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Table 1.

Reactor Fuel Parameters,

Near Far
Term Term Goal
Fuel Pellet Density 96% TD4 96% TD 96% TD
Smear Density 89% TD 80% TD 80% TD
Maximum Burnup 6% 9% 12%
Cladding PWC-11 W/Re W/Re
Max. Fuel Temperature 1650 K 1700 K 1800 K
Max. Cladding Temperature 1400 K 1500 K 1600 K
4 Theoretical Density.
Table 2. Payload Dose Limits,
Near Far
Term Term Goal
Payload Neutron Dose
Limit (n/cm2) 1 x 1013 5 x 1014 1 x 1016
Payload Gamma Dose
Limit (R) 5 x 105 5 x 106 5 x 107
Table 3. Assumed Technolegy Improvements for Balance of System,

Near Far
Term Term Goal
Heat Exchanger Mass S5P-100 3/4 x SP-100 1/2 x SP-100
Percent of Carnot
Efficiency of Stirling+
Linear Alternator 50% 60% 70%
Specific Mass of Stirling
+Linear Alternator 6 kg/kWe 5.5 kg/kWe 5 kg/kWe

TE Figure of Merit

Radiator Specific Mass

Boom Mass

0.8x10"3 1/K
SP-100
SP-100

1.4x10-3 1/K
3/4 X SP-100
3/4 x SP-100

2.0x10™3 1/K
1/2 x SP-100
1/2 x SP-100




PNC TN3420 91-007

20
1400 K oladding tomperature
7 yoer operaticn
g
= 16 [~
n
0
<X
=
=z
QE 2
] R
P
=
w
: T
:
0 8
=
+
&=
e
Q 4 LGE Data
] Point .
-4 "'
o 1 1 1 1 I
o 10 20 30 40 50 60
POWER {(MWth)
Figure 1. Reactor Mass vs., Power,
Mass (MT)
160 Thermaelectric
140 Brayton
12 o
0 Stirling
0l e e a ......
Rankine
80 - -
GO
40
20
0 A
0 2, 000 4, 000 B, 000 8, 000 10, 000 12, 000
Power (kWe)

Far term technology
1500 K Max. Cladding Tempersture
7 year life

Figure 2, System Mass for a Range of Power Levels,

— B -



PNC TNB420 91-007

Mass (MT)

80

B0

Power Conversion

WAV I9Y.
[/ Hea changers
& S //Jteat Exchang
40 {
20F B N\ \
DTN & \ \\
FILLIIIIIIID, & N
‘ Near Term Far Term Goal
5 MHe
;4333:5 liieinfce Cladding Temperature
Figure 3. lmpact of Technology Improvements on Stirling Systems,
Mass [MT)
160 @Structure
140 - / &Radiutor
2or N r Conversion
o5 - 777 —— Powe c
I S V4 % Heat Exchongers
I §>> B3 swieid
0 1 R B2 SN Z
| \ $ }/\\\\ > X B
BN 7,
20 F BN SS;,), ,52 /42 /s
° 7 yrs. i yr. 7 yrs, f-yr. 7 yrs. iyr,
Stirling Brayton Thermoelectric

Operational Life
Near Term Technology ’

1400 K Max. Cladding Temperature
5 Mie

Figure 4, Effects of Operating Lifetime on Mass,

|
-3
I



PXC TN9420 91-007

(ATvZFAH=-2)

2O0RWHEBYA I VT REGHAPEETE75 v ROWE
French Investigations on an Alternative, Longer Teram,
20-kWe, Direct Cycle, Gas-Cooled Reactor, Space Power System

Z.P.Tilliette and F, 0, Carré

BB : Tth Symposium on Space Nuclear Power Systems, pp.508—D518

F %

B—Ry XTCTRHFPHDDOREB D HoT, NROLDICHLLEGHROBRERLE
BREELTE-STVND, ZLT, 2RRBLANF -—BUEEFLETH S, £T15~20
kWe OHAVNARBZONENETHE, THEHHROFHKITIZ, B 6 FEMic
TS5 RATEITER, WO D#HL (Proust et al, 1988, Tilliette 1988, and Carré
et al, 1989%a and 198%b) TE~ SN, ZOREBI, LITOXSRLDTH B,

-RDOFERTE, 5~108RICETHLHEL,

—FRiE, 2~10FE0OMTE 2, .

—RLEPHEMNBRICATIERB TR, BEARKORSE, EBB 4y~ Y,

B OERE, SHHMEEa Yy RO LBESASRRYY LT3,

—RBRETHABERER, v Fa TUTHRIOKERET 5,

— BRI, FFFEREBOBMECHES LB TRIFR SN,

—BRNOEBTRADORI v — V428310101, AHBOASVWIERELBENC

MELTRETH B,

~AKEOEELSUHOERTIL, BEKABOBAIBIRBE B TRITE S,

—BBEBE, Ty AR FRATESARBMEERSTHESES,

TEOREZBLAZ20kWe, 1130K, BESVA bV HA4 70, FREHNFY
RAFLBREIONTH S,

BEFFEsE
RFFRZrHTHEINS, BRAV AL, RohiHFa@EH, BOREEER. /)
SOEBM A Ry, BELSEFSE, SOV OrOERNS, BhEFR 2 b
FRBENA, Fig. 1 2R3, FLORZr HERSEMICRVEI LAl IORF~y FB
BMhoBoTa, Fig. 1O TOWHERREIOSNZ 2DOOERKAERLTVE, NER
(AY B196 0FEROXEOCHRBL2ERICL TS, ODLE (B) B@EFRINMERO
BIRCBOOEIMINE, FLOBRROTENRSEHIZ, ZrHAG675—-TT5KOEEIE
KEBRTA2OLLENRHe EX e pHA 20, BRMNTBIBUAHEAIRNTHS, O
NREBRHFEO LIy b F+ v N—2EEIVEETERENG, COFET, +
y PAZAHROBES, BFA~V I LRH&, firs4a, EHEBR, 7T00-75
DKOBRERBILNLSZ, ZH5LT, Y+ Fovr—nFOoREHBAREREENLS,

AV G L, BINOT: Y
BURZZrHRERXBICH L TH IR FREELZ DI, Tvd4 b vH 472 0TH,
HEEABLEERABALE DEBEMAREREIN . Fig, 2R T LvA by o4 2 0B LR
QODEHEERLT NG, BEOFTA 22002 F A4 20 QEQEEBTE, ¥ - Y AQ
BEER1130KT 3, a7y v ADEEIR, FhEN400K (%47 0Q) ,
333K (#1427 0Q), 323K (¥42100) THd, ¥4 21QEQOBEIMN - 728
Blid, 633KEWIBVWRELAOEETHS, +4 7200 FHMN (9 kWt ),
HEBEE®R (5 0m') KL, ¥4 220@Q7THI5kWt, 60w, ¥4 2007TI11
3TkWt, 56. bmeiad, ¥4 2 1Q0FBVHRI2LEBVLTav vy »+EME
T IELL-TOABONG, BOVFLAOEEKEOLSTHIR0OBELBEHOTK
BH A7 v@RBRENE, THREVEAROYF —Fa v v o+ —IKk-TH0, B
BEAR (5 2mh o4 0 %OKMN) SHERRK (4. S5 TO6 0%DOHE) 2B~
Thd, RERHAROERIZ]. 4B YTH5,

DATLARHIER

Fig. SDYRFLIA TS5 L, FR-BEEKBTRBICIOMBINZEERMES
HESOTROL2ONaKR Yy —72RLTVE, By —7i31, 5. Space Stat

— 8 -



PNC TN9420 91-007

ion phase 2 program THRAI N, BERHBBE -+ %471, # - HOOEHRE
BrRE--TEHEXREONS, EHEBER, FK2200s —F V2531 —5—0OBRKEST
RERE, Y17 NICEER —ORRLELGANE, 2 0 EFIKKRKETHRERENAL LS
KEULAZerE Ao +RRESES AL IBOREE: | HORHKHRE (W
HX) #2EH S EBFFLVEZELIONDE, B35/ - FV 23 v—p—-HEIAIRINLEE
ERETRONY 7254 RBEEBET 2D, Y230 —% —BHREDICES, EB
OB, EBEEEAEIGBIKITIZEICI-THZEEIN S, Fig. 41, 7 —
YRAFLDUBETHE, BEBRBBLARVWTIOH THULINTOERE, Mo —F
ERWT L F 2 2R —OLDOEMERKICT I D, HEBRSOLESCREBEE N
5. MEOHEBBREBIX, RFFYyRXFLOEOICH B, Fig. D N#EHERT,

EEERMBE )

WO DOEHIKE - T, Fig. 4 £Fig. GICEFREPRITE LR ERITBORFERY

BERBHABOBROBENE I NI,
— Ry - HABEFO DI HBEEBREE
— ¥ -E—alAKBHICLkEHE, BLi{EBSTLDORE
~EVEROBAZERBLARRBELIRNCTILDLENEERY X 7 LA HE
PoEBETHLDOER
—TE2BOBHODIHE .

Fig. TOHME T, #HAHKE (NaK) &, BRBFEOHE~HEEH, HEHET = —
Tl - THRMTIRE~NHRERNRXT 2, TXTOHRBHEHRIEZANC 2V —TEE
RE-THRENG. HAZOHRETLISGEDIBVERI YT AKNE, BABEF 2 —
TONEIRBHAREEENS, RORBINEEEZOEOEHR, Y+ FIvy—FOHK
BEE—RIDZIILH, 2OLDHDITE[MECETELRBAIR, FHEB TSN TH RN,
BEER#SER, RBERAN  ABOKE - RHTHEAXZBLALELS 2mcHIBT a4
13, 8en&2E]l S mO82DF2~TT2L N3,

UEBITH (Tablel)

REBOBHI, FFENETHLOTHERY, BRFFLY» FY VY- FOERI,
ENEN400kes 29 0keTH2, BLVWEEBFHIIRBE LR FLAR L ->THEBEXH
2, MERF 2 —7A2GLRPVOAETR, BERAHBRE TV I = aXRRY Ty 4%
HRLUALES, #0€h 535k 46 0kgsBohy TRTOBRHEF2—T =V
OHERIZ, ThEFNnT. Tk /o, §. 25kg,/ WTH3, NABKEREEILHRE
ZEt TR, BB 47T 5kg, 40 5kg, HESEIE., S5k, 5. 2kg/mEN B,

B B
NBELERELEBRBRABIC L TRHEINEI T VA b a2, T00—-T750
KMfAEHR T 3NEFHFOZr HEEVMOFAERET S, 2 0 kWe XM RBHF
T, BEY M I7VOFLAOBES S 0KAZG33KETFTHAFRAA YR F 40, 13
WAL HAEBES (56, On') T1 OXBMALFELEED (11 3kWt ) &Mk,
HMOHEEF 2 ~THoRIBEERBFSUKBOKREHARELAR - T B, FhiZ
RALFHOBRADORM n—FEHE, ROTRBOTHEBEONEL, ABOMRLEET
BMADCHT 2HRAEZTMOLVBENZBE NS, BEDOEEIL, Tilliette et al, (19
892 and 1IN L s TEANOSNEHEOHEETH 2, EITHOMKICLDITEENS &
I, CHIEMORAADOSZHERAEBTEBILTEHDOTH 5,

(8] 1)



PNC TNO420 91-007

rownity 1ok

barylilum

ponicls bods

IrH

(o) hosogonel  —— ItH oloments —= (b)) lozanga”

Figure 1, 20-k¥We Gas-Cooled, Particle Bed Reactor,

O @ @

Tole HICH BUT HAMETIH K as0 332 ik <]
TERRITES , RUMECTON HERPEEATANE MuDtE K 1205~ 240) 670-770 870~TTO
(LTI m 80 60 © B8.S5tasvuri
RESLIR Potren muie ket [2):] -1 ] nar
#HI tihbon Bor camd 20.2 .3 17.6
tla Bt 48 - Hgfe 88 37 A4
war 1130 K
toral
1
"_ L2 ]
[ L ht.
e ™ radlalor
p‘- ansf- xEt/4.5m’
§ e
g Bt
= sl radiator
B 33.6 kAt/ 52 m'iol
o Reoctsr Iniet Teoparsiure £ 1 Receporalor filoctivences {2} 1t Hole
Comip 1 T L. 1 Modorater , Fellecior {3} 1 Rodialer Pumpsd Loeap Coslomt
aﬂm Proseurs Aatle {1t 3 Genovotor Cooding ) 1 Rodicing Sutface

{81 [mttucing Gonomitor Coeling, Sun Eftect , InoHorondea

Figure 2. 20-kWe, 1130 ¥, Direct Brayten Cycle Investigation,



PNC TN9420 91-007

reactar

shadow shlald

N

L)

lurbine

-

compraosar | (a3t

gonarator

lsolallon valves

-

1 recupsfator
o wesle hoal esxchanger

# high lomp. radlator
(hesl pioes)

1 low lemp. radlator
{pumped Tooph

11 wasie heat loopstan)

12 w, h. loops pumps (2x2}

Figure 3, Gas-Cooled Reactor,
System Diagranm,
reactor iy

vhadow
shiold

high temperature
radialor
{hant pipen)

low temperstura A

/

=plvoting part

tad|ator |

{pumpsed joup) K s

+ tubulat p %
~{ixed part 5;

- g

R

[tawnch eonfiguralion) *

Pirect Cycle,

reontry
ehiald

canveraion

oyatlom (Bioyion)
b wansle

heoat loap

-——separation baom
alorngoe contalner

e dtructural
support Irame
for lsunch

[ozamptal
=ALSO SEE FMOa 0412~

! %l =B
551 i
L
- 48| |~~~ payload
Arlone 5 fairing —"] § : -:’uf:?ee (LRI
g58m : H
Tt ¢ launch vehicle
l o ___“u___._-—-lnlorlace
Figure 4, Gas-Cooled Reactor System.

Launch Configuration,

HeXe —hopt plpas
heat exchanger

high temperature
,radiatur heal pipes

turbogenerator recuparator
{ 2 unlte) \ 2 - {1wan)
terbine
nlet ——____Jf At to)- Ml v on o

tharmal

vwoeta hoat
exchangar .~

t1umnl

hoat pipes
low temparature ~ conieal
wasle hoat loope (2) ~arrangament

Figure 5, Brayton Cycle Conversion Systen
with two Turhogenerators,
reactor "T'

a

vrednlty shield

y convaraion

/ Syslam ranavion)
& waste

shadow shiald

;i- —
high temperature heat laop
radiator ™ A 7 ‘3‘?::;
[HEAT PIPES] i path separatfon boom
a2 d.50r / ¢ canistar
£ || -3t 5\3g
low teamporeture Jill; ‘% a
radiator Vs | ojbetng, atructural
(PUMPED LOOR) Sp= support frame
Tugw An | = {Ixed part
={lxad part " 1 Jettlscnsble part
-artlculation.” | g st 3 1 tehawn for tuwnen)
~phvoting part .~ i i \ Lezampla of ane sohtion
{11ignt contiguration ) . among several}
8 tubes R ;f‘ Sl el ] ~ALSO SEE FI0. 12+
0.0.:13.8 cm I B H L %
L 115m ’( !\ : ;i? N e
A, 152mi L. A 1.
: i 1, . sepoaration boom
. ‘f \ 3 {OEPLOYED |
(I B | ey
/A
R A TP .
20 ] i BB
o . : | .*—"q"".- .
o 1475 s 2%
20 L5 : , ’0 A‘,,lg
‘. ; L] *
3 | | A
R 3 5 .+ user modute
~., - .,.-", intertaca
//
L ] ' o*
radlating lemparature condlitfons — e
woste heat radistling lubos —::-_"_-—-_ /h o_1m
comicat ! cylindrical cea TR ———— -’ 1 ~, .

Wtruclure trans e Sa ’ N )
. N _-boom - i .
Wt A -— - L

AP S AP M . N
setnon 8t 316 K saction b ISIK vection 61425 K

Gas-Cooled Reactor System,
Flight Configuration,

Figure §,



PNC TN9420 91-007

tubes tlexible

articulation structure ond protection

coolant
inkt tube

Figure 7

Table 1.

soction { beliows or others contiguration:

+
]

. :
gas-cooled

8 tubas ¢
0.0.:13.8¢m

. Low Temperature, Tubular Radiator Details,

20-kWe Gas-Cooled Reactor System, Reactor and

Thermal Management Mass Estimates,
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REAC R
To ZrH/[core + bottom reflector) : 130 -
Beryllium (top + side reflector} : 120 400
Pressure Vessel . : a9p
SHADOW SHIELD 280
HIGH TEMPERATURE RADIATOR(Inct. HoXoslde) 40
WASTE HEAT EXCHANGER 38
] I LOOPS + FUMPS 32
LOW TEMPERATURE RADIATOR » Al be
Besle Matarlal (1) (2] {1) {2)
- redlating tubes { Inct, oK plpes | 340 290 2758 225
- articulatlon 20 17 17 15
- plvoting deavice 20 420 18 340 18 3251 47 270
~ launch lzstoning 20 15 15 * 13
ASSOQCIATED FRAME STAUCTUNE 25 25 25 .20
THERMAL MANAGEMENT TOTAL 53 475 460 405
L.T. radlator apocitic moss * kg /m? 1.7 6.5 8.25 5.9
(1) Reference cylindrical tubes concept (2) Advanced hexagonal tubes concept
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The Commercial Potential of the "TOPAZ” Power System

Joseph R.Wetch, Monte V. Davis (Space Power, Incerporated),
N.N.Ponomarev-Stepnoi, et al, (USSR)

¥ : Tth Symposium on Space Nucllear Power Systems (Jan, 1990, Albuguerque)
pp. 1-7
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Figure 1. General View of the TOPAZ Nuclear Power Systenm.
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Table 1, Broadcast Satellites In GED.
1979 1983 198 1989
Argentina - - - 2
Australia - - 2 3
Brazil - - 1 2
Canada 6 5
France - . 2 2
Germany, FR - - - 2
India - 1 1 2
Indonesia 2 3 2 2
Ireland - - - 2
Italy - - - 1
Japan - 2 2 4
Luxembourg - - - 1
Mexico - - 2 2
Nigeria - - - 2
Pakistan - - - 2
Thailand - - - 2
UK - - - 2
USA 8 21 28 38
USSR 3 8 11 15
Total 17 40 57 91
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LMFBREHFBN VX FLUBMTAERATO /3 a0 ERABERUEARE
Update of the ERATD Program and Conceptual Studies
on LMFBR Derivative Space Pewer Systems

F,{arré, B Proust, §. Chaudourne, P, Keirle, Z.Tilliette, J M Tourmier, B.VYrillon
Hi# : Tth Sym. on Space Nuclear Power Systems, Albuquerque, 1990, pp, 381-385
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Table 1 and 2 - Near Optimum Operating Conditions and Mass Summaries (kg) for
the Considered 20-kWe Nuclear Brayton Power Systems,
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Table 3 - Comparative Evaluation of 20-klWe Nuclear Brayton Systems.

