMBZR OF CONDUCTORS PZR SLOT
CS=64140
#¥* SP-CIFY THZ FQUIVALZNT PQOWER FACTOR
PF=¢830%
s»% SPTCIFY THS NUMBER OF PHASES
PHASE=3.90
#%¢ SP_CIFY THAZ STATOR COWOUCTOR CURRENWT DENSITY IN AMPS/SQeIN. ***
JC=236470.730C
»3¥% SPp_CIFY TAZ SUPZRCONDUCTING FIZLU WINDING COIL MCOULE OVIRALL
£3% CUIRENT UENSITY IN AMPSZCM**2
ACM=15.006,00
2% SPpECIFY THE TIP SPcED BF THE FIELDNECOGELS TN FEET/SEGH *%*
VT=471,1
*%3% SPp-CIFY THE UISTANCE FROM THE OUTZR RADIUS OF THE STATOR WINDINS TD
#2% TH: INYUEZR RADIUS OF THZ CNVIRONMENTAL SHIcLD IN INCHES

8% SPTCIFY THAZ SUPERCUNDUCTOR MINIMUM BoND RAJIUS *+*+

1214533
B R R S R R R R S R R R R R R R S R R b
#¥% OTZ THAT THe PROGRAM PRESENTLY CALCULATZS THE HLIGHT (A) JF A FIZLO COIL
#%% 40JULE AS A FIXZD FRASTION UF THIZ RADIUS OF THe ROTOR. THAT IS, A=,3267*RR
##% THIS CAN 3E MODIFIED TO ALLOW SPECIFICATIOW{ OF ANY FIZLD COIL MODULE
“%% 4 IGHT 3Y SIMPLY OZLZTING THIS CARJ IN THE PROGRAM AND DZFINING A AT THIS
**% POINT IN THe PROGRAMe FOR otXAMPLZ, IF A WEZRE TO BZ 2430 INCHZS, PLuCZ A
##% A0 WITH A=2430 AT THIS POINT IN THE PROGRAM.
LR R R R R S R R RS R R S R R R R R R R R R
#23% CP-CIFY TH: ARMATURE WINODING OISTRIBUTION FACTOR

KW=1s23
#¥+ D _CIFY THZ STATOR BAR PACKING FACTOR ( IeSey THu RATIO OF COPPZR TO
*** INSULATION IN A SINGLZ RECTANGULAR SLOT

F3AR=,453
#2% O0TCIFY THE DISTANCE FROM THE EM SHIELD OUTER RAODIUS TO THAZ 30RZ SLAL
*es INIER SADIUS IN INCHES. THIS IS THE PHYSICAL AIR GAP

5=421C
#2% SPICIFY THEL STATOR BAR ZIND TURN ANGLE IN RADIANS

X=.099
#ee 4o IS THuU HCOIGHT AND WAIDTH OF A SQUARC » HOLLOW COMDUCTOR WITH A Wall
s%e THICKNESS OF TW METERSH HO IS ALSO IN METERSE

THIS DOCUMENT IS BEST QUALITY PRACTICABLE.,
THE COPY FURNISHED TO DDC CONTAINED A
SICNIFICANT NUMBER OF PAGES WHLCH DO NO®®
REPRODUCE LEGIBLY., |
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H0=3e532-33
TW=3¢255:=0¢
TI=H)=24*THW