ASSESSMENT OF REACTOR TECHNOLOGY FOR 20 kWe MUCLEAR BRAYTOM POWER SYSTEMS
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SP-100 Reactor Design and Performance
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Table - 1. SP-100 Reactor Subsystem Performance Characteristics for

Normal {lperations

Parameter

Power (MWL)

Reactor Temperature Rise K(F)
Primary Loop.
Auxillary Loop

 Reactor Outlet Temperature K(F)
Primary Loop
Auxiliary Loop

Coolant Flow Rate kg/s{1bm/hr)
Primary Loop
Auxiliary Loop

Linear Power kW/m(kW/Tt)
Average
Nominal Peak

Core Burnup(at/o)
Average
Nominal Peak

Peak Fast (>.1 MeV) Flux(n/cm®-s)
Vessel Hall

Peak Fast F]uence(n/cmz)
Vessel Wall

B4C Nominal Peak Captures

Beginning of
Life Value

2.400

52(94)
44179)

1305(1889)
1322(1920)

11.06(87778)
.20(1587)

6.23(1.90)
10.0(3.06)

8.41x1013

End of Life
Value

2.415

56(101)
50(90)

1345(1961)
1345(1961)

10.39(82460)
.174(1381)

9.46x1013

2.06x10%2

2.74x10%3
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Rhodes, W. A. and F. R. Mynatt (1973) The DOT-3 Two Dimensional Discrete

Ordinate Transport Code,

ORNL~TM-4280 Cak Ridge National Laboratory, Oak

Ridge, TN.
Table 1, Materials Used in the Core and Reflector,
Fuel Coated fuel particle(Details
shown in Table 3)
Filling factor:0.61
Heat pipe Mo-13% Re with Li working fluid
Core vessel TZM, {1 atm filling helium
Reflector Be and BeD
Control drum BeO with B4C segment
Shield LiH for neutron
W for gamma rays
Table 2. Calculated Reactor Physics Parameters,

Critical core diameter

Effective multiplication factor
for various control drum situations
Effective multiplication factor

.56 am

B4+C segment direction T=300 K T=1,500 K
All 12 drums outward 1.052 1.038
11 drums inward 0.990 0.961
12 drums inward 0.983 0.955

Burn up characteristics

Time
BOL
L

Shield thickness

flegativ

e r@‘-’f’- (‘..e&'. Gf reac &‘Vl*f/

Effective multiplication factor

T=900 XK T=1,200 K
1.0364 1.0356
1.0173 1.0168
LiH 20 cm
5 cm

Table 3. Design of Coated Fuel Particles,
Kernel Material U02 (90 % enriched)
T.D. 80 %
Diameter 800 um
1st layer Material Low density pyro-carbon
Thickness 40 pm
2rd layer Material High density pyro-carbon
Coating Thickness 15um
3rd layer Material Zirconium carbide
Thickness 45 um
4th layer Material Molybdemm
Thickness 5 um
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Figure 1, Deployed LGCR Showing Reactor and
Power Conversion Subsystem,
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Table 1, Nuclear Power System Table 2. Component Mass Breakdown.
Performance Results,
NUCLEAR POWER SYSTEM - DESIGN POINT PERFORMANCE RESULTS NUCLEAR POWER SYSTEM - MASS BREAKDOWN kg
REACTOR TRERMAL FOWER 2500 kWt REAGTOR/SHIELD SUBSYSTEM
REACTOR LIFETIME (@ FULL POWER) 7 Yrs FEACTOR 758
INSTRUMENTATION AND CONTRCL 359
ELECTRICAL OUTPUT {6 OF 8 ENGINES) 825 kWe INSTRUMENT SHIELDS 831
ELECTRICAL OUTPUT/OPERATING ENGINE 138 KWe
RATED ELECTRICAL OUTPUT/ENGINE 150 kWe PRIMARY HEAT TRANSPORT SUBSYSTEM
PERCENT OF FLLL OPERATING CAPAGITY 68 % TEM PUMPS, PIPING, JOINTS, THAW HEAT PIPES 342
THERMAL-TO-ELECTRK: EFFICIENCY a3 % INLET & OUTLET MANIFOLD 423
STIRLING HEATER TEMPERATURE 1300 K POWER CONVERSION SUBSYSTEM
STIRLING TEMPERATURE RATIO 2.2 STIRLING ENGINES, ALTERNATORS, HOT HXS, PIPING | 5871
STIRLING COOLER TEMPERATURE 591 K
HEAT REXECTION SUSSYSTEM
WASTE HEAT TO REIECT 1675 kWt PUMPS, ACCUMULATORS, PIPING 832
RADIATOR SURFAGE TEMPERATURE 525 K HEAT PIPE RADIATOR 6240
LUNAR SURFACE TEMPERATURE (WAPRON) 222 K
LUNAR SKY TEMPERATURE 267 K POWER MANAGEMENT & DISTRIBUTION SUBSYSTEM
RADIATOR AREA 780 m*2 ACTODG CONVERTER, PARASITIC LOAD RESISTOR 1650
TRANSMISSION CABLING (5 ken) 917
SURFAGE STRUCTURE
FEACTOR EXCAVATION BUUKHEAD 679
ENGINE SUPPORT PLATFORMS 1005
SYSTEM TOTAL 20004

LATOR
PUMP

NUCLEAR POWER SYSTEM LAYOUT

o———RADIATOR PANEL {8) AGCUML
HOT HX (8)

MANIFOLD (2)
STIRLING ENGINE (8)

£ Y2 O NN

Tt

Y PRIMARY HEAT TRANSPORT SYS.

7 SECONDARY HEAT TRANSPORT SYS.

Figure 2.

Nuclear Power System Layout,
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Nuclear Power for Lunar and Mars Exploration
R.J.Sovie and J, M. Bozek (NASA Lewis Research Center)

B : TAF-00-200, 41st Congress of the International Astronautical Federatian,
" Dresden, Bctober 6-12, 1990
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Exploration approach

» Build upon past and present invesimenis In space
— Apolio, Viking, ete.
— Space Shuttle
~ Space Stallon Freedom

+ Employ robotic crafl along with manned systems

»

Emphasize sclenqe along the way

+ Build a lunar oulpost fi'rsll
~ Research basa for sclence and technology
= Testbed for humans to Mars

= Explore Moon and Mars in phases
- Empéacemem - Consolidation —= Operation
ALIA T
+ Evolutionary approach to realizing Space Pollcy goal of
*Expanding human presence and aclivity
beyond Earth orbit into the solar systent*

Figure 1, Space exporation approach, Figure 2. Artist's conceptino of
a lunar base,
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Figure 3. Lunar base operational phase,
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LEVPU Lunar unpressurized rover #1
{payload unloading) {sclantifictelerobotic mission)
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Figure 4, Typical rover power profile requirements,

Mass savings, kg
o

Power, kWe

Figure 5, Mass savings in LED ; adv., solar
.¥s, Space Station Freedom solar,
nuclear vs, adv. solar, Figure §, PFPhotovoltaic array/

regenerative fuel cell
lunar power system,
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Figure 7. 825kWe nuclear reactor space power system.
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25cmwW 7| Reactor> 1\ 45 cm Lid
instrument shigld —”  fe—4m Insirument shield
Lunar soll

Figure §, Luriar base reactor assemhbly,

Table 1, Stationary Power Systems Required

Lunar
Year Power Mass, | Stowed
metric | volume,
ke | b/N ton m
1 25 12.5 B.4 60
2 25 12.5 8.4 60
3 25 12.56 8,4 60
6 100 100 6.3 120
8 550 550 16.6 ‘190
Mars
15 25 | 25 2.5 5
16 75 75 7.5 15
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Table 2. Typical Rover Power System Requirements

Lunae
Task Operating | Rover mass,| Average Peak
period® metric power, | power,
tons kWie k¥e
Leveub D 10 to 16 3 10
Unpressurized® D/N 1.8 0.7d 3
Excavator D 2.6 23 40
Hauler/truck I} 1.0 4 10
Pressurized D/N 4.5 7 12
LEV servicer D/N 1.8 2 to 10 10
Mars
Exploration /N 0.5 to 1 0.5 2.5
rover

) » daylight only, D/N = daylight and/or night.
16 metric tons includes Crane ancillary equipment.
€2 kWe for housekeeping, 8 kWe for thermal control and
reliquifaction of Og/Hgp.
dSlandby.

Table 3, Nuclear Power System Performance

Reactor thermal power, k¥t . « v .. 2500
Reactor design lifetime (at full power) yr I 7
Electrical output (6 of 8 -engines}, khe . . . . . 825
Elegtrical output/operating engine, kHe e+ s .. 138
Rated electrical output/engine, ke . . . . . . . . 150
Operating engine capacity, percent . ., ., . . .. . 91.7
Thermal-to-electric efficiency, percent v e s . 330
Stirling heater temperature, X . . . . . . .. .. 1300
Stirling temperature ratio . . . . . e e e e e s 2.2
Stieling cooler temperature, K . . . ... ... . 501
Radidtor surface temperature, K . . . . . . . .. 526
Total heat rejected, KWt . . . . . . . . . .. . . 1675
Lunar surface temperature (with apron}, K . . . . 222
Lunar sky temperdture, K . . ... . ... ... .. 267
Radiator emissivity . . . . G e e e e e 0.85
Radiator area (spoked wheel), m® . . . . . .. .. 780

Table 4, Lunar Base Power System Mass

Subsystem Mass, kg
Reactor (2.5 MWt) 755
Instrumentation and control 359
Shadow shield g3
Primary heat transport 400
Reactor excavation bulkhead 549
Stirlting engines . 5 171
Engine support platforms 800
Heat Qeiection loops 550
EM pumps 80
Accumuiators 15
Heat pipe radiator 2 500
PLR's and ac-dc converter 1 500
Trensmission lines (5051 m) 17
Total mass 14 227
Total systes specific mass, kg/kile 17.2
Total system specific power, W/kg 58.0
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Technology Development [ssues in Space Nuclear Power for Planetary Exploration

C.P. Bankston and K. L. Atkins (Jet Propulsion Laboratory),
E.F. Mastal (0. S.Department of Energy)
and
D. G, McConnell (NASA Headguarters)

W # : TAF-90-204, 41st Congress of the International Astronautical Federation,
Dresden, October §-12, 1990
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Table 1, Comparison of BEarly LESA and Recent Lunar Base Evolution Phases and
Power Demand Estimates

LESA Lunar Base Scenario [, 2]

Phase Year Base characteristics Power, kW,

1 0-1 3 crew; minimum scientific activity 3

2 1-2 6 crew; small vehicles, minimum use 10

3 2-4 12 crew; larger vehicles with more extensive use, 46 to 98
first nuclear power plant installed

4 4-5 18 crew; large vehicles, extensive use, 240 to 420

plus heavy machinery
(e.g. excavation and/or lunar material processing)

Recent Lunar Base Scenario [3]

Phase Year  Base characteristics Power, kW,
1 -5 Robotic Exploration and Site Selection ) <5
2 5-12 Interim Human Tended Science Outpost, 3-6 crew; 80

initial habitat, interim human-tended science outpost,
initial scientific activity, closed loop LSS and vehicles

3 12-20 Extended Human Tended Science/R&D Base, 9-15 crew, 560
advanced habitat, CELSS research, LLOX and ceramic

' pilot plant, first nuclear power plant installed

4 20-30 Self-Sustaining Operational Base, 18-24 crew; 2000
CELSS operational, manufacturing and product export,
all-lunar transportation

= = oo LUNMAR DAY ONLY
| COCTIED  WUMAR MIGHT ONLY
| EEREREE DAY A NIGH!
| /=3 OAY & NIGHS
m——— DAY & NIGHT
EREEQER] LUNAR MNIGHT OMLY

REGENIRANION
AND STORAGE

TULL SI08AGL v ER LCI;.E 5 7
ENGINE fY$Tim PORTABLE ENGINE Svsitm In__'
SUPPLIES et
. LOAD
NON-MGINIEATIVE OPHON I HGINUATION OMIGN

I

Fig.1 Integrated LESA Lunar Base Power System,
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‘°°Ll|| IS B B N N |/|
Nuclear Plant Choraclerlstics: /'_
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d [~ 1000 ki, %9 kg /kW p -
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¥ 10|— Al ol 70% Load Factar © —
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3 I .
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5 | A i
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TOTAL ENERGY DEMAND, kWe—years

Fig.4, Number of HLLY Launches versus Energy Demand and Nuclear Plant
Characteristics,

Table 2. Heavy Lift Launch Vehicle (HLLV) Factors for Lunar Delivery of
Nuclear Power Plants

Nuclear* Specific HLLV Factors® in Mumber of Launches per 1000 kW -yr 93
Plant Mass a Function of Reactor Core Lifetime in Years
Rating Value
(kW) (kg/kW,) 1 Yeor 3 Years 7 Yeurs 10 Years
100 30 222 0.74 0,32 0.22
1600 9 0.67 022 0.096 0.067
2000 3 0.37 0.12 0.053 0.037

2 All plants are operated at 70% annval load fuctor to compute total energy demand supplied.
¥Based on an HLLV mass in LEO of 93 metsic tons and a ratio of LEO mass to lunar landed mass
of 4.8,

1.0 T T T T T T T TT717

0.9+ ~

0.7k -
0.6 — -
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0.2 =

RESERVE INCREASE AS A FRACTION
OF ADDED UNIT SIZE, AR/Ug

0.0 i ool 1 AN
1 10 100

UNIT SIZE/SYSTEM CHARACTERISTIC, Us/M

Fig. 5. DReserve Increase as a Fraction of Added Unit Size when Unit Forced
Outage Rate=2%/year or Unit Reliability=0.98.
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Table 3. Comparison of 100kWe and 1000kWe Generating Unit Additions to Meet
Increasing Lunar Base Power Demand while Maintaining System Reliahility

Average
Generation Added System
Unit  Initial System Unit Power Final
Addition  Instalied  System Reserve Effective Demand System Installed
Stage Capacity Parameter  Increase Capability = Capability = Reserve  Capacity
(M) (AR) (U,—AR) Py (R+4R)
kW, kW, kW, kW, kW, kW, kW,
Case 1/0 (Adding 100 kW, Units) - — 518 259 1000
1 1000 20 28 72 590 287 1100
2 1100 22 24 76 666 31 1200
3 1200 24 2 78 744 333 1300
4 1300 26 I8 82 826 351 1400
5 1400 28 16 B4 910 367 1500
Case 2/0 (Adding 1000 kW, Units) - - 518 259 1000
i 1000 20 920 80 © 598 1179 2000
2 2000 40 843 157 155 2022 3000
3 3000 60 760 240 995 2782 4000
4 4000 80 678 322 1317 3460 5000
5 5000 100 610 390 1707 4070 6000

Notes;
Stage 0 in both cases consists of ten 100 kW, units for an initial installed system capacity of 10600 kW,
System Reserve Increases are those required to maintain the Initial System Reliability (LOLP). The
assumed forced outage rate for all added units is r,=0.02,

T T
5 -
’>'\ L —
3 S 100 kWg Units
<
n
WLl -
T 4
=z
=
5 1000 kW, Units
w 3 -]
o
[+
id
2
3 2~ -
=
(Both Unlts Have 7 Yeor Reactor Cors Life)
1 -
! | | | | | 1 { | | |

0 5 10 15 20 25 30 35 40 45 50 55 60
TOTAL ENERGY DEMAND, Thousands of kWe—years

Fig. 6. Launch Vehicle Requirements versus Total Base Energy Demand for 100kWe
and 1000kWe Units,
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Scattered Neutron Radiation from a Nuclear Power Source Sited in
a Lunar Excavation

A.C. Klein, H.S. Bloomfield

He : Tth Sympbsium of Space Nuclear Power Systems, Albuquerque, pp, 108-113
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Shielding Approach and Design for SP-100 Space Power Applications

R K. Disney, J.E,Sharbanugh, J.C. Reese
H# : 7th Symposium on Space Nuclear Power Systems, pp.121-124
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CEAOHEL Y » FY - FSRPSEHR, COEEMREBRE EFF - EF
cHAER BMHNHRA2EL I NTOVRF oA ZLI N, SRPSOBEAB/IEIC
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Ms=—0,494 X PthXLog :o(Pth/30000) , fE L 100kWt < Pth < 2000kWt
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¥ TE-MODEL (N=10) —— EXACT SCLUTION

g2 1.2 . — —r
E
;r:? 1.0 i : .
E ~.

0.8 N o
g -
2 0.6 F ~ 1
g Th-Tc=400K |, J
g i L=Tam N N
e 0.4 ] = 75E5 A/m2 ..
8 k=2 W/mK . _
£ 0.2 F |p=30u0m ~ON\
~.
_E, 0.0 1 Lo o 1 —1
o 0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless Length x/L

Figure 1. Comparison of the TE-Model with Exact Solution,

o i0e/GaP Bz Sibe & : PbTe” § : Sabe-P & Sife/GaP-N COUPLE

10. : . y

g. L Thot = 850 K <]
1

8. .