3 Frevrerun _'\]') ')F PJINY JESIGN ‘)PCCIFICATI’JN IR R RS EE RS RS R A R X T XL

: LR

C ®®s»s  THZI NUMBZIR OF POLEZS IS LIMITFD TO FOGUR FOR THIS PROGRAM bt e e d
POLCS=+4 00

C #%* )cLTAB=THZ 30R: TUB: THICKNESS IW INCHES

DZLTAR=,50
2 C *%* JELTAT=THE TOURQUC TJBI THICKNZSS IN INCHES

0ZLTAT=04500

C #**% DL TAS=THZ ELZCTROMAGNZTIC SHIZLOU THICKN_SS IN INCAES
JELTAS=.75

C *#%* NELTAZ=THE <NOAZLL THICKNESS IN INCHES
OcLTAZ=,50
PI=3.1415927
ANG=PI/2JLES

C *%% Ul IS THd PZRMEZABILITY OF A VACUUM
Uj=1,2560372-135
3 *** SIGMA IS THZ CONODUCTIVITY OF ALUMINUM IN MA403/McTeER

SIGHA=3,77+(7
333 CONTINUC
C *%% CALCULATE THE FIELO WINDING OD %%+
OR=(723+4*VT)/ (PI*RPM)
C *** 2R IS THZI RAOIUS OF THZ FIELD WINDING STRUCTUR:= IN INCHES
RR=0OR/ 2,
»ox CALGULATE THE BORe SEAL THICKN<SS IN TNGHES A% HEsEveyivy
VICK=VOC/130Ceu
AK=14732
£l=4410
=0=2.1"
C *#*» 985EL IS THE 30RE SZAL THICKHWESS IN INCHES ;
J3SzL=(143832-C4*(EI/5J)* (AK*VOCK) **1,€8) :
#¥% ;34 I35 TA7. INSULATION THICKNzZ>S BLTWEEN STATOR HARS OF THzZ ZAMI PHASEL i
r s IN I'«J':\«{ig ;
034R=,72)3 ]
*¥% 3Py I5 THT INSULATION THICKNESS BeTWz&EN STATOR BARS OF DIFFIRCNT ;
%4 PHASE VOLTAGES IN INCHIS ;
JP4=,5450
S **% 400N IS TAZ STATOR CONOUCTOR INSULATION THICKNCSS IN INCHZS. f
JCIN=e .09
#%% CALCULAT. TH: GzieRATOR LINE=-TO-NEUTRAL VOLTAGL IN VOLTS
VPAASI=VIC/243
C *%% CALCULAT: THu HoIGHT OF A WINDING MODULE ***
3 %*® 527 NOTe UNODPR GZUSRATOXR INPUT PARAMETLR OSZFINLTION
A=Je3257%RR
S *** CALCULAT. THE WIOTH OF A FISLD WINDING MODULE *%*
i=e9% (22=A%CO5 (ANG))*SIN(ANG) =8
C *%% CALCULATE Trc ARSA OF A MODULE TIH CM**2
ARSM=A®T*#2,5L%2,64
S *%% CALCULATE THt TOTAL CURRENT PER MOJULE SID=
CUXR=ACM*ARGCH
C *** CALCJULAT: THZ CURRENT PER WIR:Z BASZD ON 14+ WIRES
AI=CYRA/ L4446 00
KM=* e L 254
A4zA%, 1250 it

[4=T*, 1254 THIS DOCUVENT IS BEST QUALITY PRACTICABLE
] THE COPY ¥URNISHED TO DDC CONTAINED A p
9 STICNIFICANT NUVBER OF PAGES WHLCH DO NOT /
REPRODUCE LEGIBLY., 3
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HESURT (RM*# 2= (4 T254*3¢TM)*22)

IX=(T/12¢)%40254

DY=(A/124)%4(29%

XJ=e1276%9+0Xx/24C

Yi=CH=AM+0Y/c0

CALCULATZ THe IO QOF THE STATQR *++»

N22¢* (RREJZLTAT+IZLTAS+G)

x¥1/2.21

CALCULAT. THT TOTAL NUMBIR OF 5SLOTS IN THE STATOR
SLOTS=ANS*PHASL*P0LES

CALCULATE THE SLOT WIJDTH IN INCHCS

SWIOTH= (PI*0=-PHASL *POL Z3*UPH=(ANS=1() *PHAST.*PCLZS5*D3AR)/5LOTS
CALCULATL THL PHASE CURIKENT IN AYP_ReS(RMS)
IPHASI=PION_R/(PF*PHASI*VPHASC)

CALCULAT:. TH:z ARcA OF A SIHGLT STATOR CONDUCTOR IN SQUARE INCHZS
AC=IPHASZ/JC

SCHK=3WIOTH=2.C*NCON

IFISOHK«LZ«Tel) &3 TO 150

J4 IS _QUAL TO THZ THICKNESS OF TH: BORE SZAL PLUS THi THIUKNESS ****
OF THZ STATOR WINDJING ®¢#

JAZ (CO*IPHASE) / (SCHK*F3AR*JC) + (CS=1eC)*e01+2,0*DCAN+DBSEL

UAM I35 THE THICKN{LSS OF THE ARIMATURE %+

DA 2M=NA-03SEL

FA2M= (D o*AC*SLOGTSYI/Z(FI®0*DARM)

CALCULATEZ THe SPCCIFIC CLZCTRIC LOADING (AAP=CONJOUCTORS/ZINCH)

1= JARM*FARM* JC

RS IS THC INSIOZ RADIUS OF THE ENVIRONMENTAL IMAGE SHIZLD ***
RSERAF VL TAT+)ZLTAS+G4+3A+S

CALCULATZ THl INSIDSE RADIUS OF THT STATOR WINDING
RHOL=RR#JTLTAT+0CLTAS+5+DQ5CL

CALCULAT= THZ QUTZR RAVIUS OF THZ STATOR WINDING
RHI2=°2H0OL + JA-DCON=-DBSZL

CONVTZRT THZ STATOR WENIJING InNZIR RADIUS TO MLTzZRS

RML=¢T254*RKO1

CONVERT THZ STATOR WINOING OUTER RADIUS TO METERS

M2=43254%RH02

PMJ IS THo ANGLE FROM TH: COIL BORS  ( Scf FIGUR. 30 IN THIS APPZNDIX )
P4U=1,0

CALCULATZ THE MAOIAL(3RLI) AND AZIMUTHAL (SF1) MAGNETIC FLUX DiNSITIZS AT
T INMER RAODIUS JF THZ STATOR WINDING

CALL MFLO(RM1,PMU,BR193F 14 XCyY0yOXyDY ALY

CALCULATE TH:Z RADIAL(3R1) AND AZIMUTHAL(3F1) MAGNETIC FLUX DINSITIES AT
TH. OUTER RACIUS IF THE STYATOR WINOING

CALL MFLO(RMZ,PMU,BR2,)3F2,X0yYTy0XyDY,AI)