Maximum Conversion Efficiency (%)

0.  100.  200.  300.  40O.
Temperature Drop across TE-Elements (K)

Figure 2. Comparison of Maximum Conversion Efficiency for
Yarious Thermoelectric Materials,
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MASS (KG)

0

Radiator Surface Area (m?)

: SiGe/CaP P: SiGe €:PbTe §: SiGe-P & SiGe/GaP-N COLPLE
500. r T Y
Thot =850 K
uoQ. r ---- Radiator area compatible /
with ARIANE V Launcher <P,

300.

200.

100.

0. 100. 200. - 300. 400.

Temperature Drop across TE-Elements (K)

Figure 3, Estimated Radiator Seurface Area for

Various Thermoelectric Materials,

4000

B REACTOR RADIATOR [J OTHER
SHIELD CONVERTER
3240
2970 3020
3000 - 2840 = &
+ o
90 280 | S| 2L 2550 L §
y = q Q N
2300 kg e || B Tf‘:_ :Ir__ % 8 % =
ﬁ_ [ y
4 &8 : w 7 1l r~ 7
2000 = r,i_ Ll // S | i
I 0 % | &
- o o — Te!
7 o g = cg o s pul
1000 {4 & SULR = S e I
O - -
0
0
BRAYTON PbTe TE-=CONVERTERS PbTe TE-CONVERTERS SiGe TE-CONVERTERS
Na/973 K NaK /944 K NaK /907K Na /944 K
(0.6 kg) (7 kg/s) (7kg/s) (12 kg/s)
Figure 4. Comparison of Components Masses and Conversion Efficiency of

ERATO/B02/55-20kWe Systems,
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Table 1. Comparison of TE-Model Predictions with Published Data.

DESIGN PARAMETERS SNAP 11 GPHS-RTG MOD RTG FLIGHT SP-100
GROUND DEMO. MOD-RTG

NUHBER OF TE-COUPLES CONNECTED IN SERIAL 27| ]:] 1:0 150 960

NUMBER OF TE-COUPLES CONNECTED TN PARALLEL 15 95 590 o =

TE-COUP m : . ‘

EXTERNAL LOAD RESISTANCE (OFED 0214 283 920 277 0092
EFFECTIVE COLD-SIDE TEMPERATURE (K) Sig 573 573 57 057
EFFECTIVE HOT~SIDE TEMPERATURE (X) 860 1273 1273 1273 1237
TEMPERATURE OF THE LEG SURROUNDINGS (K} 300 350 350 350 550
SURROUNDINGS CONVECTION COEFFICIENT (W/m2.K) 0. 25 08 50 S0
LATERAL HEAT LOSSES itd 143 28% 8% 3R
N-LEG CROSS-SECTIONAL AREA (m2) 081 E-4 0.178 -4 0.79E-5 017E-5 014E-4
P-LEG CROS5-SECTICNAL AREA (m2) 0.81 E-4 0.176E-4 0.79E-5 0.17E~5 0.14£-4
LENGTH OF THE TE-LEGS (m) 071 £-2 0203 €~ 0.394€-1 0.84E-2 0.30E-2
N-LEG MATERLAL PoTe 5lGe SIGe/Gap SiGe/GaP S1Ge/GaP
P-LEG MATERIAL PbTe siGe SiGe SiGe 5iGe/GaP

REFERENCE | MODEL REFERENCE { MODEL REFERENCE | MODEL || REFERENCE|  MODEL REFERENCE | MODEL

LOAD ELECTRICAL POWER (W) [ 21.0 | 21.0 | 305. | 305. [ 960 | 96.1 | 342 | 342 [110.4E3[111.E3
LOAD TE-EFFICIENCY (%) 480 | 478 | 685 | 684 || 620 | 619 | 760 | 7.54 530 | 325
LOAD VOLTAGE (V) 240 | 240 | 300 | 300 | 308 | 308 | 308 [ 308 | 100.8 [ 101
OPEN CIRCUIT VOLTAGE (V) 480 479 52.0 50.9 NA 58.0 NA 58.0 NA 206.

INTERNAL RESISTANCE (OHM) Na¥ [ 0273 ]| 2.16 | 205 NA 8.73 NA 2.45 NA  10.0955

(*) NA = Non—AvaIIabr_e

L00-T6 0276NL INd
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(ERXEBXR-2)
ENOSP-100#EKEt v RE

First SP-100 Thermoelectric Cell Produces Power
Hi# : Space Power News, JPL D-5962, Issue 4, January 1990

SP-1007 2 ¥ 22 FIE1 98 9FASHTANAL—~VvERRLE, ZhidVy 7747
OBgHE=FTORE v F (compliant pad ) ¥F -7, RYOREEES - Z4 (0
ulticouple) HBER eV OBBFLRRBI, D TRBLAETHS, ABRLTABHEREREBR
M- THhHOORAR, OV TRENEBLEHBIKLD, 6HEOBET, 250
BHABZ2L0TEZ, COBHY» v, J0ERENUBOEHBROBHCERYE
ZHLDTH B,

M- T, BHEHAETMHREINALHBES (unicouple ) BEHGV SR, SP-100T i,
BEECIDELMBEINZ LD, E-PY-REELLOHOBEETAHES. o0 %
EHT DIl BAEEEHF Sy FLHESEEEEEREBRHOMAENERI NI,

SP-100 T, 6Dl vy FHRFig. lKRTEIIK—O LN ETEBRTSE, —
HOBRBHIT—2>OEAM (positive doped leg) ¥ 1 2 v ¥ == ASiGed, —20F
FLF (negative doped leg)SiGet o3, BEMNOCOEBLERENOERAERT I &
-7, B od~Rh s, AXWBOBLKERBIZ., FLioBEBshcERNY
KEaTRENE, HOMOMON 5 xBil, MEBET LI AR, =YV —LE—H&
TOHOERBHNEAMELTORIEZEL T, fHEETR, SR EBORTHEOH OB
BEOZECIBZF—oROER%:, sensitive BELERLAKSIREHELELB VLS
BOIRLEATROEFRO, Thid2doBH Sy Fitk-THRLBF OIS, “Hh 60
Wy FOF -5 4 -2, BEHEEE, tARCEREICRT 2258 (low stiffness) |
BL: )ORMHWNRERBKLIZE— 28 ROBHOHETHZ, ch oDy FOBK
MEER, FCBLLO0RS, HE, HH, BRYLOEBE., KE-TRT R, LI L,
RGOS A5 EFETSE, BERELNELLBFAER LBV LENISHI—D0D
ERkdId 5,

BHEH TR, Ny FORTBMBREIC =4 FDfacesheet &, P o —nficy v 72+
v®dfacesheet AN E, SR I HVBETHEDOEERERE L= FL, eritBiF3 N
HEBNMNTE, B0 T NT =3 FOfacesheet 2 H i, B -7 HBE
BREOHMELOESGTIZUBHAESUERAEDBIEZI L DEERALIEERERLEH
KOWTBE Sy FERBREY 2~ OIS 754 N0 7 2B T2 ENMPNE
Th-7: (Fig. 288,

RUIOBERIMEEZETTbO, BEMEELSIIK , BEESEHNLIMKDO L E, (.65
voltTdwatt E SN, ThiIRFRECSULATH -, 2040 0EFOR
LB RITRRBRICHA &,

My K .

Fig. 3 KBRE Xy FOEHERT. TONy Fi, E—bVv—REE- VY IHOHE
VWEEEE, RBEECERTAIHEVEA S e rAFIEBELEO VRNV F 4 AR Z
Bo FiZ, SP-100 EXBRO/I- DO LOFDHMAERT,

BL2CHEEBERROED 1 /1 0&L0#M, 100kWYRF2D14vFEFDE
NOBU DA TNTOUESHEZ &, HEA 3., BT 3,

HEXBOLDOENVDOBENEBATHE, =4 FDfacesheets® i - =B O L E
HRL o0y FREOhBERE A, BREEC nilOBL £ 4B Lt BE vy F 1t
EEEREAOEILEAT -,

HEEEEH
HEEEEBMORBLAEDLT -k, ZO0EBREEE T Y7 V], AHEHic=F 707
2 A MEWO i SxAl0, (BERT7TAIF) pol3, EET 7 VORARE
fHroey Ffacesheet &, A, V" F o AEETENIIr ¢REEESTE, BT YTV
BERINZ20IEEEEER L, BREEETH S, ZORFHOLERRI, 7.9n4/0%V (7.
9x10~7ohn~‘cm~?) & T1kW/e’KTd 2., A M OEEM 2100volt, 320kl/n?, 1362KTT7 &£
AR TRVWIFRO, BRRBTE, 24 -4 -T2V dThili, o=
RICHBBENBRECBE LOLENH YIRS 2, BB 054, V7948000
HEAR, BBV /=37 /170 AWURKR, VFr 250 MEERR, 268, VIO

- 104-



PNC TN9420 91-007

M (A9-2¥ ) HBRI1219884E, 1000B:RG & =, 1100, 1200, 1300CcTfiibhi, “OR
o B,

-EREEEROE, S, EEMATHET A
CEBEIBEAA=XbERBETE, B, RENMCMOBEEFRIZIONI 4 YICXE
H D ”
AMBRERBTHVONZEGBEEMU AL SOBBMOR LS RER L HELT 2
CEBRIVDOIBELESH, EERBTCORSNEGLRELET S

cEBEBeF AN EBBETES v ERRKT S

RERIZ, SxAl0: RERLRBEAR LU, 1300COBEHEE10%hn-cn THD, hi
T 27 2 EHBHROERETH S, 11T TOREEIZI0 "ohn-cnTH 5, HBRiE
O=FT7BEBPOAILLODRIITIR, ERH, BMEEHETREBLIZDOTH - 17,
BRERETVIFECHNT2FGTARE=FAPERENL, OEF AR, 2EHED
—WMELDBIAF VIEIZEEER, BTHEERDZEVIZAL R ESVTNE,
CEF AL INE, kV/coOBEGER 100000860, 1100CEBE s &5 %ETd 5, 19
8O g - e ERB T3, 4500 TOIINCH S HUNTCE COEETORE T,
EBRETHERFPHIDAEI -/, 1300T, 4500BBMHROBBED IS, 1210 7chn-cn &,
CHRERMEEID I §OE{EAS L,

HREO =% Ffacesheet FO TN I +DENHFKINTEEHOETHAZEFT LD
FHEIDEBRNED - 12, .
SxA1.0,/Nb/NblZr/LithiunR TOMIEORRBR Y, BEETHTH 2, ZLoNT 13D
FROAA=ZLE, VFOLPELEHZDKBBRHME~F 7TOER Tinternetalli
CSREMENEIFTHE, HERARIZ, VF U 22RBLTOANIIr STHBEE LR
BEFeMEBHM T 7 VOBEABELT, V9o aTH I EED =
Fiacesheet P ES L AEBEBH Ty 7V THEZ, “2OHBEANBEERBTLH 3, 600
Brfisk, EHIX2.6x107chn-co TRELTHY, tho0BREIKRD K, BEM T2 Y
TIR, FROEERSBADES BRGNS, FHHICE, 509y rd)+y
LDEHERLIOTAFROPRRIUEI o, TOHEIRR, SP-10070 25 2T 297
A THEROLENH UL LRI DIBEMORRY > 7 AT, SSKERER LS,
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Compliant Pad

Hot Side Cold Side

Pad thickness: 25 mil 150 mil
(0625 o } GBS )
Filament: 0.2mildia, 0.4 mil dia.

solid niobiura niobium clad
copper core

No. of filamenis
per 1inn 11.1 million  2.39 million

Nominal Avg,.
Operating Temp.: 1325 K 850K
Faceshest TE Side: Tungsten Tungsten
Facesheet HX Side: Niobium Niobium
HOT_SIDE

ALUMINA_HIGH VOLTAGE
ELECTRICAL INSULATOR
NIGBIUM COMPLIANT PAD
GRAPHITE BUFFER

GLASS LOW VOLTAGE
ELECTRICAL INSULATOR

SiMo ELECTRDDES

5iGe THERMOELECTRIC
MODULE

€OLD SIDE

SiMo ELECTRODES -

GLASS LOW VOLTAGE
ELECTRICAL INSULATOR

GRAPHITE BUFFER
NIOBIUM COMPLIANT PAD

ALUMINA HIGH YOLTAGE
ELECTRICAL INSULATOR

Figure 1.

Thermoelectric Cell

Cell
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Figure 2. Photograph of Thermoelectric
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A FILAMENTS

0.4 MIL Nb AFTER TENSILE PULL TEST
SECTION A-A

i
MAGNIFICATION
OF FILAMENT TOPS

FACESHEET

)(/FACESHEET

0.4 MIL Nb
FILAMENTS

Figure 3. Details of the Compliant Pad
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(EXE®R—3)

T7IVARLEWAFEFARTFRFVYRAFLOMELTFRENEZ I vy v a v
Space Nuclear Power System Studies in PFrance and Envisaged Mission

B, Carré, J, Delaplace, E. Proust, Z. Tilliette

HiyBe: IAF-89-266, 40th Congress of the International Astronautical Federation,
Malaga, Spain, October 7-11, 1989

F7TREZY b

1982%8&020-200kWe DEHARTFFLOEHEL T 5,
~BRTEEIS200kWe R, REMOMRHENILETH S,
—HEDRFFORBEEATE20kWe v 72k, 8- 1 0ECTHENTRTH 3,

1
Tit, 300 kmoBEICI2F YOREBOIMLETNEETH 5,
SEEXIORYIO7 2 ~ATHESEEDQPOTVHA®, 200kW
YYRAFLADOBEWMESE LK,

SOERIT-1989&FRE) 13, 2005&8LIBROMRMNEEFI v v
ZH91%, 20 kWeRFHVYRAFLBROILDOFEMNER—OF

o = A = =
T oo

(¢
RN S — W
r\..

CTiddHo=
oSt oo 3 ER

B
R N RN

2 ERATOZYa%U24 FHAOLIZZ7L YR Zoiay
FIZE, 79 7yOFIRY) —HELD, BUEOBELZLDE, 320451708
SHELND S,
- BRBEE, BERTHEN R AWM T Z, COF2E, S XVATEET S,
- BEREE, BEA VY -THEFIREBAFT VLT B, £LTC, BETHET 3,
—BHER, BExixr¥-—rdlors =g zE22 0, GHETHRLHB T,
BREEDR Y7492 42033 000s, {bEHEER, 300sThH3,
BREETR, BH—252 b EEXE 0, 25 kW/N&EHR2, 200 kWeHER
T, KB/ vA4Fvzryovid, 8TON4e—F2800kmBELECHGH
FEHHBEGEOATTSOKTHH, BIKGEOMSLEOR3I 0B 3,
20kWeDERATOR, HREARAEH V-V -5, BB, 2. 5+ YUHTF
EF 5,
20-200kWeDREBEYRF2OHABRELTR, GEO2tamyr—-—vay 735
v b7 x—46, ME-BLXBEE, RBEE, AEHICLRAXEEHCHERTE 3,

3 & £
HHETMECHBET 72 —X B8R, K%, B~ ~OHR, BXk~0hE, HEX

HEg  BHMER, BEHAOER

FamEH ARBERZABOKMHEMR O

Zelk, BBYS vOfR, XERER Z2BRPFLEBARBEIVIRET, T
Tif%, 300—-400FEDEoF@aoHE, HBE600-800kmofET, ik
EHET . VIHERCIAHEEAOESICI, intact reactor 1a
nding OFRID, BHEEHERESESRE VIO THZ, HHITFHFODP r o j
ectilelOERLRBITIIL,

4 ERATOME=OEH

SV —YOHEMIZ, 140m? THid, 200kWeiBe, 20%O0ORBELHRL
T5¢, Q00KWORAFZTHEFEMICRTABICNS, V-9 —ADOBERSS5 0
B (ER), BOEER25 0LV HENBERNKES, L-TFIE1100EHE
OPEHETEERTAILENE, VFy4a%H, UNBN, Mo-ReORBEBEVMRUTEHE
BOBEPAFERT 2, Fig. l KT ERT,

20 kWeDH&id, BEOCLMFBRPHTGRNAETHA, HTGRIE, UC,
BFRy FENRFaLXOESHWA—~N—To4hBEL, 82 0EO0RLBORE
T3,

LMFBRENamNaK®@B#e, U0, BE, ERBETIIE, XFrLv2HHE
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HB&ld, EH63, He—XedD7VvAby H47205EHT S,
5VI—4—, 20kWeTiHHe - Xenr—7REEEBLYE, FRFa—-T3
Vr—2—THaH, EHEELEITLDIC, 200 kWelc BHLTWAKEE — o
175V -5 —OFEABELONG, 5V~ —ARKICR, EBHEELL T~
TOVAXRBTNI =Y AE8&%E2 AT 2. Bz v F s —WETa—F4 773,
R, P2 Im@h2ise, TEMTI0"ncm? B0, SMRado®
HEHE 43, LiHEB, CAFRHT 5,

FLABEMRTEIL, ZOR—RRAZEIAMBTELIL, VF Vv ANS OB TH
RBBIRERL B,

b HMRHE-#R
20kWedDNaXitNaKit8—10%#7, BANENRLOVRZELICER AR
TH2, BFkWeD 11 00FE D253, Mo—ReDkHSUBEBEHYLIR
BEETRASTTIATROY ~ Ry OIS UBHIMBETHE, £-T, BRI
SEMOMEL D, TVBRARLDYD, AROOREBFLOIR 7 ENES,
ELEo0EATH, BEKHEZRBIEWESTOETIRABRLASETH S, “OBS,
HERFIL, - P YUY IREEERLTHED, 2274 BRMHBEN S,