PRINT 267, 3F1,8F2

FO2MAT (//,2F23e54977)

3221=1321

BRP2=R22

CALCULATL THZ AVERAGE OF THE TWO RADIAL FLUX ODENSITIZS AND CONVZIRT
T0 KILJGAUSS

IK5=A5S (((3RP1+8IP2)/72.0)*1040)

CALCULATE TH. tLcCTRICAL FREQUENCY IN HERTZ
FA.=(PAQLIS/2.) * (RPM/DDT,)

LALCJLATZ TH: LLZCTRICAL FREQUENCY IN RADIANS PER SECOND
WF=2,0%PI*FRE

CALCULATL. THPEL TIMIS THi SKIN OZPTH OF THo ENVIRONMENTAL SHicLd IN IN
JILTA=340*SUKT (24 3/(WF*UJ*SIGMA)) /,0250
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CALCULAT. TH4I TUTAL dUM3cn OF ACTIVE CCNDUCTORS In TH: STATyUR
e (PI*0%Q) A IPHASE

CALCULAT. TH: EFPECTIY=S ACTINE STRAIGHT LZNGTH OF THE STATOR
L=PONZIRL(7 ¢ 55 =J04PFPKNCRPHM* J* Y EGKG* L)

JALCULAT=z TH. ACTUAL PHYSICAL STRAIGHT LZINGTH AHICH IS SMALLEZR THAWN L JUZ
T THs 1F G:HERATLD I THL tHD TURIN RoGIOIS OF THZ AI% GAP STATOR WINUDING
LL=L/71.215

CALCJLAT: TH: TOTAL LENGTH OF A RACITRACK FIcLd COTL IM INCHeS
LC=LL#2.%(3+T)

CALCULATL THC 30R< Tu3Z INNER RAUTIS IN INCHES

R3= (W=A*CUSLANG)Y ) 2240

CALCJLAT. TH- BOR- TUlI. QUTI® RAJIUS IN IWHCHES

KRRA3=A3+0cLTABE

J [S THI OUTZR 2322IUs OF THE STATOR WINDING

U=23S=3

R23 IS ThI OUTE RWADIJS OF THE TORAUE TUlE

RZI3=R+J_LTAT
‘

=30 IS THE GUTER RAJIUS OF THE ZLICTROMAGMETIC SHIELD
RE30=RES#0ZL TAS
/L IS THe INNER RAOTUS UF THE 20k SEAL
RE=RISO+6
<0 I3 THY QUTZ< A0IUS OF THE STATOR WINDING (ALSO EQUAL TO v)
XO=R_5)+G+DA
CaLCULAT:- TH: WINTH QF A STATOR GOIL IN INCH.S
W=(/1e+1+) *SART (14=205(24¥ANG))
= IS THZ JISTANC:I WHICH THc IND TURN OF A STATQOR COIL EXTZNJIS BIYOND
Td= STRAIGHT SZCTION
SEA/Z(2FTAN(X))
CALCULATZ THE TOTAL OvZRALL LENGTH OF A STATOR COIL
LPRIME=LL$24%2
GALEULATE THE COMPONENT VOLUMES IN CUBIC INCHES %*¥sessrsy
VOL (1) S THE VIOLUMT O3F THE STRAIGHT CYLINJDRICAL PURTION OF THT
“NVIRONMENTAL SHIZLD
JOL (L) =PT¥LPRIMc* (2., *DZLTA¥RS+DZLTA**2)
VOL (2) IS THL SUM OF TH: VOLUME OF THe TWU CUNICAL PORTIONS OF TH:

SHVIRONMEATAL SHIZLD 2
VOL(2) =2, *PI*3*BZLTA® (2, *RS+DELTA=S) o

VOL (3) IS THE VILUMI QJF THI TWO =ZN) 36LLS .9, o 00

VOL (3022, #PI* (V**2-R]S**2) *DiLTAc KNG

VUL (+) IS THe VOLUMc OF THL FOUR FIFLD COILS *2,\0(&\"0

VOL (4) = (2. *LL*AXT+PI*A*(2.,%B*T+T**2)) *POLES é,o (4/ >
VOL(5) IS THE VOLUME OF THZ ANTI=DRIVI END STRUCTUR: Qj{df‘, FIRA
V0L (5) =PI*RR3**2% (LC/54) < 4?9%; %
JOL(n) IS TH: VOLUME IF THE URIVI ZND STRUCTURL OJ\QQ\)‘
VOL () =PI*RRS**2+(LC/5) < (2]
VOL (7) IS THe vOLUME OF THE TORQUJE TUBE . %
VOL(T) =PI* (2, *DELTAT*RR+DELTAT**2)*(LC+S)

VOL(3) IS THE VOLUME OF THE BOR: Tudt RGL:

VOL (3)=PI*LC*(2,*DELTA3*RB+DLTAB**2)

VOL(3) IS THE VOLUME OF TH= FIELO WINDING SUFPORT STRUCTURE
VOL (3) =(PI*LC* (RR**2~RRS**2))=-vOL (&)

VOL(193) 1S THE VOLUMZ OF THZ ZLECTROMAGNSTIC SHI:LD

VOL(13) =(PI*LC)* (RESO*#2~RoS**2) + (PI*DELTAS)* (RESO**2~-RRS**2)
VOL (11) IS THZ VOLUMEZ UF THE COPPER STATQR CONJUCTQORS

VOL(11) =(Z*AC) *(LL+W/SIN(X))

VOL (12) IS THe VOLUMZ OF THE STATOR INSULQTIUN
VOL(12)=(PI‘LDRIHE)‘(QD"Z‘RI“?)-VOL(11)' - i
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*38% VOL(13) IS THE VOLUME OF THE BORE SEAL
JOL (13) =PI*LFRIME® (2,*IBSEL*R+0BSEL**2)
#*% OcFINT THZ COMPONENT MASS ODENSITIES IN POUNDS PZR CUBIC INCH *%*
P(l)=.1
P(2)=.1
P(3)=.28
PlL)=,42065
P(3)=.23
P(3)=es2
P(7)=.28
P(3)=423
P(3)=e1l
P(1C)=41
P(11)=,32
P(12)=.1
P(13)=.,10
WT=040
*¥¥ CALCULATE THe WEIGHT OF THE ROTOR IN POUNDS
ROTWT=4ued
DO 43 J=4,10
48 KOTWT=ROTWT+P(J)*VOL (J)
**s CALCULATZ THE TOTAL SNVELOPE VOLUMZ OF THE SUPZRCONDUCTING GCNERATQOR **+¥s+»
v¥% THZ UNITS ARE IN CUBIC FEET <eesrves
VOLUME=( LPRIME*PI*(RS+DELTA)**2 + 2.%S*¥PI*¥( 2,*¥RS**¥2+S*%2-2,%S*RS
S +RS*(RS=35) ) )/1728.0
*#*% CALCULATC THE TRANSPORT CURRENT LOSSeS (OHAIC HeATING) InN KILOWATTS ##*%
**% CONVEIRT THE COPPEZR VOLUME IN CUBIC INCHES INTO CUBIC METERS
VOLCU=vOL(11)*1,€6387E=-035
¥¥% CONVZIRT THE CONDUCTOX CURRENT OENSITY IN AMPS/SQsINe INTQ AMPS/3QeMETLR
AJC=JC*1.55C+403
##% CA_CULATS THE RESISTIVITY OF COPPER(RHO IN OHM-METERS) AT TMPC JEGREES C *
T49C=150.0
RHI=1472.-08%(234.5¢TMPC) /254,32
*¥s PIL IS THE TOTAL I SQUARED R LOSS IN KILOWATTS
PIRL=AJC*AJC*RHO*VOLCU/1C00.CD
#%% CALCULATE THE ZDDY CURKRENT LUSSES IN THE STATOR BARS IN KILOWATTS *+*
**¢ CALGCULATI THt PZAK TANGINTIAL MAGNZITIC FLUX OUENSITY AT BOTH THZ INNER
AND QUTZR RADLI OF THE STATOR WINDING AT AN ANGLE PI/& (IZ HALF WAY
JCTW_EN POLES) FRUM THZ COIL BORZ (SZE FIGURE 30 1IN THIS APPENIIX)
PMJI=36253
CALL 1FLD(R41,PU,2R,3TM,X0,Y3,0X,0Y,AI)
CALL MFLJ(RM2,PMU,3RRy3IFF4X0,Y2,IX,0Y,A1)
**% CALCULATZ THt AVIRAGZ OF THL TWO P=AK VALUZS OF RADIAL MAGNETIC FLUX
**® DZYSITY AT THZ INNSR ANO OUTEZR STATOR WINJOING RADIL
oRPM=(3R1+3RZ)/2.1)
#%% CALCULATZ THL AVCERAGEZ OF THE TWO PZAK VALUIS OF AZIMUTHAL MAGN=ZTIC FLUX
##e o ISITY AT THE INNER AND OUTLR STATOR WINDING RADII
ITPM= (3THM+RFF)I/241
#3% CALCJULATEZ THE S0UY CURRENT LOSSES IN WATTS/CUSIC METER
PEU=(WF*%2/ (294*RHO) ) * ((HI**L=TI*%*5)/ (HC**2=TI**2))*(3TPM**2+3RPM*
8*Z)
#¥% (0 YJCT THZ EFFLCTIVE VOLUML OF STATOR COPPIR TQ ACCOUNT FOR TH:t FACJT THAT