HRICHEBERIINEZDT, I v v VOREF-TOVROWEATHHEIEAEKT 2O
i,

(X %)
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Table 1 Main Characteristics of ERATO Systems_

| COMPONENT | w-ti-rore | vor-Ma-ss | uca-mexe-gra |
[ l 200 kwe ] 20 kve | ‘20 kve I
| eseter E ! [ I
t |
I Therasl power {kw) t 1100 i 110 | 125 1
{ | i | |
1 Uraniva (3] % Usas) | 113 H 10 | 127 |
1 masz {xq) | { | 1
1 | I ] |
| TYuel. I UH | Vo | UCe |
| - | | 1 |
| . Structural paterial 1 HoRe . | $.Steels }  Superalloy i
! ] | : [ I
|  Prinary coolant {P XPa} | L{ {200) I Ra {250) ! HeXe {800) |
! ] | [ : |
: Core inlet/outlet T°C | 1147/1197 | 577/682 ! 511/820 t
. i | i }
| Control druma {Be+B4C) | 12 | 12 } 12 |
| | | | ]
i Safety rods (BaC) 1 7 1 7 ] 19 t
! . ! . ! | ]
1 shield [ BaC#vHLLE 1 B«CHLiB | BaCHLIE {
! ! ! |
| Intersediste heat 1 H | !
|  exchangep 1 ] 1 i
| | | H |
I caz inlet f oulet T°C jl T33/1127 | 4307670 H :
! I | ]
| Braytos turbselectyd I |- | I
| converter | [ | |
| t | 1
{ Turbime inlet T°C H 1127 { 670 I 319 :
! ] ! 1
| Turbine inlet pressure | 1 | 1
| [1329) I 1000 t 900 | 180 I
| | I | |
| Compressor inlet T°C | 260 ] 59 I 118 :
| H ] I
] Compresgsor pressure 1 ] f |
! ratio | 2,25 ] 2,08 | 2,16 1
1 1 1 ! |
! Radiator | 1 ! |
1 I | i !
}  Power [kwt) § 820 | 80 i 104 :
] 1 ] | .
- Inlet/outlat T°C | 5677260 H 236753 | 168/119 :
1 ] 1 !
| Area (af) i 140 | 13 H 54 i
) 1 | | ’ H
! Global systesm eff{cienc 9,18 | 0,12 | 0,16 {

Table 2 Mass (kg) summaries for 20 and 200 kWe
turbo-electr iq power systems

| Component ! U0z=Ka~55 lUCx-Eeh-Elu I ' UN-Li-HoRe I
} | 20 kve { 20 kwe I 200 Xwe |
I Eeactor | 378 l 527 I 420 l
! l i I, |
I shield I 240 1 im0 H 950 1
I I H 1 |
| Primary systen | 30 H 1 500 I
] [ i 4 1
: Conversion system I 186 ! 151 H 1230 I

] ] i |
|  Hain rediator 3 430 ! 181 I 1800 1
i ] I I I
1  Equipnents-Structura [ 876 I m | $80 i
L ] | |
I | I |
1  Total'Systea Hass (g} | 2157 | 2100 ] 6000 |
L | ! !
| | I !
|  Specitic Hass {kg/kwe] | 110 | 105 ! 30 H
| ] | ]
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SAFETY ROO

PRIMARY SYST:
SHIELD

[0

CONTROL DAUM

AEACTOR CORE

z
E.
[=1=]
52
g3
g3
£2
g

~kiWe

HEAT EXCHAMG:

i

Radiator

Energy
conversion

KEAT PIFE

RADIATOR

1

Aeaclor

Protection shield——

system

Figure 1 Schematic diagram of a nuclear
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Figure 2 Lay out. of the 200 kWe nuclear

Brayton space power system,
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H B @ §th Symposium on Space Nuclear Power Systems, Albuguergque, pp, 561-566
Jan, 1991
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Table 1, Component Mass Breakdown for CBC System Operating at
2000k Reactor Discharge Temperature, 3333kWe, 5000VDC.

Component Mass Estimate
kg)
Reactor and Shielding . 5297
Primary Radiator HX ' 3782
Primary Radiator : 3704
Turboalternator Compressor 1271
System Ducting 839
Power Conditioning Electronics 714
Support Structure 437
Controls 291
Auxiliary Radiator : 242
Total , 16,577
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FHBIBER Y-y v TPy
Free Piston Stirling Bngines for Space Power Applications

George R, Dochat
H B : 7th Symposium on Space Nuclear Power Systems, pp.525-533
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Table 1, Material Considerations

Materlaf R.T. Strength | Compalibility | Conelusions
Density wiworking
{gm/ce) Lo fuid
soo K |s7s k| soo k| ezs k|-
Nl-Alloys a9 X ok ok ok
hb-Alloys 8.6 ok ok ok ok | | ok bul
B heavy
Stalnless Steel| 7.8 ak ok ok | ok A
T 45 ok | no ok | ok [ oklorlow
temp
T Alloys 45 ek ] ok | na | no | compatlbilty
prablems *
Fiber 4.5 ok | ok ok [ ok | okandlight
Relnlforced Ti
Alalloys 2y ok | ne no no Compaltlbltily
Ceomposlles | 2.0 ok | ok no no sndfor
Strength
Be 1.8 ok ok no ne Probiems
LMg 1.7 no no no no

Table 2. LTR Radiator Specific Mass Summary

Component kg/m? kWikg

Radialor Assy:

%. Physleal: 4.84 .BBS

2. Ellective: 5.7 B85
Hrss:

1. Physical: 5.83 735

2, Effeclive: ) 6.86 735

Table 3 HTR Radiator S'bec.ifi'c' Mass Summary

Component kgim? . kWikg
Radlalar Assy; S
1. Physlcal: S a0 | 4,68
2. Elleclive: 4.82 . 4,68
Hrss:
1. Physicat: 5.53 .47
2, Efleclive: 6.50 3.47
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Figure 1, Radiating Effectiveness of Cylindrical Geometry
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Figure 2. NASA Advanced Radiator Concepts 1. TMWt,
B00K Heat Rejection Radiator for Space
Nuclear Stirling Cycle Power Systems

Figure 3. LTR Cross Section and Temperature Profile

Figure 4, NASA Advanced Radiator Concepts 2. 4MWt,
875K Heat Rejection Radiator for Space
Nuclear Power Systems
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PTOovy—4r 2 TERINS BB ELEHEE, BRERBEIBREE, LER
VESHEE YR FACBELTHEBEHELENRTVE, Vest a~OEERTRBELKH S
N=3hkWeTEHENIhEZH>THE, Ves ta~BEIENZ3~Io—-FOEER 0.5 v~
Thh, —FREBHEIE 1LL525Ths, BEWHEL2ETHNE, EnckeBE~8
BENE3RA0—-FOEBRI N TH D,

= R
ARTH, YEKBUY 2B EEROBRIARE, TNOAFHREARKH T 2 HIGH

T,
(B B)
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(GH#E~2)

2E-—NFRFHMEVRFLELTT LA Py Y4 7 v 5 ERATR2EA0BE
The Problems of the Brayton Cycle Application in a
Bimodal Nuclear Power Propulsion System

Michael S, Belyakov 4 Power Engineering R&D WFZeEr Ussy
Valdimir A, Pavshook Kurchatov[HF 2 ¥ —HFEAEF USSR

HiBE ¢ Tth Sym. on Space Nuclear Power Systems, Albuguerque, Jar, 1990,
pp. 514—-518

F %

RKEI v v a YEFEHTIRFHORE L RF0BATR, | 2OFTHEER—F &
7—E~NEEHTAELELTVE, NPPP (EFH) EEOEEE— Vi3, (ryogenic
BE (BBR) s ThvanickBLIPICED 2600 ~2900Kk ST LT, #E,) A
KN RARSFRMTBEHERICE-THY,

NPPPRy——FiF, AR —% —bEvi—7dHDBrayton 44 2 0 THS5, ~
VAL—7%k/ VEESHERAN-THOI SV rELTHEAT R, COFREFHTHIT
IUYNT PR —BRL~THRAEELD, ERKEI vy v YHEDRT ., &EET S
BRUETHI, BERIOFV RO EHAERECETH 5,

preliminary RERIC XL, B (non-electric-jet) EHEAETAENPPPABZ /-
FHME200~I00kNeD 2R EM LB T E2NECHE D, (TEVa—ARET/7 — 350~
T0kWe THINETH 5B, )

G=R=w Ry —F#II— P BIEOEE

E-~FORFHEES v RIROBEZET 3,

HEE~-FENT—E—VOFRBRADOZIIAINE D B,

c FEHRBEDactive partthid, v —T—-FifEEe - AR T IEEBERELRS
5. BEMICKR, §—FK-—=v vy T - 7r~OF&HERIX, 2005k T
fTbha, _

CHEFPLBEESWABEANIR -4y - v —70REERBL2BLT

cspecificii @AM BEIBERL -TOPHMRCTHRELBLTO, FOREZILL-T

F—RICHROREAND B,

» pneudraulic BWFEOL—FHRHF LI B OOBRENRLE,
BEOFON—-FhOEHMEPY, FOBEWIVIOERBRIAHMMTIAR, Bk
BHRAEMT AR E IR -~y —727—5 v EICET 218,

R OREZIENILTEIARFROANYI DA -2 %/ P HRBERALET 2B
& % power system loop OWMFE AT RO FL

CEBHOHETR, "—7TOEMBBELNLYD, BHMOBEHIC AT —RIh B HSE
EHA3,

Pohic, BB - FTHHBEKAZENNELIBHHELT, COr—FhThkE
MBI EDEEYD expeditionsTH 3, HEE - FTRHPIIE5LONBETCFORS
PofFBIREETISHL, F~FrH9 170 LTHBLTV S, UL, 7¢7 —%—F
TRIEBDRBREREAr - T7ODLAEBT 2,

EMESERXRELELTOKRBRI OV — R vy —FAL—T2BETZD
W, MEOEMGTEL2E—F AT — v RFLOBALKEELZ, Bohls, iy
RECLZARBARBRIFACEAETRTELRETIEALD Y, FRAKSET 288
OFREDREV, UL, BEOBAR, AEEROMBRTHAXTHREFOLDEL
(develop-ed) KR EBEREME, KFFHTOLVEHOEEHEORKIC, BREDOSE
VWRHETH A,

=R o RO—FRIN—TICHTIHRDERITORE

Fig. 1, HRFFAI —F -2 o v - —72ERTIBEEERT, @iz sy —F
—arvFryHt—a=y b, BIREBE, Oldxza/ 4% —, ODRFES V-9, @
BB R - 2BERE, OREFFE, Q7o v—-TH3,
KREBRIOBMTHRBEMNENET S HENTTHE, KR v ¥ —2RYDIF B &
A5,
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REELT, HEE—FE Y- FEHMELUEWNPPPIELLNSE, LALC
DBE, s~ i1z t BEXKEHIENLTLIOT, ASHUBRABETABENTTL 3%,
F—K—2 v —BRTHRIHET LA P A 20852 — 25 BIRT B EEIRE,
FORBEBRIVI-THERBOLAEBORNMEVWSEHEIMISEZLTE ko "M F Y0
A=V AE S V—F LTRBREDH AR F—LOBBOF » Y2 ARIN, FLIEFERHX
NETFETHL, cHlCED, P ALDOFNABEHOEERINK&IBEhs, B
Bio, EFEG7—V—TE2ABKTIAR, /es—=yvr Av@llEPHKBRZICERTS
OT, BLAF—FOHEHBNRTTL B,

WEBEOARZZBLTIE, Table 1 KART
F—EvEWNOFXRBEESY 1200k LRXEHE, NPPPA—-7HBEBEHEEBAW® 1/2iC
WL 2HEPREL, LHLiofs, L0 HBEOHEMHBRPNAFFAFIw D
LEFL—FRERERRER ST,
& im

22— FNPPPDF VA ¥4 2 %2RET bfeasibility %, RHEHIMEX D
Rlfc, BRINEBABEANEFLOMBERNHOOICE 5 2,

(X #)
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Table 1, Thermodynamic and Mass-Dimension Characteristics,

T AR M AL 0 I S L S L L Sl S TR R S . o e S S A 1y Y T (o " . o} ol ped g T S okt o ot (e S S S S St s et Sk B T . . o

- Parameter Value
NPPP medule generator power. kW 75 . 75
Power loop working f£fluid XetHe(1.7% by mass)
Gas mixture rate flow, kg/s 8.75 4.1
Maximum pressure in loop, MPa 1.0 1.0
Pressure rise level in compressor 1.8 2.2
Degree of regeneration in recuperator 0.8 0.8

Working fluid temperature, K:

turbine inlet 970 1200
Recuperator inlet/cutlet hot side 800/555 930/620
High-temperature radiator (HTR) outlet 370 370
Compressor outlet 495 540
Intermediate heat exchanger inlet 740 850
Turbine efficiency 0.85 0.85
Compressor efficiency 0.81 0.81

Electric generator efficiency (with
allowance made for electric and

ventilation losses) 0.72 0.72
HTR surface. sq.m 265 132
HTR mass, kg 2550 1270
Intermediate heat exchanger surface, sq.m 245 65
Heat exchanger mass, kg 560 150
Recuperator surface, sqg.m 100 45
Recuperator mass, kg 190 20
Turbomachine mass including electrical '

generator, kg 300 300
Net equipment mass, kg 3600 1810

s [N\ 4 |
= (AT C
1 N

l_63_' 7 -
3 —
5 .

Figure 1. Schematic diagram of NPPP conversion loop,
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(GH#E~3)
FABEMI vy Ya VAN —HERSGHKOERER

Criterion for the Selection of Power Propulsion Complex
for Manned Interplanetary Missions

Vladimir A, Pavshoock, Vitaly F, Semenov, et al, (USSR)
M8 : 7 th Symposium on Space Nuclear Power Systems, pp, 195—201

F %

2y —HEEESEK (Power Propulsion Complex ; I FPPC&EET) OBIRFEME LT,
Ty YOERE, Z2RIE, FERORBIA M EE2EBLLEAREERRET 5,
BRXTHR, PPCOBRMBIEPOTAREL, ZLTEAXEI v v vHIKVHE
TERINLBRAZRUEBBIEODOLTRRBLTNS, ChdDF 7 v a v (Glushko et
al, 1088) i3, PPCOWHBEIKI-THREENLIEY RTEH, BEERE~ -V v,
R —rHBOBEEYE) - THE - BIFSIhTHE,

HWE EBCnear spacell B AMEBPENICATINHEOZLELBRXT I VR F 4
BHEEZEAZICR, TTEBRAZITOIEVRAETH S,

EwibgREFEE T~
RITORLBEARETZ27 78 —%BTICRT
ORERTERS T v a v
OMBEDODRBAERET 2HEERE -V v
PRFONREBEVXFLPY > TV 8, FHREKEHER AXB7rv7-Zoibgicw
TAMADORLRIE
@PPCOFEEBRBRUMARIKERIhAIN X —sDEHEE
@RITHPEBIIRETFH A v FF Y XOREHE
@VvAR*+a—BOAEE
B~ TD7>» 29—, " BREOARTE22-F" 2BRELEKAOBRITEINT
Wh,

NO—EESHKOIA T

BE, BAXKEIy ya VHEUTETOPPCHRERINTV S ;
OBH#ENHY =2y FPPC
QEHHSY 2w PPPC
@¥EPPC

Table 1 BfFig. 1 ~4ic, *OPPCAMA kKB v v yRETAIHERVE
AohB3ERERERT. CHhoORH#EiE, LB —4 (Gryaznov et al, 1988, Ivamov et
al, 1989, and Semenov et al, 1988)BMITPFHBFILRIKEITV S, HE, vHE
KETEV27 MR IEBEBHBETH 2,

Table | XQEITOEXRH B, hEEERIR I - BOBERIC: - THRELI AT
Bo PEOME v va v (RITHRMO00BLT) #4 7RBHI LT,

LPRE ({Liqguid-Propellant Rocket Engine)& S P S (Solar Power System)ic&E-3<
BEDNY29 FPPPC (#471) BUTORNEEEFT S ;

CEHMALPRECKREUVHEEROE DN
@LPREBHE (KF-BF) OFKicwd Spurity
@rsy—rEBEOEEHMNETCFHLPREEZBFOERY

BEL, OV AT7ORADREARBRI —HBROBERAZNILTH B,

N R E (Nuclear Rocket Ergine) & NP S (Nuclear Power System)iCE-SL B#HY =
w PPPC [#472) Ik, NPPS (Nuclear Power Propulsion System)icES < &
PPC [(#475) EERIC, 7471 EBTEIERI - ROERIEIMIV, BETF
THANLF-FEHRE (COBREFRAMREDLTW S ; Gryaznov et al, 1989) 2R L.
YRAF A, BRI - FBBEREEFEHLUANPSHIA 72 LTCHEIhEZGL
NI,

CHODIATORBE, FAPR~RORMEREOaRX IPREBEEHENILTHS, E
J E (Electric Jet Brgine)icES{BiEHY 2> P PPC (#1473, 4) OEBTIL,
Ay —EOEBABNTHIAZETHE, 473023 nF—v —R3REHREE.
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BEzdrF-—H9R, ZLTI - FRBERBLEALLABESR v AFATH5, #18
For—RBEELBHBLANPSHIA A TRFINT 3,
REZFREINTVWE7—-D1 0 3%, E9@¢ﬁE§T£éEJE¢ﬂU—727A
OHEROBLESRN, #4773, 40EmELTETLIRA2DD LRI,

PPCEROEBERUAZE

Table | KARINAENERERL~3 L, BExOPPCHoOoOHELXDH 3. PXIT,
AR —+BROEEPHERHR 14 -FRLERN S,

ZITC, PPCOEBIREML LTCLUTORNERLEET S ;

K=Pefr Ps / (Cd _Cc)
Pafi‘ = 3 v ¥a ‘/ﬁ]$ (ﬁé%ﬁﬁﬁ)
P: =Z2REE
Co =#HE6WKoOowR, AE, BHAEKCEITZaR¢}
Ce =FEHFIKEITZaxr