¥#% M0ST OF THe £0JY CURRINT LOSSES OCCUR IN THE STRAIGHT SECTION OF THE
*¥% STATIR WINDING
VOLCL=VOLCU*LL/(LL*W/SIN(X))
%% UALCULATL THE TOTAL £00Y CURRZINT LOSS IN KILOWATTS
PZID=P v*VOLCL/1uviCesud
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: C *%® CALCULATZ THe LOSSES(Z00Y CURRINT) IN THZ IMAGE SHISLD IN KILOWATTS #e«
! S #¥% JCL I3 THE SKIW OSPTH IN THE ALUMINUM ENVIRONMENTAL SHIELD
< DEL=SQART (247 (WF*UQ*SIGMA) )
: C *** 259 IS THI RADIUS OF THL ENVIRONMEWTAL SHIZLU IN MITZRS .
RS1=R3*,0254 J
| C *** LSM IS THZ LLNGTH OF THE CYLINJDRICAL PORTION OF THE ENVIRONMZNTAL SHIZLOD
C **% IN METIRS
LSM=LPRIMI*, 0254
C *%% CALCULATZ TH: PZIAK VALUE OF THC AZIMUTHAL COMPONENT OF MAGNETIC FLUX
C o%¥e (OzNSITY AT RADIUS RSMe NOTSE THAT THE PEAK OF AZIMUTHAL FLUX DEHNSITY
C *** OCCURS MID WAY BETWEEN POLc CENTEZRS, THAT IS, AT AW ANGLE OF PI/4 FROM
C *** THZ COTL 30R: ( SSt FIGURE 30 IN THIS APPINOIX )
PMJ=), 250
CALL MFL(RSH,PHU,BR, 3Ty X0, YC,IX,0Y,AI)
. C **% PSHLO IS THE E00Y CURRENT LOSS IN THE SNVIRONMZNTAL SHIELD IN KILOWATTS
] PSALO=(PI*RSM*LSM*BT*3T) / (SIGMA*DSL*UQ*UD*1000.C0)
C *** CALCULAT:= THE GZNERATOR EFFICISNCY (PZRCENT)
LFF=(POWIR/ (FOWER+10034C* (PIRL+PZDI+PSHLO) ) ) *10(,4 00
C *** CONVERT THS GOMDUCTOR HEIGHT FROM METERS T2 INCH:eS
HOI=HO0*10043/2454
S **% COMVIRT THE CONJUCTOR WALL THICKNESS FRGM ¥STSRS T INCHES
TWISTW*1334C0/2454
C *%% CALCULATC THo POWZR IN MEGAWATTS
PM=POW=R*1,5=06
G **% CONVZIRT THc SND TURN IXTENSION ANGLE FROM RADIANS TO JEGRZSS
XAA=(X/PI)*15040
PRINT 590
PRINT 735 PMyVUC,RPH,ERE,JC,VT yPF,FBAR,KH
PRINT 31
IRINT 714CS9ANSyZy IPHASE ySLOTSySWIUTH,0UBAR,DCINLPH
PRINT 32
PRINT 72, DULTAB,JLLTAT,OSLTASyDELTAE»SyGyByA, XAN
PRINT 33
PRINT 73y RR,yIRSyLLYLC,LPRIML,T,D3SEL,T
PRINT 3«
PRINT 77, JA,JARMyHQI,TAI,W,0ELTAyFARM,AC
PRINT 35
: PRANT 74y 521942, 5KGy IRMyiTMy IFFe3RPH,BTP41,38T
00 52 K=1,13
WTZZ2(K) *YOL (K)
PRINT 53, K,WTC
ST WT=WT+ATC
S **% CALCULAT. THE SPICIFIC WiIGHT IN POUNUS PER KILOWATT
SAT=19.0.*WT/POWIR
PRINT 38
PRINT 75, SWT,MT,R0TWT,VULUM: ,0,ACM
PRINT 37
ORINT 6y ':FF,P[“‘QL,D:_"))’F)SHLD
331 GO TO 153
152 FRINT 135,
153 CONTINUZ
67 FOMAT(I13,F12.2)
77 FORMAT(IF1262,7)
71 FOIMAT(IF1242,7) e ATPAT. TV PRACTTCABLE
72 FORMAT (3F1242,7) PUIS DOCUMENT TS BEST QUALTTY PRACTICANNE
73 FORMAT(IFL2424/) M COPY FURNTSHID TO DI TAINK f S
; 74 FORMAT(IFL12424/) w;;vi¢ﬂ~ NN ;.~‘03;:MJa)ﬁ;1Lhé&gE0®
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75 FO(‘NT(FLS.A,*’)FLZ.Z,/)