BWPorr P HEWHPHRP., LTEENBE NS D (Lebedev and Krutov 1985) ,
BEHE0.BLEIEENE,

R#Es A 7OBRAEKR, BLAOPPCEHBAAEZEMKET I 5 LrvF o ®it
ORBIEESHEINIERSE 0, REABREBICI T, LTORNHSEELEHELLNS
A FRBER

DiviaEi

QFHEHWORS — EOER
O#|BELICBTLIHIRVHEET R FCET 5KM
@QEERORLH

OHBIETAE r—F R}

BRBRBBPPCIA7DERE, E%éﬂfﬁﬁ@ﬁkﬁ(uﬂﬂﬁﬁﬁkﬁ%?%)
K- TERSOWBTRETBSR, BBREATR, Cho0BRASAF 2 -4 RTIHTRE
NWOT, BERZSIATERETAIELRTERNLES S,

#® %
FAKBIyvyavEOPPCORIREHELLT, BEK (2 v va YORLTBRE L

R2RAEELOREFEROBR IR FTH -ALdD) 2BEBLAL, IvvaryOoFieLh

BEZZILE, TTERBBHIABUTEIIENDETDHE, cOFIRFyT7ELT,

" BREMRITELa -V OLBBRERTLTV S,

(& %)
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Table ], Possible Features of a Space Mission Complex for
an “Barth-Venus-Mars-Earth” BFlight,
Payload mass is 150 tonnes,
Spacecraft _PPC with PPC with Combined
Features High-Thrust Jet Low~Thrust Jet PPC
LPRE? + NRES 4+ SPS + NPS + uppst
spS HPS EJE EJE
Variant number 1 2 3 4 5
Characteristic '
velosity (km/s) 8...13 8...13 21...41 21...41 8...13
Propulsion
(k) 800 200 0.3 0.3 200/0.3
Propulsion
specific Pulse
( $) 4.6 @ 70- 70 @770
Flight Duration
(days) 650 4640 720 720 660
Propulsion Mode
Durggion ¢hours) Tead2 5...10 104 104
4-10/104
Electric Pouer
{MUe) 0.2 0.2 15 - 15
0.2...0.§
Specific Hass
of Pouer System,
(kg/kWe) : 80 40 2...6.5 6
Pouer System
Mass (tonnes) 16 8 30...100 0
Propellant '
Mass (tonnes) 1300... 500... 100... 100,.. 400...
3000 700 160 160 509
Complex Starting ‘
Hass (tonnes) 1600... 800... £00... 400... 700...
3500 1000 500 500 200

g LPRE = Liquid-Propellant Rocket Engine

D sPs
g HRE
S wps
¢ EGE

wononn

Solar Power System
Nuclear Rocket Engine
Nuclear Power System
Electric Get Engine

HPPS = Nuclear Pouwer Propulsion System
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Refrigerator — Inhabited
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Figure 1, Possible Arrangement Scheme of the Martian
Fission Complex with LPRE,
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Figure 2. Possible Arrangement Scheme of the Martian
Fission Complex with NRE (NFPS).
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Inhabited Fuel

Modules ) Tanks
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Figure 3, Possible Arrangement Scheme of the Martian
Fission Complex with NPS and EJE.
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Figure 4, Possible Arrangement Scheme of the Martian
Fission Complex with SPS and EJE,
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(GHE—4)
BB ERTHOEREERICH T 55P-100F OF A

Ysing the SP-100 Reactor for Electric Propulsion
to Geostationary Earth Orbit

Robert E, English {(NASA Lewis Research Center)
HyB : Tth Symposium on Space Nuclear Power Systems, pp. 202—207

F B :
19884 5 R, SP-100HOEMRT v A F LICH T ARFAEICHI T, 7 —-FF5 v
DELZOCERAFRNTEORICIE ST Sz (General Electric 1988) :

w = B2 8 (k)

) 803

® & 1255

— R & 632

FET BB, GIER 359
K 409

i 1027
MARE - SEE - BEF 399
ZDMh 538

& 3t 5422

FFFIIHERMA 2500kHt, V" F o8 HMFETHD, RENICARRBERBELRF LT
BRIEEBINS, 280X 0.04THD, BEKBAHE100kHeTH 2, -7, LHEE
1254, 22kg/kWe & 180, CHREVMOHEHEBE TS 230ke/kiledW2F L5,

ZHPOBRVOABBRFEFFECRARERICAT S HOTHD, ThoORERILIL
kgD, ChAEB TR -5 BROBERETHINNkEBRRLTLES, BF
HA100kWeD e, REL 274, HEEKE BHHABRREOCERELRIKBRE I ALY TR
HEHOIkg/kleg T —F5 Y 1 2BOLERATH A ERTENR YL, —F, BH
REBEHEHTALELIOVBRBEURDAE LR EIEB LN TELOT, E—-PY—2R
MOLBEBRBATHAILNTE S, SP-100FEHA LU CHEREIOk/kex ERT 2D
W, AMTEC PHEBBERVRAFLOBUEDERAERERBINETH S, 71 b
4 20 (Bnglish 1987V &ER$ — 0 2 « # 4 2 (Slaby 1989) O MEXWREFH D
EFRABIRLAXEAFEBEELAE TS, EFFOMBIRBOEB L~ RIBERTHY,
FhaRtrsdhdhy, BE-EHBEIETIOT, v -5 rviogimAicmbEaes
M, BHECHAPEIM LTS, #5058 T, GHRARUVHEEBOEREBEEE
BETH 3,

EOE—RAF 9 TELT, T4 b yRER (ELSE) 32; English 1987) #7— X
F-MOOFRELTHIEESN, TGHBEREYE (LEO) okt #E (GEO)
BOly aryiUlTRFHA-BEEEEBROFANRZERINT NS,

BESRBEVRFLAOEERMLE
BIBROBIC, Wb 2500kt T a1t 04%keDEFHe —F Vv —28HNH
BETHd, BoD23T3keid, 100kWetEHHWERAL E LT, HAKERALTELRT S &
ZZoNTV3, TOFBREYHACEELF T OT, o BRIEEER" 23.73
kg ke WA T 5, SP-II0ABRIEEBOBRITTHETE, v -3 %, Q-+ v
—2QEHEEH (304%e) . QB HLOBRLILLEEIRR (23. T3kg/kie) O 2 BB LA LTE
ATH3, COBRALEEBIBELT, $FGEO~D” Fux .« ~qfu—F" HFHEEH,
§gﬁ?ﬁt—ry~xmﬁﬁﬁ(mwm)%m%.%%%m”$yrv&4nwk”%
7o
Fig, 14, SP-IOCLEOHNSGEQOF THMRATER Ry P - R o —FHEEXEAD
MOBBICHLTELALBOTH S, COMITHBIKR, ¥—7 - AF 3 EHEBEICHS
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EHi328.5° @ plane change b&Fh T3, FHBEBHITHREBEORS 27 —HRIIE
B0 70& L, FRITERM 100~600 BOHET, GEOBETELA v F + N4 p
— FiRL5~19F Y EFERLTHAZ &3,

TRy e T —=FS5 0

T4 P YRBEYRFLAR, CHERBORFHE-IY —XBLOHLEDLHE THRIF
BT 5 (Klann 1968), BBE 7 —~7 5 v rERABRE~2794 7 LBE %1300
K&lf, 2TO7 4 + YRHKHE, RIUEEBSBRNENLELSICEL SN, Fig,
2&b, BRWHAH S50~T00kWeD B T E R M 23kg /kiell T &3, &, o TRRER
HOHE (E) £ 0,5&LTHa, ChEBERTZE, 74 »RERBHIREEDSP-100
DHI~THEELED, BRIEEBHH8%L » b TE 3,

TLA P VRAFLTCHETCEER(0—FEER

Fig. 3 o, #ilih 2500kWtD 7L 4 b v YR FARBTA2ESEHN -7 —F 5~ b
REBOBIEEIRT, 600kleoM AL~ 20 Tk, BAOBRRILZEMD 17. 43ke/kie
TH5100kWe, 1T REEV 2 — N EETHA7T—F3 v BRINE, cOT L4
Py e —FS5 v 2FHLTCGEOMETES ISR v b - "M 0—-VEE ERITHME
EDOBEBEFiIg 4ITRT, FRITHMN 100~600 BOBHETIE, %9 b - ~Mo-VFERIZ
40~110F > 4L L, RDOSP-100& BT 2 -6 ~8f L5,

Ny —FSVIOLBEREAELHEPT LT, 35D LEAIELIEXEL 2 &0
T&5 (Fig. b) . HABYRE=0. =20, 0RUCHAKERSLcHNEE I &KXy,
AL 2500kWtDF X » 900kleo BR U MBS N, COBRORALERIZ25. dke/kile s
WA ENH3,

COBBRAVRFLEFEHTAIIEIKED, Fig, 6ICRTHRIC, GEO~ADR oy b« =
An—VFEEREZ66F X (1008) 5 203F Y (B00H) 2 ¥MMXE220TE3 (Zhd
HEDSP-1000 10~ 15fFicE% 4 2) ,

B

BHROCTLVA P VYVRORBRY— Y)Y s v 2F40HAKEY, REEERBAEEREL
THEDOYRAFLLDHSP-100FNSEADOHIEBALENTEE, 74 by ¥ A
JNWORFFRL O, HEOSP-1000BEH H7100kie® 600E i 13300kek THMTE 5
AR D 2 o &5 2, :

REOSP-1I0DFHFHE -y ~RPBOERE, HVOEBEEHEIDIAZMKEY, BEF
He—tvy—2HBEEI40kg, BoBEHRT100kNe B S, BFHE—- vy —2BHEY T
EeEEA 30 49kg/ kel 82, —75, BHREY R F20BHERIIBRIEERT S =
EiICLY, E—brY—~RMPOLEBEBED v P TBIENTER, lEXYD, N7 =735 v
P OWLEE S ke /kile (RBRERBEH) »o23ke/kile (BHRTBHRER) ETEET
&AW REEEET S,

LEOH»SGGEONDOFHMAOBRHERICHLT, THoDHRBEE T —-FF v b
EHATAILILD, WREATEZ /o~ VPEREABACHEMEIFAZENTES, L
EOLOGEONOHARITEHCHLT, BEWEL Mo - FEBREAZFOSP-100&
be#ed 3 & 10~1of5ic b 155,

(B %)
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darginagl alpha, 23.73 kg/kWe

100

31
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Figure 1,

T i T
300 400 500

TRANSIT TIME LEO TO GEO, DATS

600

SP-100"s Net Payload to GEOD.

Reactor & shicld, 3049 kg. Temp., 1300 K. Effectivenesa, 0.5
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Figure 2,

800

Brayton Qutput from 2500 kWwt.

— 155~



PNC TN9420 91-007

2 Reoctar & shield, 3049 kg. Temp., 1300 K, Etfectiveneas, 0.5

20 -.

18 ~

16 ~

14 -

12 4

10 ~

- +
8 4'1-‘13* Loot3ed9 : 453F 4 + +

6 < P

+*
+*
4 - +

POWERPLANT TOTAL MASS, TONS

17.43 kg/kWe

T T
0 200 400 600 ’ 8OO

POWER OUTPUT, kWe

Figure 3, Brayton Mass for 2500 kWt,

120 Deltq ¥V = 5585 m/s

110 <

100

90 —
Brayton @
70 - 600 kWe

50
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40 -
30
20 SP—-100
10 -

NET PAYLOAD DELWERED TO GEO, TONS

1 i 1 L]

100 200 300 400 500 &00
TRANSTT TIME LED TO GED, DAYS

Figure 4, Payload for 600-kWe Brayton,
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POWERPLANT SPECFIC MASS, ko/kWe

NET PAYLOAD DELNVERED TO GEO, TONS

37

36

35

4

33

32

31
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29

28

27

26+

Reacter & shiald, 3049 kg & 2500 it Effectiveness, 0.8

g

-

-

+
++#

i _ 25.30 kg/kWe

POWER OQUTPUT, k¥e

Figure 5. Pushing Brayton to Higher Power,

All with 2500 kWt from the reactor,

1000

Broyton @
900 kWe

Brayton @
600 kWe

200 300 400 500
TRANSIT TIME LEQ TO GED, DAYS

Figure 6. Net Payloads for Three Powerplants,
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(HH@B##-1)
BRACSHERMOEERR

Performance Testing of Refractory Alloy-Clad Fuel Elements for Space Reactors
D, S, Dutt

M H : HEDL SA-3347, 20th Intersociety Brergy Conversion
Bngineering Conference, Miami Beach, FL. August 183-23, 1988

SP-100FEREE

Fol F, SAMBEISK BT, €e—288x~rv7 5 Fhat ¥, BHEFEFFEI X
10%%n/cn® TH 3,

50 EREVIGIER K REEHFEREEC VERO - DOEREASEBEM & LN,
UC, UDz:, @&B=t YV o2 2B (ICIr FFBel-U0,) BB v ORBENBFTRFFETHTD
iz, (Rig, 1, Pig. 2)

MhEFFLOT, BEEORHYENENR S, BB b TlihitF Hdepressiond
Do XELDOERTERE L YENE W, (Rig. 3)

SP-10DEBEERICEHIBE/ BEBEOHEISGHLHRELEE, v IR FvE&& &N
Wi, OHASLENRELIN, F 71423 HINRBO - W EHS)V YA ERT
2 &, UINBETLED: X,

MBE&EDF—FBRODIBOHE, EH00: RiZNEdALETH 2, bE&&RR7 Y~
EXARDNEV, oTU0: #HAVE E X3, Vented Puel ST A2RERD 3, INEH
BEEWEN OBBEANVTYIRETHEZ, WALSOBERBREELOT, B—HRELT
BN &DET L,
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Figure 1. 'Data Base Available to Select Candidate Fuels and
Refractory Alloy Claddings for SP-100.

2400 [] 1 | 1 . V
: ¢ CARBIDE FUELS

200 g <+ MNITRIDE FUELS -
"] & DXIDE FUELS
<
; e
L4 - =
g WOL, &g . W
2 8 odxm e ?°
M %90 b QA
= 1800 P aa 2 2, -
@l
&, & ° &P-100
= | © Q‘“ +* a CONDITION
:;1m-6 &’ #'+°wﬁ " ) a / -}
= o 47 ) S aoa” 9 o 3
Q m:‘ ‘Qs:;ﬂ;"g e L, 432 & %
] 18R s o Ta *
3 b & 4 o 8
o r Zo2% *it

mof 3 YA (O g 3 -

- o+ + e
x4 QAA — -
10009 1 L Al 1 i
2 3 4 L] 8
BURNUP, ATORMSE

Figure 2. Temperature and Burnup Experience with Refractory Alloy
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A
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Figure 3, Length of Fuel Columms Previously
Tested in Sepport of Space Power
Fuel System Development,
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Figure 6. SP-100 Fuel/Cladding Irradiation Test Matrix,

- 160—



PNE TND420 91-007

Figure 4, Cut Away Model of the Assembly Used for SP-100
Fuel/Cladding Feasibility Irradiation Tests,
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Figure 5, Fuel Pin Design Parameters for the SP-100
Fuel/Cladding Irradiation Tests in EBR-1I,
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Load-Carrying Capabilities of Refractory Alloys for
Space Reactor Power Applications

James A, Horak (DRNL)
Hi# : CONF-850103-9
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&) RUBR LA YETOHERTHE, FLBELLABEVOR, SRAASOBEBESRIC
By 2LiEERETHE, =3 74E, BVITFVvEE, s vsNdE, 20025784
K2 THRNS,

F %
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BREUIEH

Nb-1%Zr
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PWC-11 (Nb-1%Zr-0. 09%C)

Table 3 IKPUC-11OF — 4 27T, B¥IDF — % (PWAC-1964b, 1965a) XV F v Aadh
TEBERLIOFRAPEEISOTVS, 280F 2 it UMBEHME (THT) X+ Y
—EbH T3, TRTOH 731649~ 18167C (1920-2090K) Textrudel., 1204
(477K) TF7=—nwltz, BODF A FIIPig. 4 TRETBIMOM TH 5B, Fig. 4 31
WMA—TE74 2 P LT3, IFEOCFR2ArOHKR, #—KBH500, 800, 900 =
Bppe TH 5, Rig. i CRTEHIE, "—HrBRI-TORKEELE LV, 35
FRIPBPIZCBFR PIEFLTIE, 527V ~-72 b4 »EEBHAAEESH21EH 4 Rig
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# T, S0&&Dthermal instabil- ity NFER T B, 1060TC (1335K) F —» T
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e

I =S5 TF e —TFTARAITHORBLETALITVNILAXEENTOAE T F9LHOIOS
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Table 1. Melting temperatures {T.) and ome-half
the melting temperature (1/2 Ta) for
elevated temperature structural metals

Metal Ta (K) 172 Ty (K)
-Nickel 1726 B63
Cobalt 1768 884
Iron 1809 905
Niobium 2740 1370
Holybdenun 2890 1445
Tantalum 3287 1644
Tungsten 3680 1840

Table §, Predicted stress * to produce 1% creep
strain in seven years

Teoperature (K}

Alloy
1300 1350 1400 1450 1500
Stress (MPa)
Wb-1X Zr 13 9 6 - -
PUC-11 45 28 16 - -
T-111 85 63 40 18 8
(at 1485)
ASTAR-BLIC 180 150 125 95 70

4Predicted from Larson-ifiller

shorter—term tescts.
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Table 2. Available data for creep tests on Nb-1% ZIr

Teata used
~ Totel test Total time of Longest Longeat teat
Reforance No. of tests for reference time {h) testa uaed (h) teat (h) time used (h)
data base
PWAC-1963 148 13 131,839b 129,606 10,037¢ 10,037
PWAC-1964a 31 0d 21,299 o 2,511¢ 0
McCoy-1964 21€ od 9,310 0 1,733 0
Chang-1962 118 od 476 0 1ogh 0
: {10~ 6 torr)
1
Stewart 274 od 9,532 5,162 1,196e 1,196
et al.,
1961
Hall and 2 od 307 0 300h 0
Titran, :
1960
TOTALS 105 1! 172,763 134,768

21ncludes threa welds,

bripe to rupture or discontinuance »f teat.