75 FO2MAT(F1544,3F12.2)

77 FORMAT(3F1243,7)

30 FORMAT (1115 +Xy5HP (MW) 37X 3 B3HOC VOLTSy0Xy3HRPM,7 X, «HFREQ,8Xy2HJC, 12X
§324VT 3 LUKy 2HPF 3 IX34HF3AR, LU Xy 2HKHW)

81 FURMAT(B8X,2HCSy11X»2HNSy 10Xy 1HZ,9Xy 3HIPHy7Xy5HSLOUTS,7X 9 6HSALIITH,y SX
§y4dU3A 2, 7Xy 4HOCON, 10X, 3HOPH)

82 FUMAT (7X,4HOELB)BX, 6HOZLT 38X, 4HIELS ) BX,4HIZLE 10Xy 1HS 13X,y 3GAPy1
§1Xy1A3,11Xy1HA,5X,y7HZND ANG)

33 FORMATUIBX,2HRRy11X91HD 10X 92HRS,) 10Xy ZHLL 9y 3Xy 2HLCy 9XyoHLPRIMZ, 3Xy 1H
829 IXy5HD3SEL,yIXy1HT)

36 FORMAT(8X,2H0A,8X,4HOARM ) 11Xy 1HHA, 13X 2Ty 10Xy 1Ay IXySHOCLTAy 7 XybH
SFARM,8X,51{ACOND)

35 FORMAT (3X,3HIR1, 9Ky 3432, X 3 3A3K5 5 IX 3 3H3RM, X, o H3TM3IX 3 3A3FF 53Xyl
SORPMy 7 Xy +HITPMyLIX42HIT)

85 FORMAT (/32X y 13HSPECeWT o LO/KWy2Xy10ATOT 4 WTaLBSy 53Xy IHKOTOR(L3) 92X,y 173
SAVIOL(TJeFT) 32Xy 10HSPEZC. LOAD)

37 FORMAT (5Xy1IHEFFICIENCSY 9 53Xy10HOHMIS LOSS,y3X9H=00Y LUS5,2Xy11HSAIZ
SLO LOS3)

151 FO24AT(//,13H NO ROOM FOR COPPIRy/)
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SUBROUTINT FLU(240,P AUy 3H0, 3PHT y X5, Y0 30X, DY, A1)
JDJVes PRICISION ApcgAlyXT9X1y¥GyDCs0YgPLyP2yAM, KydF y XX YYT
20UBLT PRICTLION XXy YY yRHOyZyPHI Xy Yy FyBRHY, 3PHI,B4AG
DI4ENSTON A(12,12,3),3(12,12,8)
AR ERER S S EEE X2 N L E R EE R EEEE LR R
THIS SUARQUTTIMI CALCULATES THe MAGNZTIC FLUX DINSITY IN FRI: SPalc
FO2 A FQUR 20L7 ROTOR STRUSTURZ JSING THIZ 3I0T-SAVART LAA.
A L2412 ARRAY (F WIRIS RLPRESINTS ZACH COIL SIO: WAICH IS ASSUMED TO 3t
RISTANGULAR IN CROSS S=CTION.
T RTCTANGULAR C2033 SICTION IS (12%0X)/,3254 INCHCS WIDZ BY
(12%3Y) /43255 INCA'S HIGH, WHZ25 WlDc AND HIGH 2:Fex TO THE X AND ¥
COIRITUATZ DL CTIONS RESPECTIVILY. (SEE FIGUR- 30 IN THIS APPINIIX)

LR R R E R LR R RS LS RS EE R TN R R TR SR LN S TS

PI=341+15920535593
24T=04 Jeo]
P2=PI/2,

AMEG,=77%P]
IK=A4% AL/ (2,*5])
Kiz=X12

L€ x X

QRT(X**2eXY**2)
¥

Jy <) =JATAN(Z)

X

** Nw fup
-

LU T LY TR U T RPN TP N S &
+
(-
<

e B S O e L

PR T

o

J=1412
T=1,12
L9dy<)=)SART(X**2+y*¥2)

N POU XX N < XX ™3
"~

-<
~
>

(L 9ty KY=OATLN(Z)
X=X=)X

£=x1

Y=Y +0Y

K=3

LI 5 J=1,12

10 5 I=1,12
L(I,J,()=4(I,J’1)
B(IyJyX)=8(I,Jy1)+P2
K=+

N0 €& J=1,12

JO0 6 I=1,412
AlLyJdy®)=A(I,4J,2)
B(IyJyK)=3(I,J,2)+P2

K=3

20 7 J=1,12

00 7 I=1,12
A(L43dyK)=A(1,4,3)
.’J(I’J,<'=3(I'J|.'“*p2

K=o
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20 8 J=1,12
D0 8 I=1,12
A(L 3 3,K)=A(1,Jy%)
FI(LyJyK)=3(I,yJy4) +P2
K=7
0) 9 J4=1,12
DO 9 I=1,12
A(I’J,<)=A(I,J)5)
BTy JyX)=3(IyJy5)+0P2
K=3
00 12 Jaj;i2
00 1J I=1,12
A(I9JyK)=A(1yJyd)
'J(I,J,K):‘?(I,J,é)fPZ
32140204 00
3PAI=0.00
aF ==3K
K=1
00 11 J=1,12
D0 11 I=1,12
F=A(LyJyK)**2+¢RHO**2=2,*A(I,4JyK)*RAO*0DCO3(3(I,4JyK)=PHI)
BRHO0=3IAHO+BF*A (L1, J,K) *OSIN(B8(I,JyK)=FHI)/F
3PAI=3PHI+3F* (RHO=A(I, JyK)*DCOS(3(IyJyK)=PHI))/F
5F =+3K
K=2
J0 12 J=1412
00 12 I=1,12
F=A(IyJyK)**2+RHO**2=2,%A(I,J,K)¥RA0*ICOS(3(I,J,yK)=PHI)
5R40=3H0+3F*A(I,J,K)*OSIN(B(I,JyK)=PHI)/F
SPAI=3PHI+3F* (RPHO=A(I,J,K)*DCOS(3(I,JyK)=PHI))/F
K=3
20 13 J=1y12
00 13 I=1412
F=A(Iy JyR) **2+RHO**2=-2,%0(1,J,X)*RA0*DCOS(3(I,JyK)=PHI)
IRA0=32HO+3F*A(I,J,K)*ISIN(B(IyJyK)=PHI)/F
GPHI=A2HI+IF* (RHO=A(T,JyK) *DCOS(B(TyJyK)=PHI)) /F
JF==3K
K=4
00 1+ J=1,12
N0 14 [=1,412
F=A0Lly JyK)®®24RHO**#2=2,*A(1,JyK)*RHO*ICOS(3(1, JyK)=PHI)
3240=32H0+3F*A (I, JyK)*ISIN(3(I4JyK)=PHI)/F
APHI=BPHI+AF* (RHO=A(I,JyK)*DCOS(3(I9yJyK)=PHI))/F
K=5
DO 15 J=1,12
00 15 I=1,12
FAllyJyK)**2+RHI*¥2=-2.%A(1,JyK)*RHC*OBCOS(3(T,J,yK)=PHI)
BR40=3RA0+3F*¥A(I,J,K) *ISIN(3(IyJyK)-PHI)/F
3PHI=3PHI+3F* (RHO=-A(IyJyK)*DCOS(3(IyJyK)=PAI))/F
HF =+ 3K
K=5
U0 16 J=1412
CO 1o I=1,12
F=A(I9yJyK)**Z2+PHO*%2=2,*A(I4JyK)*RH0*DCOS(I(I,JyK)=PHI)
CRA0=IRHO+UF*A (I, JyK) *OSIN(B(I,,JyK)=PHI)/F
SPHI=3PHI+3F* (RHUO=A(I,JyK)*¥DCOS(3(I1yJyK)=PHI))/F
K=7
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20 17 J=1,12

00 17 I=1,12

FA(LyJyK) *¥2+¢RHO*¥2=2,*A(],J,K)*RA0*0COS(I(I,J,K)=PHI)
IRHO=3RHO+3F*A(I,J,K)*OSIN(B(I,JyK)=PHI)/F
3PAI=32HI+3F* (RHO=A(I,J,K)*¥DCOS(3(I,J,K)=PHI))/F
3F==3K

K=3

70 1o J=1,12

ga 18 I=1,12

F=A(Ly JyK) ¥ *2+RHI**2=-2,.%A(1,J,K) *RAC*DCOS(3(I,J,K)=PHI)
3RH0=3HO+3F*A(T,JyK) *OSIN(B(IyJyK)=PHI)/F
3P4T=39HI+3F * (RAO=A(I,J,K)*DCOS{3(LyJyK)=PHI))/F
RETURN
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APPENDIX C
POWER SUPPLY COMPONENT WEIGHT ALGORITHMS

The following weight algorithms were used to calculate component
weights for the system point designs described in Table 6.