€All teste of ~10% h in lithium,

dreats plotted with reference line in Iig. 1.

€Teated tn lithiunm.

fThirteen sapples testad ulth >40X cold work; eight other camples teated after varlous anncaling trestments.
BPive samples cold worked; six others with varfous snnealing treatments.

hrested in vacuum,

1Fleven asamples cold worked.
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Table 3. Available data for creep tests on PWC-11
ot ; ETEBtGEUBEd Total teat Total time of Longest Longest test
efarence  No. of tests or reterence time (h) tests used (h) test (h) time used (h)
dats base .
PUAC-1964b, 3548 a8 39,873b 26,343 S'BGIC 3,861
1965b,

and 1965¢

PUAC-1965¢ 37d 0 1,880 0 357€ 0
TOTALS 72 28 ‘ 41,758 26,343

8Twenty-eight tests on materisl with same thermomechanical treatment (TMT) histocv, extruded at 1649 to 1816°C
and annealed for 1 h at 1204°C; seven teats on material with seaven different THMTs3.

brine to rupture or to discontinuance of test,

CTeated in iithium,

drhe thirty-seven tests were on materfal with 28 different TMTs and time to l% cresp straln not repurted.

2Teasted in unspecified vacuua,
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Table 4,

Effects of thermal exposure on tensile properties of PWC-11°

Specimen hiséoty

Temperacureb

1060°C (1335 K)

1010°C (1285 x)

730°c (1005 K)

Yield

Yield

Yield z - z z
strength streagth strength
(ks1) Elongation Cksi) Elongation (ksi) Elongation.
10—20Z cold work 23.4 19.5
followed by
1320°C, 1 h and
1250°C, 1 h
1000 h in argon 12.9 29 21.7 20
3000 b in vacuum 0.0 33 11.7 29.5 24.2 13

2pata from Table 1, p. 59, PWAC-1965a, January 27, 1965.
bTemperacures are the exposure temperatures and subsequent tensile test temperatures.

Table 5,

Bffect of aging on creep-rupture

life of PWC-11 tubing®

Aging time at 1204°C

Creep-rupture life (h)b

None

103 h in static argon

Tesc 1€ Test 24
935 875
690 386

263

103 h in flowing lithium

Bpata from PWAC-643, Table 4, pp. 179 and

181, November 4, 1984,
bTested at 1200°C and 27.5 MPa (4 ksi).

C€Tubing 0.312 ir. OD x 0.013 in. wall,
annealed 1 h at 1593°C + 2 h at 1204°C.

dTubing 0.250 in. OD = 0.025 in. wall,
annealed 1 h at 1579°C + 2 h at 1204°C.

©Specisens may not have received annealing

treatoment.
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Table 6. Available data for

creep tests on T-111

Tedts uaed
Total teat Total time of Longest Longest teat
Reference  Na. of tests for reference time (h) tests used (h) test (h) time used (h)
date base
Sheffler 48 342 304.!6[h 208,546 38,129 22,476
and Ebert,
1973
Stephenson, 13¢c 0 &,925 0 1,700 Q
1967
Titran and 2 oé 675 0 350 0
NMall, 1962
TOTALS 63 34 309,761 208,546

8Ti{ma to 1% creep strain not reported.

brima to ruptura or discontinuance of test,

C€AlY gamples wers teated {n cold worked condition,
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Table 7. Available data for creep tests on ASTAR-811C

Tests uged
Total test Total time of Longest Longest test
Retorance Ho, of tests Eo; reference time (h) testa used (h) teat (h) time uaed (h)
ata baase
Sheffler 234 22b 154 ,926¢ 124,756 23,692 213,692
and EBbart, ' '
1973
Sheffler 294 24b 86,095 56,937 13,413 8,877
and Bbert,
1973
Sheftler 18 ae 11,958 7,661 1,945 1,777
and Ebert,
1973
TOTALS 70 54 252,919 189,354

8annealed 0.5 h at 1982°C.

brests contatn no dats on times to 1% creep atrain, only extrapolated values,
€Time to rupture or discontinuance of test,

dannealed 1 h at t649°cC.

¢Several different THTs tested.

L00-16 02¥ENL ONd



=TT -

{000

STRESS (MPa)

800
600

400

200

and
L omO

n

—lta

900

{000

TEMPERATURE ( K)*
1100 1200 1300

1400

ORNL-DWG 84 -14735R

{500

600

700

800 300

| ] |
TEMPERATURE (°C )*
1000

r

1100

1200

{300

|

-

P

Nb~-1Zr (ANNEALED)

o — CALCULATED MCR FOR 10%h TESTS ¢ @
IN Li; ANN. 1204 °C; PWAC -633; pp.48, 51

0 — WELDMENT IN Li, 10%h TESTS

I

[ |

* TEMP. SCALE FOR 64,320 h

OF 129,606 h

~ ANN. 1204 °C; PWAC - 633, pp.48, 51
0—MCR IN Li; ANN. ih; 1204 °C; VAC.
Nb METALLURGY; AIME TABLE I pp. 422 - 423

l

l

|

[ cLosep SYMBOLS: AVERAGE FOR SAME STRESS

I S I S

|

[

CURVE BASED ON {3 TESTS EACH
~10%h WITH TOTAL TEST TIME

16

i8

20

22 24 26
P=TK[15-10g &,(%/hY) 103

Fig. 1

28

30

32

80
60

40

»omy
STRESS { ksi}

rn

L00-16 0ZFENL INd



—-ell—

STRESS {MiPg)

{000
800
600

400

200

28

o
o

D
o

N
(o]

TEMPERATURE (1K)*

$00 000 1100 1200 1300 1400
g ] i | | 1
TEMPERATURE {°C)*
800 600 700 800 900 1000 1100
T | | | | | |
| " TEMP. SCALE FOR 61,320 h Nb-{% Zr .
ANNEALED {h AT {204 °C B
— TESTED N LITHIUM .
- v
[»] 9 ov
WELD o .
— o
- A —
TEST TEMPERATURE {°C} o —
B 838 ®
B 4 649 .
B z ;gf’ RE4FERENCE LINE FOR —
o 082 10" h TESTS IN LITHIUM
— 4 1093
A 1204
& 1316
1 | | ] 1 { | ] l | { | L
{5 17 19 21 23 25 27 29

P a T{K15-1og &, (% /1]] 103
Fig.2

00
80

60

40

20

to

STRESS (ksi)

L00-16 0276NL JNd



PNC TN9420 91-007

TEMPERATURE {K)"

CRNL=DWG B3+ t8045R

£55 ({ksi)

Si

8c0 1000 1{00 1200 1300 {400
I | ] 1 I ]
TEMPERATURE {*c)*
&00 100 800 0o {000 oo {200
[Ce)
oed Bu— T ] I T T |
6o |~ "TEWR SCALE FOR G1320n Nb-1%2r -] oo
TESTED IN VACHUM -l
400 OPEN SYMBOLS = CANL=TM=303 -j 60
FILLED SYMBOLS » ASD-TDR-62-211
A HALF -FILLED SYMBDLS = AIME-vel 20, p.897 ] 90
m -
a ". v A
“w oAy -1 20
[[o e o
80 o a b Wit
E 80 I~ —38
Z 40 |~ ® e £
8 Ha 8
Ewl :
-2
ORNL=-TM-80% ASD-TDR-62~ 21
"1 © 540COLOWOAKED o COLD wORKED
g - ANNEALED ANNEALED —t
0 Ih, [260°C AIME ~wol, 30 REFERENCE LIHE FOR to* b
™ A b, 1900 A b, 1371 °C ANNERLED TESTS N LITHIUM
4 |h, 1500C o ih, 1204 *C
2 h, tT00°C v th, (7BB*C
2 —
o 1 | 1 | ] I ] | 1 ] I J 1
[£] [[:] 20 22 24 26 20 30
£ n TIRN13=top £, 1 5/n1] 10
Fig.3
ORNL—-OWG B4 —{4734R
. TEMPERATURE { K1*
900 1000 1100 2000 - 1300 {400 1500
[ { | | | ] |
TEMPERATURE (°C)*
600 700 BOO 900 1000 {100 1200 {300
1000
soo & T T T T T | I oo
600 ®TEMP, SCALE FOR 61,320/ 80
400 -1 60
- 40
200 - TR 00
QM 4 20
00 p—
S 80 [ w e 3 — 10
S g0 |- CURVE BASED ON 28 TESTS WITH o u
— 40 }- TOTAL TEST TIME OF 26,343 h AND lom - g
i MAXIMUM SINGLE TEST MME OF 3,861h 2 '“’g\, o d 4
W
e 20 {0 aéc\
& PWC— 11 o -2
~ o
10 I~  o— ALL TESTS IN LITHIUM WITH SAME TMT ! \
8= EXT, 1649 — 1B16°C, ANN. th AT {204°C =1
8" I — EXT, 1260 °C; ANN. 1h AT 1204 °C
4 2— EXT. {593°C; ANN, th AT {204°C
3-— EXT. 1620°C, NO ANN,
2 CLOSED 5YMBOLS: AVERAGE FOR SAME STRESS
4 | | | | | | | ] I | | | | [ |
16 ta 20 22 24 26 28 30 3z

PTIK)15-10g &p (% /0] 107

Fig. 4

— 173~



PNC TN9420 91-007

ORNL-DW3 85%-416n3
TEMPERATURE (k)%

500 1000 L] 1200 300 1400
I - T i T I 1
TEMPERATURE L'C)¥,
[:[s.0] 100 1000 1100 200
jrted maaam T I T | T T
000 - *TEMR SCALE FOR 6),320h - 100
t BT B 982 °C 14093 B 1204 °C)  1204°C , IMasC i
100 ¥ 1 ¥ T 1 ~ 60
- 40
200
-— 20
0o |~
a0 |~
5 o de .
E 40} Jdg 2
8 PWC =1t v -4 §
E 20' ™ ALL TESTS IN LITHIUM WiTH SAME TMT "3
EXT, 1649 = 1816 *C, ANN. |h AT 1204 4C -2
0~ TEST TEMPERATURE (*C}
8- A gH
6 b D 962 mh
o 1083
4 = 4 1204
< 136
OPEN SYMEOLS = 900 wppm C
2= HALF FRLLED SYMBOLS » BOO wppm €
FILLED SYMBOLS = 330 wppm €
t 1 L l | [ N SO | 1 Lt
[[3 i8 20 22 24 28 Z8 a0
L= r(k:[ls ~log &, (%m0
Fig. 5
LARSON-MILLER PARAMETER VERSUS
APPLIED STRESS FOR PWC-11
ORNL-DWG B4-15i42
TEMPERATURE { K} *
300 1000 1100 1200 1300 1400 1500
[ i I [ I I ]
TEMPERATURE (°C)*
600 700 8OO 900 fooo 1100 1200 1300
1
T r | ! 1 I | I
500 |- *TEMP. SCALE FOR 61,320 - 80
400 | - 60
2 FROM MINIMUM CREEP RATE DATA -l 40
00 |- ..______(‘p 1 TUKI[15 = fog &, (%70} ]i03 1 0
_ 100 |- L -
5 80 [ : 10 3
£ g0 FROM MEASURED TIME - dg =
2 ob TO 1% CREEP STRAIN AN Js =
e PaTiK)[i5+ fog 1,4, (N1]10 S d 4 ﬁ
g 20 NS o
= NS -
n Y \\ - 2 wn
10 — \\ N
8 |- PWC~11, TESTED IN LITHIUM \ .
6 ALL SAMPLES HAD SAME TMT A
4 CURVES BASED ON 18 TESTS WITH
TOTAL TEST TIME OF 9,217 h AND
2 - MAXIMUM SINGLE TEST OF 1,878 h
§ U U [ S NN W U JO RN R T A N A
s 19 20 22 24 26 28 30 32

LARSON - MILLER PARAMETER, P

Fig.6

=174—



PNC TNG420 91-007

STRESS (MPa)

OANL-DWG 84-—13017R

1000 :
= I T T T I T T T T T 1T T T
€00 = PWC~ 11 TESTED IN LITHIUM = 120
600 |- MINIMUM CREEP RATE AS A FUNCTION OF APPLIED STRESS = 60
| 9g2°g] 40
400 |- 0 0 —0—02—3
100 L 871 .,c__-—-s—Mo:r—B:; - - 20
- ] 1204 °C I
oL 1093°¢ A 1y &
a0 - A A /Up/v’ m ;
4 L]
20 Q/A V1316 °C &
10l 2y vV Y
B | —exT.1260°C
— . {
8|7 2 —ExT. 1593 °c}ANNEA'-”‘AT f204°C 3_£xT. 1620°C; NO ANNEAL ]
4" OPEN SYMBOLS: EXT. 1649 — 1816°C; ANNEAL 2 h AT 1204 °C
o | CLOSED S5YMBOLS: AVERAGE FOR SAME O
0—871°C 0—982°C [J-(093°C A-1204°C V—1316 °C
i S N T T N
o7 j0-8 jo—5 10-4 fo-3 102
MINIMUM CREEP RATE (in./In./h)
Fig. 7
ORNL=-DWG B84 -44736RI
TEMPERATURE { K }*
300 1000 100 1200~ 1300 1400 1500
| | | | I I 1
TEMPERATURE (°C ) *
600 700 800 900 - 1000 oo 1200 1300
1000
800 |- 1 | f | | | I ] 100
800 - CURVE BASED ON 34 TESTS OF P\n‘l.(\TEFihl-'lL~ 80
4 _ ANNEALED |h AT 1849 °C WITH TOTAL 4 &0
co TEST TIME OF 208,546 h AND MAXIMUM o
N ING T TiIM 2,471 .
200 |- h s L;E EST TIME OF 22,476 h
d o 5 © - 20
_ 100 |- -
o 80 -
— 10 ®
s 60r 48 =
; 40 18 w
n # . 149 @
W pq |- *TEMP SCALE FOR 61,320 h w
= P
[ (4]
10 -
°C ~ 1
4 Ty
0 — ANN. 1h 1649°C, SHEFFLER NASA—CR — 134481
2 [~ CLOSED SYMBOLS: AVERAGE FOR SAME STRESS
{ ! | ! | | ! | i | | ] I | |
16 18 20 22 24 26 28 30 3z

P=T(K)[15 + Iog !14 ¢ th1] 103

Fig. 8

- 175—-



PNC TNO420 91-007

e ORNL~DWG B4—14737TRY
TEMPERATURE { K )*
1100 1200 1300 $400 1500 1600 1700
| | | I | | |
' TEMPERATURE {°C)*
800 900 1000 1100 1200 1300 1400 1500

1000
goo - | { { I I I i 1 oo
600 |- *TEMP. SCALE FOR 61,320h - 80
400 CURVE BASED ON 20 TESTS WITH oy
L. . TOTAL TEST TIME OF 124,756 h AND - a0
200 L g, MAXIMUM SINGLE TEST TIME OF 23,692h
P, v ~ 20
_ 100 | °f -
2 Br % EbE
Z 4o | CURVE BASED ON 24 TESTS wiTH 18 >
0 TOTAL TEST TIME OF 56,937 h AND da4 0
W g 1. MAXIMUM SINGLE TEST TIME OF 8,877h-" ° T
[
& ASTAR —8IiC —12 »
10— © — ANN. 1 h, 1649 °C
8 O — ANN. 0.5h, 1982 °C “ ~g !
6 a — ANN, 0.33h, 1982 °C ~
- - A& — ANN. 24 h, 1800 °C N
v — ANN. 100 h, 1649 °C ) ~
2= 0 —~ANN. 1h, 1649 °C + Li PREEXPOSURE
1 S S N (N A [N NN ) SO (N N N N
20 22 24 26 28 30 3z 34 36
P=T(K)[15 +1og 14, th1]10%
Fig. 9
800 {000 1160 1200 1300 1400 1500
'ggg - T 01 ] I | I |
600 |~ PREDICTED:STRESSES TO PRODUCE 1% CREEP' STRAIN IN 7 YEARS -] 80
400 |- -l 60
~ 40
200 - T~ —
. ASTAR - 811C — 20
100 |- —— ~2
— ~— —
o B8O I~ ~— ~ ~ — 10
% 60~ ~ ~ ~ =
~ 40 [~ ~ AN N -6
0 ~ PWC— 11 0
th ~ ~ N 14 i
u ~ w
K 20 - ~ AN e =
™~ T—111 —
Y o ~ N ‘(\/ﬁ ~ o 2 »
C ~
8C Nbuin)\\ ~ i
4 |-
2 -
i | [ 1 [ S N I S Y N N

1500 1200 1300 {400 1500 1600 {700 1800
TEMPERATURE (K)

Fig,10 PLOT OF APPLIED STRESS REQUIRED TO PRODUCE 1% CREEP STRAIN IN SEVEN
YEARS AS A FUNCTION OF TEMPERATURE FOR Nb-1% Zr PHC-11, T-111, AND
ASTAR-811C., TEMPERATURE AND STRESS VALUES SHOWN ARE PREDICTIONS
FROM SHORTER TERM TESTS USING THE LARSON-MILLER PARAMETER.
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Wb-1XIr & @ KB ARB[L2ERTFH A AR HAT 22048
Precipitation in the Nb-1%Zr Alloy and Its Role in Duplex Grain Size Formation

D.H, Hobson
B : 7th Sym., on Space Nuclear Power Systems, pp. 140-143
No-1%Ir A&HOIr: BEHIFTOBRZE ORI,

IIEMREOBMAIARL, IrlERL, BRANORRI/AHING, —FHIr0,080
MTHEBREIERET 5., 25 LTduplex GrainERL, BENAELATLEES,
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- GRAIN STRINGERS

Figure 1, Schematic Diagram of the Small-Grain Voluwus Dispersed throughout
the Larger-Grained Regions of a Typical Cold-Rolled and Annealed
Specimen of Nb-1%Zr Alloy, Precipitates of Zr0: were invariably
present within the grain boundaries and matrices of the small
grains, Few, if any, precipitate particles were found in the
large grain regions,
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Nb-1%Ir& @t d 2 EOa Y v—v a >
Material Property Correlations. for the Nb-1%Zr Alloy