FUEL

wFUEL = 0.3724 (SPC) PTURB(M) Aton (1bs)

SPC = specific propellant consumption, 1bs/(HP-HR)

PTURB = turbine shaft power, megawatts

Aton = total power generation time, seconds (assumed to be 120 seconds

for the point designs)

TURBINE (Reference 2)

2.362

= 0.3455 Dy ¢ 1B8)

WryRBINE
where

D; = 3.896 x 105/RPMT (Turbine tip diameter, inches)
RPMT = Turbine rotational speed
GEAR BOX (Reference 11), Double reduction, three-branch gear box
NGB = (88.236/RPMT) (HP) (SuM), (1bs)

where:

HP = mechanical shaft power of the turbine in horsepower

SUM

1 1
3 (1 + mg) + mg (2 +m_ + mg/Mo) t 3 M0 (1 + Mo/mg)

g

Mo

RPMT/RPMG = overall gear ratio

RPMG rotational speed of the generator rotor
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mg is the optimum internal gear ratio and is found from the following
expression:

2
M0 (Mo +1)

2 ok
2mg [mg (M0 +1) + Mo] &

A linear approximation to the above expression is given by (R. L. Binsley,
Rocketdyne, personal communication):

Mg = 0.185 Mo # 333

For each of the noint designs in Table 6 involving a gear box, Table 9
lists the pertinent parameters for calculating the gear box weights.

The weights were calculated for both the exact and approximate values of
mg; however, the exact values of mg were used in calculating the gear
box weights in Table 6.

TABLE 9
GEAR BOX WEIGHT CALCULATIONS

SgéTgN ke ML "o (apEgOX) (ezgct) ?Sﬁélgig ?Sfiliﬁ)
2 (PMG) 14,900 18,000 0.82778 0.48614 0.38880 204 182
3 (SCG) 14,900 6,000 2.48333 0.79272 0.76030 487 484
5 (PMG) 10,500 18,000 0.58333 0.44092 0.340675 602 507
7 (s€G) 10,500 6,000 1.7500 0.65675 0.592207 1183 1156

HIGH POWER TRANSFORMER (T1), (References 4, 13)

v -0.0413}
0)
%4 ) {0.337 (TBE

= 0.0505 ( on

" 120

T1

b\ 0.7
x|0.693 + o.3o7(—%éml)
v

1.3
0 -0.926
X [0.931 + 0.069(-ﬂj5) ] X [6.242 +0.758 f ] X Pyexwy (1bs)
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Yo

f

DC output voltage required at the load (KV)

alternator frequency (KHz)
PI(M) = transformer output power (MW)

PI(KN) = transformer output power (KW)

LOW POWER TRANSFORMER (T2), (References 4, 13)

e 0.281 p -0.985
3 “ton Pa(m)
NTZ = 0.1275 (]20> X 10.612 + 0.388 ( 75 )

2(KN) (1bs)

0.7
0 -0.767
X]0.608 + 0.392 (m) X f X P

PZ(M) = output power of low power transformer (MW)

Pz(Kw) = output power of low power transformer (KW)

THREE PHASE RECTIFIER (References 4, 13)

2.2 0.83
. 6 Zon
wRECT = 0.0073]| 0.945 + 0.055 (]00) X( 60 ) X P(KN) (1bs)

P(Kw) is the input power to the rectifier in kilowatts and is Pl(kw)

for the high power branch of the circuit or P2(kw) for the low
power branch.

NOTE: Vo must be chosen correctly to reflect the correct weights for
the high and low power branches since Vo is different in the two
cases.

LC FILTER (References 4, 13)

| G alEe ERCRa
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where P(KN) is defined under THREE PHASE RECTIFIER. The following
assumptions were made concerning the LC filter:

1% peak-to-peak ripple allowed in the load voltage;
inductor energy storage density = 25 joules/1b;
capacitor energy storage density = 100 joules/lb;
conduction overlap angle = 30 degrees;

diode rectification (i.e., no firing angle control).

PMG COOLING SUBSYSTEM (Reference 2)

(100 - n,)
W_ = 130 pPidlete o B e (ibs)
G(M) NG s

PG(M) = generator output power in megawatts times the number of
generator units required to supply the required load power

1

U generator efficiency in percent

SUPERCONDUCTING GENERATOR COOLING SUBSYSTEMS

Stator Cooling (Pressurized Water)

(]00 5 HG)

g X Nc X Aton (1bs)

NC = PG(M) X

We

1.0 1b/(MW-SEC)

Cryogenic Cooling (Liquid Helium)

Hepyo = (1:09) (1.10) (L) (MT) (1bs)

1.09 = 0.80 + 0.29 accounts for the weight of the dewar system and
the stored liquid helium, respectively.

1.10 = factor to account for losses

L = rotor helium flow rate required in liters per hour. For the 10 MW
machines, L is assumed to be 20 liters/hr and for the 20 MW
machines, L is assumed to be 25 liters/hr.

MT = mission time (duration) in hours, assumed to be 10 hours.
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