D, J. Senor, J K Thomas, K.L,Peddicord
HBEL : 7th Sym. on Space Nuclear Power Systems, pp. 144-147

Nb-1%Zr (ZSP-100. MWO MBI B EEBEBH TH 2. RETIIN-18Ir OYEN, BEE,
=8, BOZHEEEERLLL,

Table 1. Summary of the Nb-1%Zr Material Property Correlations
Developed at TAMU,

Property Rel, Std. Dev. (%) Temp. Range (K)
Linear Thermal Expansion 0.56 575-1627
Densiry 0.01* 298-1627
Lartice Parameter 0.001* 298-1627
Yield Stength 37.80 300-2000
Vicker's Hardness 26.50 300-1973
Elasdc Modulus 0.92 300-1900
Shear Modulus 1.00* 300-1900
Bulk Meduls 1.00* 300-1900
Electrical Resistivity 1.72 273-2700
Thermal Conductivity 3.24 379-1421
Hemispherical Total Eminance 9.50 755-2670
Specific Heat 0.98 300-2700
Enthalpy 1.00* 300-2700
Entropy 1.70* 300-2700
Gibbs Free Energy 1.70* 300-2700
Free Energy Funcdon 2.20% 300-2700

* Uncerainty calculared based only on propagation of error; correlation developed based
on theoretical relationship with other correlation(s).
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=4 7E&4&, Nb-1%2r & PUC-11, @2 ) —iEE
Creep Strength of Nb Alloys, Nb-1%Zr and PWC-11

R. H, Titran (NASA, Lewis)

HH# : Tth Sym, on Space Nuclear Power Systems, pp. 148-153

1350k B ETERD LOBRHFROEHBE AP CRBEMRMHNHE

NASAW 4 Z B RET THb-1%Ir &€& & ZDOKREM L LT PUC-11 DT
(1) BEEFERE IV -T2 (2) Z20OBBOEE
(3) EBBEEOHE (1) ®mitHREFOZESE

DWW THE~T,
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Table 1 Chemical Analyses of the 3.0 —
Nb-1%Zr Alloy and the PWC-11 L3
. . Li—
Material after High Vacuunm b
Arnealling prior to Creep 22—
Testing, z M0
§ -
2 Lif
Nb-2r-C Nb-1%42r FET N HB-352r
w 1755 K =10 -
Zircontum | 0.90 wt % 1.1 wt % ST e i
Carbon 630 ppm wt | 16 ppm wt o= 165K = Ih
Oxygan 80 ppm wt 170 ppm wt B Wpngs
Nitrogen 53 ppm wt 41 ppm wt £ PUC-11 12 TESFS)
Hydrogen 11 ppm wt 0.4 ppm wt ale (31755 K - 1h + 1875 € = 2h AND (2}
Nicbium Balance Balance 2 AGED W00 R - e
. pn s
1 ] 1 ] 1 fl )

4000  BCOD 12 000 16 000 20 0 Iw 000 28 00O
THE. h

Figure 2, {reep Curves for Nb-1%Zr and
PWC-11 Material Annealed at
Incicated Conditions and
tested at
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§ vy el ORELLE
Comparative Strength Properties of Ta Alloys
ASTAR-811C, ASTAR-1211C, and ASTAR-1511C

R, W, Buckman, Jr, and R, L. Aamon
B : Tth Sym. on Space Nuclear Power Systems, pp, 154-157

TaldEfE®C, BER MIKR BEEEERE. Tad&iid, T-111(Ta-8%H-2%Hf), T-
222 (Ta-10%-2. 5 Hf-0, 01%C), GEA73(Ta-TXW-3%Re), ASTAR-811C, -1211C,-1511CHH 5,
Relgim 20 —7mE LA
HEgEm LicoRFkE
W&Em 20 —-7BELER
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fiours,

Tahle ]. Composition of the ASTAR Tantalum Base Alloys,

Alloy Composition in Weight Fercent

Tungsten Hafnium - Rhenium Carbon
ASTAR-811C 7.5-8.5 0.5-1.0 0.7-1.3 0.02-0.G3
ASTAR-1211¢c  11.5-12.5 0.5-1.0 0.7-1.3 0.02-0.03
ASTAR-1511C  14.5-13.5 0.5-1.0 0.7-1.3 0.02-0.03

Table 2. Properties of ASTAR-811C, 1211C and 151iC?

T-111 A-811C A-1213C A-1511C

Room Temperature

Tensile Strength (MPa) 629 733 873 978

0.2% Yield Strength (MPa) 524 594 754 971
Elongacion (%)

Uniform 20 17 21 15

Total 36 28 28 28

Time to 1% Creep Strain 20 260 . 550 680

at 1595 K and 105 MPa
R.T. Bend Ductility
Base Metal <}B <78 280 280
AsS-GTA Welded <78 <158 395 >590

fproperties determined on recrystallized (1 h @ 1920 K) sheet material
{1-m=-thick) processed from minimum 10-cm-dismeter ingot.
Pl ¢ bend radius; temperature for full 90 degree bend without failure.
t = sheet thickness
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BRATO FHFHBE N T2 HHHE
Materials Studies for the ERATD Space Reactor Project

Y, Guerin, P, Wottet, J.L.Ratier, G, Rohert
B : 7Tth Sym. on Space Nuclear Power Systems, pp. 301-308

ERATD 220WeB 7. He/Xed &1, HTGR, Na ¥ HF, LigHF DI #4 F Lo THRIF L
T 5,
Lim#IF R EAWRE, Ho-Re &0 5K 3,

Particle-Bed HTGR FA& 3t

Hayne 230 Hastelloy S, Hastelloy I HAEBEEEN,

Table 1 KFLHEFBM Ll Kr-—THIKBEALINGD] 2048 &HBOME%:
R INGIEFT—~RFFA RN, Mo, B . £HLLTIE CTEEREEZRD
&, RABBEREI T, 2BHEHEII0? n/cn?(B>lnev) < bdpa NRT T&H 3,

HHRNEHE-F 2

HE, BEFRTFE2 'J —FFRFPREEINTN S, Eﬁﬁ:rx Fitd E&LTIEONT
i%i%abzﬁﬁ‘tmén, BhEEEERLL,
Fig. 3 - -0 CTOI NS F e —FARAIOBR, HBELTHAF o4 XR{Co
mMﬂL®nzfu4x)awmd%MTxUﬁyfu—FCGm)%mifwéo
Haynes 230 —F D27 V ~7FHESRL TN S,
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Table 1, Characteristics of the Alloys selected for the Particle Bed
Reactor System
Materials s5i Mn Cr Ho Al Ti Fe i Co
Haynes 230[0.11 |0.38/0.60(22.20| 1.19|14.52/{0.34/0.021( 1,31(59.0 | 0.27
Hastelloy |0.012[0.42|0,52{15.50[14.39|<0.10|0.36(0.007| 0.50(67.50|<0,05
S
Hastelloy |0.09 [0.31]0.70{21.60| 9.10| 0.45]0.16|0.04 |19.26(45.7 | 1,09
X
’l---ol-.--l.-. I".'l ........ T . " :
' |‘7\T°4X_§
2, Lty :
'_-,-P,_

316,

-

u ':I'l'l [} 1 l"l'l'l'l i l'Tl'l'I'l'l']‘I ‘I'I'I'I'l'l'l'l'l'l"l'l'l
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Toie Cdpal

-
u
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u
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Figure 4, Swelling versus Dose

Figure 5  Haynes 230 (50dpa)

Table 2, Composition of the Alloys Selected for Evaluation
for the Lithium Cooled Reactor System,
He-13%Re Yo-41%Re
Mo 86,95 + L 58,96 % 1
Re 13 %1 41 £ 1
Fe 100 ppm 100 ppm
o 300 ppn 300 ppm
c 30 ppm 30 pom
0, S0 50

Pellets and alloys were brought into

contact in lithium-
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Mo-41%Re - . Mo-13%Re

Pigure 6. Mo-41%Re and Mo-13% Re Fully recrystallized,
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Figure 7. Tensile Test Results,

- 187—



PNC TN9420 91-007

Irradiation behavior

L

Figure 8. Results of 14 dpa Irradiation of Mo-41%Rke by 1-MeV electrons,
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W-4%Re-0. d¥HICE & D BREEH
Recrystallization Behavier of a W-4%Re-0, 4¥HfC Alloy

B.-H, Tsao, B.-L.Chen, D, Tang, D.L.Jacobson
tH# : Tth Sym, on Space Nuclear Power Systems, pp, 309-314

HIC IR REEOLRIHY D, LIZA2 52 -2 LTHMIOYROBE L,
ZORE, LEOEIPASV( MIENBV) B, BAREREENELRZZENDDI 7,
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EMTVEHFS v P22 FORDHOHBHE
Materials Studies for the ERATO Space Reactor Project

Y, Guerin, P, Mottet, J, L, Ratier
H# : Tth Sym. on Space Nuclear Power Systems, pp, 301-308

F B

BRATO Fm v =2 r OHEEMIE20kie OBFEAHBKTEILTHE, FOF147&
LT3 $ATHELZTH B,
@ Particle bed-reactor -~ He/¥e BHDUTERY 41 OB F DI (Fig. 1)
® NBHOl READDVRFARUPhenixlFCHOLAT VA HOLER S L &l
® LiBFOYRF L 2Ly k, Cladding, MoReA &M OBEME (Fig. 2)
I TitPartick and bed FELIBMFPFTHEDLDOIHMBIT OV T,

HFRy KFY X5 A ‘
NF O LRHFYRF A
Mo-13%Re & Mo-41%Re(wt) D2 it >WTHEI NI, .
BMElclad B REE e 1150

iﬁﬁﬁ%’@%{ﬁ%ﬁiﬁﬁ - 102'n/cm?
{E>1MeV) Sdpa NRT
Yy FitE —z2 b Y T OMetalverke Planseed 5 AFE,
HEMER
ZOF R MRLIPT, Mo-13%Re, Mo-41%Red & &l Eih~b » + BINBERFE) KB
ZHEEBRICELTORDTH S,
Table2 < ZOREOHMKETRT .

Rl FEARELIFTELTLS,
@ %ZEFRPF:1200 €T500 B
@ #HEF 2 b :500h, hot point 1200 T, cold point 1150 ©
FREPEROBTFIEELET R
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SP-100RMBEROBRE

Overview of SP-100 Fuel Development Activities

R. Bruce Matthews, Nuclear Materials, Technology Division, MS BH05
Los Alamos Natioral Laboratory, Los Alamos, N¥ 87545, USA

HH# : Seventh Symposium on Space Nuclear Power Systems Proceedings, Part One,
pp. 883-888, Albuequerque, Jan, 1990

=2

SP-100FEHREFOEHBEIZ, Re s/ FRboN-1%Ir #EEUNTH 3,
UN~XVLy FBIERtI Iy 2 7o 2 RBH 3R (Matthews et al. 1988) , 2o F®m
4 R %, Nuclear Assembly Test (NAT) FLADOSNA vy 7S5y P EIBICRDBIER
ahic, BABRFKES{WINADORBE vy2AEATZTOHN, SP-1008HEDR
BB Eh, HEE2E (Kales et al, 1989) , 2z V) ¥ 7 OMEm, HEIIME L0
BEICH T AHEEMEH (Storns and Czechowicz1989) OBEMNFRIADOHY, h b
BSP-100BBr ryRftoFabERtHEd20RBEEN3,

BEALy S . _

NATEBE ALy P8EF:» vyt — v OEESRIZ, Sivth Symposium of Space Nucle
ar Power Systems THEZFEXH TS (Blair et al, 1989) . O 1 HET( Aug. 19894 H &)
UETt2DQAMNITRE, ITHEEUO, OERMNSETL, EL1EEABUNSL v b
68vw F( ~42,000) IEKUEEKRT, NAT~Rb v P31y Fdilos Alanos® QA
EFRTLTIEBRY VYyEx~TbENk, £h, UNBself-pillingBOBREINETL, <
R 7 TU bRy OIS A 7 ABERINA, Fig. 113, NAT UN#HEBE~SL -
FPOBER( Aug, 1980FEHE) ERLL, BEROEB TR, NATFLEHOBMBHERT
Y1090 RE CIKTETTATH A S,

Table 11K, BEFITRHEINLRLV Yy FONy FREF -V E2ERLTRL L,
27T, EHRPIERTE -T2, BEN»FOF—#it, UNRvy FRBEF o€ 2HHKEH
FIICHE LS 3 & ERLT VB, $l0, BER, BEERKASEBEL 120470
_by POEMIY o v 2 NEHR, BIYEIN, 3BE Ny 7035 BNw Fi2, &, B
HEHFRINBLAAHKEND, self-nillingf vy PELTHASANL, T, 142%y
FREMLIEN, 4679y Fi3, HERTHRICSEBEITE oA, WS4 vicHEhi-Bb
TS VYOBMERUNANL y P& TS,

ok

BB UBFTOBERBRELTR, NATHBEYF s vyA-rHOBFEME BHER
EYORHVBIUCEEREFEOMBELT -, BHERR, NATBHCY Y UETLES
HEREE -, BEIER, XA, BHWE, EHRe 54 FNb-1%Ir HEITEH
T, AREGBR2BR2MEI VT, 2L ERESROBERRBRICID, HEELFOE
REidbh-Tc,. BEROKARERLIVESROMIAZ A RO IMNENDZ & 8D
Mhote, BV, Nb/ Re&BHE{LE&¥4 (intermetallic phase) HEK L, #ELAWIC
2597 BEL, NDHRebLbEOPEZTRERLBRETILENHBZ &b 2, Fig.
24, FVHBEEEN-1Kr HREBE (ABR) OBERERLE, ChoOHERED
HE, REFEGBEC /O HEAEE L -,

e Sgd

UN/ReROFAXERERIETL, UNOLZEEZHLSOTH (TR 'x’ )
BEASDSHNRE, UNEZReld, EERBEETROIIERIBT A LNIRENES
hThns,

UNiwy +Re=URe, + N2 ol
FaPREORRETI, LEER, BE, 51 +RBLUIFPTCEHESFHRTEDD B

KREBRERESHOVEFRAINTHI, RBEVYORNBEEBR TR, vy b/ BESE
RESKBERBUNLFPASGORBRARON TS, UNMSKRAIN, RERLTIL &,

—191—-



PNC TNO420 91-007

RREROSBEFPLUNARBL, BREABRTIERE L5,
UNisx +(Ru,Pd,Mo,Rh)=U(Ru,Pd,Mo,Rh)liquid+ N, @

REEyOFabiibiesT, CORBE2FHHATERILINEBEARET I DI, F
ARERRREZRDTH S, IHORRTR, WREBU/RuUKIDEAIR BN,
RellRETH2, BEHUNCYOh#EFS VIS5 7 OBFREIR. UNRBIIH
EDOF - R—2ADLFHEINADEFEOR Y I THE o &%R L, 6at¥BU, 1800
KETid, UNOT LA 7T 924R2Y) Y IPORBRBRBEOIEERLTV S, Fig. 3 i
V&, X@hF —# (De Crescente et al, 1985 and Weaver et al, 1969) &, HEo=x=z=
»IFF - EDLEERLE, :

E B

IO1ET, SP-1005EOUNBREIK DO THE - R - BH¥HcBdTs ks
BREgEBRNS sz, NATFLBE RV FORMER, R4 Y- wBhEATED, BY
EryOREE - HUFEOHMRBRREKING, BHELHEEORBE B sBEEER, F
OCEZELOERLTMRETAHOTH 3,

(& B)
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Figure 1, NAT, Zone 1 Fuel Pellet Production
Rate as of 4 August 1989,

Table 1. NAT Fuel Pellet Production Results,

BATCH NUMBER CARBON OXYGEN IRON X DENSITY
BATCHES (ppm}  (ppm) (ppm) (%TD)
Spec. <3000 .| <1000 <300  1,0250.025 94.540.5
Demo 5 1830 1020 290 1.022 94.6
Qual 3 2280 800 170 1.011 94.3
Insulators 4 1430 680 a5 1.007 94,2
Zonel, Lot 1 5 1060 550 <5 1.006 95.2
Zonel, Lot2 20 1410 510 <5 1.002 94.6
Zonei, Lot3 25 1530 200 <5 1.001 94.7
Zonel, Lot 4 9 1220 150 <5 1.000 94.5

BONDED LADOING

HB=1IR
vt REENILH
#B=1IR END CAP
STA WILD
HB/AE TRARSITICN
x —

A

Figure 2. Bunded Cladding End-Cap Design and
Metallography of Weld Zone,

H LITERATURE DATA
O 3P-1000ATA

SWELLING (RaV/V)

BURNUP {atg)

Figere 3. UN Swelling Data Base; Recent Data
Compared to Literature,
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UKD i bk B 4R =X

Material Property Correlations for Uranium Mononitride

Steven L, Hayes (Advanced Nuclear Fuels Laboratory ) ,
J, Kelley Thomas (Department of Nuclear Engineering ) ,
K. L. Peddicord {Texas A&M University)

HiBt: Seventh Symposium on Space Nuclear Power Systems Proceedings Part one,
pp. 883-888, Albuguerque, Jan, 1990

=3

UN (—Z4v35>) i3, BRTISP-I00FHRBEFOEE (reference ) B TH Y,
WLAMDEZHREFT (Multinegawatt space power systems ) K HBAMRBRIIATH
5b0OTHAH (Wiltshire et al, 1988) . REEEIS IV v 5 VERFREEOH &, K
BEORER, oM - BEMEEMEOXEROBEANS, UNREBISIFHEFAN
EENTH i,

RFEIZRLLT, UNOHEEHeFL{LORSRTZIHR TS (Baars 1987, Pe
ddicord and Thomas 1988, and Plumlee et al, 1989 ) , R oD=F L {EETIL, B
UMRESCRBELESEFREINT VA —BEOUNYEANMDETHE, oD
BfFERNEBLs LY, EHEE BERHINSOREEF VR ENRELLILEEWE
Kbt TREELFERINTHAINEYREE, COBBEHBER, W0 oBMBENZE
TTHb, oI, ChoDBEFERIL, RETI2TOERERLGLTRERIABREIN
THANETHD,

TEOERICEGE T2 —HOUNYHEBEMEHKRD Texas A&M Univ. K TER &, Nb-]
$ir ¢ EBOBER & & b it PilSNeR(Properties Library for Space Nuclear Reactors)
KIS o T3 (Hayes et al, 1989) o R@X TR, MEREERL-YEEEIZOH
HERSLICERF -V 20—KOBEIZI DWW THRAR~Z, HBEI I DENSEE, B
B, BaX%lE, AHENBEKSEINTE L, Table l KR DOERERLT
KOWTEWML, ITo4HTRENRZNOYHESEINCZAZHAOBRALTERHAT 5,
MEBERREERN, BTER BE, FHRABEEREFAERIIVDENSEERICIHE
Ehi, REEAFONRBFERERAREMCERI N, ChiEic, FELEHAE
BRFROBEBEXRNMER I, INTFERRAHDRZEL LDCEBENICHENT 28R
FYBRBICHRBRELALCEEINROIEMA L, LALAERS, BRACIRHEY
OBRFEBEHTAIPREIMOANSNTOR Y, FEOEERERIKDVTRINO B #
HWEERF — B XBEIOHBOARVOTHRIROEHANRBETS » /o, BBRFHBEE
BRKED20OTR, BFEEEBRIASERL-BARIARROBRALSHE LI, XEIKR
CNLHBBROEBRF -2 RNV FHRRELEESHRIRNTVWE, Chit, 2564,
EBRENEABOR e v F A RAFBOI L LIBEELIONS, BRue vy F 1 ORBIEER
FICRANNRBREOEELAABRTILHEEINE, —F, BTEROEBRARERHY
BE, BEEORHICNTA2LDTHA, 35K, BFEHAFICHVWOATHAY EBHE
HOREBERABRACKERLTERCHE V., WODENEEEFRRIREECAOEE &
LTHERsN TS, COMBTHERLAEBRRRRETIZERT -5 &2 —&KL, =
NoOKHERDOTORKXOERRILEEZEI»SEFLVEEBFRE SN,

BEASEAKRS

BENSEEBRIACOFENZIDIOR, TEZ2V-—7HE, Yy IR, HAREE &
PBERE, 7Y YEBLUCESTHE, INOEE 7Y —7THEREN LEEBICXE
ENTVAIEHHUALL, )~ 7HEOERRAREE, BAKEREEZELETHERX
NTHid, BILEEDR BRFFOWNKD2VTOABYEEABEINTHE, 2V ~-7
HERRINERETILD, BRNSLUERIEESCEBD OGN Y —TEBIIHT S
FoavF o KEEEER L (layes et al. 1989 ) . #v v F o EEHK LD, BR/E
EXTHIRBEERATEI LSRN s, EFETHERLALZ )V —FEHEEBRRI IR
KBEINTVEARTRIO—BEHECHIER? V- 7HEBEERXTH 5,

4ooEEERBRARA vy F s CBEEOBBELCERERA, XL, f7v v
RBEEREERIECDOELEELTVE, BEBEORn v 7 4+ ERIE, £TCORe
VFARDOTHENEZREAEBEIERF -4 LI —BEA T AEENITEFMEER
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Thd, YV I7E, HANREY BRBEERBCOEZNERGESHRIXBCESEEAL
oo AHFEOEEBEERRALBAEFETIZERF 70 —Tir k<, THODOHEBERITHR
ROBEFRICHERLTEHEIN TV S,

HEIC, WoBEER, BERHLTESEENCEL  LEn Yy F o B LTEHERIKRD
TRALIREFAMELENRT VS, BEROERF -5 L0—KiL, BEF—s O3 v H
ERTEE, RENRNDIOTH S, EHBEENEERFRERNOCBELEE CEEINBRE
SLEVHIPENTFRROEF A A2FEEHT I, XBCHNOBESORBBERITE L,

EESEEER :

NPTl BLTN DO P v -4 BB, BRER, HZHEOBEFBER XSS EE
REDBLTVE, REBREREAGRRIZ, BE, 2208, EEEROEKELTHVE, L
HLIERG, ChoD v~y HEEKBERIIBEESRIFCER T 28011, LZ2HE
BRERHERRAKEBR T2 LERE L, COFBRAELES- BRBEFRIZ, HELANLCT
W cH S (Storms 1689 ) .

ESBERCHBEEEEHRERASREOERNE LTARLTVL 3, chooBERT S
FovF  OBRICE, XBLVELALZBIFNEF v E2RELL, 5508 EIIDH
Thd, EXEARRNCEBLTREANTED, ERF -5 20—-FHia L,

BN ERSMEMER

BOFHHEHEASERE, K&, vy, zrvitoe, ¥y 72EBHz A, HHY
TANFHE, ZERFBLITV S VOEKE, BMRAKOPVTOLDTH S, LEBMBEFER T
BMICETETAVYYadf vORBRLLIABACHECORRMBEROES L EF LILL
FHEHEZEMMUTERTCAERE Uit EBBERIX,ISNOZ Y1, 2o, FyT7 X
HHIZ VY, BEHzAVFEBEEERE LA, ChoOBEBEREEETIERFT -4 &0
—HRFBK I, 5K, REOCWANEZREOBEBRARAETRBEINA T LXK
EREELTEFAMELTEOT, ChABERCBTAREBEBRIREERF S LDASR
Z2OREAER - T, HEEOHERI, 25008 KB TENDLE# £ 20% Ll BB/ ET
BHDOTH B,

DNBEFECBOESHTHEERTARINOT, WERIRNESRERE» LAEEET,
FEHCRERBIC IS YVORKOANERLT I, BERE 75 YORKEBRRE, B
E&EADClausius-ClapeyrorDREFA L THER L, CHOOMBRREERT -4 i1
EECEBLBEEERTIL—RLTVE, &5, ZHETHERLABEERICI D,
RIB—FBELTLTVWRERz Y L EHEEOHKE LTES R, 2OXSiIT, 22
THERLARKEOEBRABERBEERNICHEBRLTHEEZNT VS, X3, ZROEK
ERZBRHSERECREAHEFEREZEBL2OKAVTSD, EBF—F LI 0—HEATWV S,

"=

FHFABOBH 2 VLT 30RMBERESEO I —HONDEREER L ER
Uite SH oKL, ¥b-1%2r (EHBEOBBR L & HICPiLSNeR KRB SNTW B,
ZCOMBRE, XBEMAFLVEEE2E522330TH5, BRIVBIRARZIOLTH
B>V TR, AHECARULUAEBRRIRELOBREACEBELTRORLCERHRE,
MEORTHEINTHLS, Table 1| KIBREFHEFNOBBEROBEAGEMNRINLT D,
BRAOCRUYBARABTIF /N ELELYENTHOERBOEF At bR &N S
E2TORETTREOTFAALAEAZLSCERIATHLS, —HOBERIIW, NPk &
LTR, BRTHBONIAT, BRHLPERTEAEVLDVADIRKBLYEIABREIATVE b
DTH3,

(k%)
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Table 1. List of Material Property Correlations developed for UN and
their Ranges of Applicability,
Property Range of Applicability Standard Deviation (%)
Lattice Parameter Temperature: 298-2523 K 0.026
Density Temperature: 298-2523 K +0.10
Thermal Expansion Temperature: 298-2523 K 2.0
Coefficient _
Creep Rate Temperature: 1770-2083 K £79.9
Stress: 20-55 MPa
Young's Modulus Temperature: 298-1473 K +8.36
Porosity: 0-309
Shear Modulus Temperature: 298-1473 K +6.44
Porosity: 0-30%
Bulk Modulus Temperamre: 298-1473 K +18.7
Porosity: 0-30%
Poisson’s Ratio Porosity: 0-30% +9.53
Hardness Temperature; 298-1673 K *17.43
Porosity: 0-26%
Diffusion Coefficient =~ Temperature: 1503-2273 K +1.71%
of Nirogen in UN Nitrogen Pressure: 0.001-2.0 atm
Grain Size: 25-5000 pm
Diffusion Cocfficient =~ Temperature: 1873-2133 K 3.21*
of Uranium in UN Nitrogen Pressure: 2.6E-5 - (.66 atm
Electrical Resistivity Temperature: 298-1600 K +2.97
Parosity: 0-30%
Thermal Conductivity — Temperature: 298-1923 K £2.30
Porosity: 0-30%
Specific Heat Temperature: 298-2628 K +2.33
Enthalpy Temperature: 298-2628 K +2.74
Entropy Temperature; 298-2628 K .0
Gibbs Free Energy Temperamre: 298-2628 K +3.6
Free Energy Function = Temperature: 298-2628 K 4.7
Nitrogen Vapor Temperature: 1400-3170 K 15.65*
- Pressure
Uranium Vapor Temperature: 1400-2400 K +3.33*
Pressure
Melting Point Nitrogen Pressure: 1.0E-13-7.5atm  £2.20

*[og-Based Standard Deviaton.
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FEBEB AR BB REEE

Autonomous Control Design Considerations for Space Nuclear Power Systems
M, S, Imamura and J, H, Masson
HH# : Space Nuclear Systems 1984

COREETR, FEMPAVAFLANARB I X FLAEREBGHET A LICDNT
R, BEREEY, P24 EHEBLIDARBALOBEER LI NTOBELITS> &
EEET D RFAVAFLREATAEZ LVEESH R, RATEOESHEME &5 1
I HORITFREMULTERR3 O BOM v R FANEBRBACERTIZIETH 5,

By Ya YHlEGOLETIOHOERRER, BERBEBEELOOERELT
ENSHBY T VARAFLORBBERDERT I EHEETH S, HBENT 2L TOH
BB, F-s0E, BE, r—F UrEE REBELE, (v YEBERECAETE S,
F-s MBI, NE, NE BEHIOGNE, BRI, EERE - BSOoFEOREBD, F
BDESRAALEBREERDIONEZ, V—F XHEEL, 2TOBELHIVEBESFHA» SN
B, #tH - EERRFENELITULAE Y2 FLOMBHNIELEEROBAH 20
FEBOBELAR (ANEBE) 2EEANMICEATHL 3,

1, RCHIZ

BRI, FHANHORFH AR FLO0BMENFRESATH S, CRiF, 1980&ER/D1-
I0KWDEBI D v R F LR ENTIHASOINIEROBICH T3 ERMNBEERBRI N
BRTHZ, BEE - BEEOHREEDI v v a YHOWEMBNE LTEREHERE
TOBENRBEELLEE, HAR2KRELT23QIEMAT, ThoDEHYRFoldE
27T, FHENEL, FaLEL, BATEHNGELCERTSE, RUNASXLERE
TRFNRIERL ST,

BhHCRTLoRAOEESI, SINBTHE, MIABRDRH I, LoE, FEE Fé
ERITHH AT LOBBILEEREELYS5X 3, 3k, BHvr2a7ata—¥EHB
CEMUZI VIO DBETHZ, COBRNNICRTHEMBOBRHFENR, EHEBH =
FLRWMERFHACRAF LU ERT S, ABEES, HEEPAEOBAELLILALT
ORELRIHSLFEHT I, ABF (array) /BRHOBH 2 F o2 B0 EHE N v
AFoEid, 1 0EHLELEAENBEIONT VS, CRODOYRFAR, BEMS
DEEXEIBDTORA L o flil, BN BB ELTOHFS, ASHNEFEEH
BEETHLEONS., COEMAERFHHA VR FLARKEAT 201, HBENRETH
LHBEREL CENTEEIHSTH B,

2. BR-gR/78%

FEDOIIIENASADREH I » v s YVOEHEWIZ, HFLVHREH, 2, b1 ~00D
HBEERXTAFELEBILL, 22+ 422084 L, EEHBARELLTYyRF oM
BEBRTEIETHE, CORRE, AV T YRFARERT, SHEHE S, B2
BT, HETET, SHrTHIBEEREARILEATVERENE L, BRUICEDLEN
B, TNODIwvra VORBOLHEIEE LRI, BEENRELBI I ENHEEEHL
Thd, COL®d, HEOBACEBRIH Y T VX F 2 R3BRAOHHEEBARAKET
EERTNELSRB L, BHhLX0EH Y T2 7 00BBIZ, HBLEVWEAIKT I D
REOBAIHIBEYEETE LS FORBELIZETEHEAD,

“EE OFERSBRICBRING, Fhid, ¥+—22 4 EIEOCESDLS I
Yo 7EHEBERBOALHELHERCLD L, £, BE, oW, EREHOLS KB
BERBEEIISRUIA—F Ny 78BRTH I B, I6IT, BPFrRFARNLD
POAHOTAS*RBT 2L - LHERERTHH 5,

2TOERBRBEREANK 2o0OBE G RT 2 EMTES, 20id, EREHIT
Hd. BROBBEICIX, R, /i, BRHEE2 -+ (Al) OBIFI& MR
BREREFBROERNEG TS, ERRZOHHOROEHEBELERLEVOT, BHE
OREREBEROEIIL L, HIEBERL BRI, 2, HROBEOCLATOERH»S
BoTd, BEHLOBROLEER, aBHLI A ABBRIPRHCENEZERTH S
TEALAIEVIBHBLABECHELHFDADOOUMIEYLT 28NS 2, =
D&, "—FU2TE&v7rv=TOREE, Bl BRIEFZERIBREEY
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5+ﬁ&£@%ﬂ§&?% EITOBRMIZ, HH R F20BRCEKRL-BDOTH S,
s B8k iRBicHh? ABLOTRRREKIE2N? FLEHEHLTEZANT?
cHAREBLTIEAN? HRBOMELIEFSERBIIRKRETESLIHNT?
BB T R8BI HY TR FLOBERALZHPELION?
BHEBMORERY TV RFLADIR VAR CEBEMNT?
CHBEBELRRD, v VRAFLAPHHERBOBRERDBICR, FARYRF L
VRLVOHENBENI? FEMORFEEBC E - THJLEIRAH?
s BE{bR, ROV 7 v RFABHICLANREFAEASE 2507
EEABPICTAOREOLIRY T v RFL42FTHEAVREY 2 —21{LT 5
OMh? V7P 2TREEARDPECTEEN? BEILZ2TEEHT7

BRCELLZ20K, ROBELFENILNEND S, (DEBHLLXEEL-ZHERLEZE
B A2EANMEER, QBELRIOREHLNBE, v 7 vRF4, VAFALRE
DEHI>CEETLD, NBEORERMNEBULULNE, (DAL O2DWTRHEIIKEA
o EdMITEbiid,

BULHREE TEER2I >N~ FY927, R4 2 F YA EV IO TA2ED
EHRARMBEELTIMAED20VT, YRFLH5B30VRYTVYRFL20ERLOSBERNITE
RN 2035,

Iy va VEFEHRBOEEANS I, RODOMH S,

 HENLNEZEREBESTE S, Bicglbe -V T,

e Ly —HRORLT, AENELNTES

CHEBLEOY ST VRFATHE, BE FBTFETHEP(ERKTE?
cHERF—va ryr~OEELFELSL, EHMORTEZOREEZSIT S
B OBFE SR FADBEREERL TS

T YRFLOBEEND, RODOMH B,

T URFLORESLERBAENELTE
HFalMEOEHEETMEZI S
CHTVRFLOBRBAELT S
cRESRETHPIEET S

A ERARICHNS
chAeRELAEMAESTT

o % Bl B9 7S IR0 & HRUBR <
cFHFLOERERET S

COFEOEELENR, BRELXELERREIBELNSANELCTHEELRESS
LBV ESRKTBRETH B,

EEHRE Y T AFLAQOHBIER DWW T OMBRAEX R T ENLGEATable 1 IR
T FHBVARATEENT(BRARKHERELTVAOREKE DL, FUHHLIZEELTa
ble 2 &, CALOHEHBAPENLTIOK A4/ onky 4 —HEE
BEPHTHE L E2BMBELTEL, LAHAL, WSOoH»r0BHELNHENTABRL T
BOLURBRIESRTVEY, CASOBEORNMICE, REBOER, NEBROILERE
CEEFE, LEBEBOMKRBBEBEIETHE, 77V r—VYa vy 79 2FTORME
LEEHHORENRS D, ABIEELHA BT 2EHbD 5,

BT vRFLCERHFERLBLENT?
BB T vAF L EEMOPENERONTHEABOLOL S NRASHIHE
EF oW

MEWICEBIET 20 OO0 E tasks) B BELTH D ULRE N, DT
ER, FTVRARFAVRAMEVAFLAVRAOBEEZDITCELTIHET A2 ENLE
Thb, cOYH, FHROBBALES>E LT, LHNONEILOBERAEZEA L, &
MO TERIAFELINLETERORAREDLDVESITH S, AT, BH, BREHE
EHRHABY VR FLOMOFHBRIBD THRHLDENNRZLOT, AEWAF (load sequ
encing) * 2 BB HABEOLINBHEVRFLAVRAMLRYTREIENTE S, B
HEIVAFAVRLVOHBILOVEDR, FEHRMOIALVF—BHTHS., ik, &
BEBEHLOOODERLBERY YR FL0BREEBLTA»O TR ICRBEXINLE
SEAFRER2EATVE, IH5Thid, KBRS AMERVWEHO—-EBAMSRERDOE
BETASE:EDhE, 2FEHROEEOI R VORAOABE YA F20BHMOH
BrAsl{Bot3,
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3 EHRAIBOBHEES

FHRFHHOHHETCRAOCEENZSEALUTOHEOURNTRY, I v
Y UAEVATFLRFEYE, RTFHH VR 7F o BEORY, EXHuERe
HERIEF. BBARNTH 2,

g v
["I %IJ
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31 SwvarvovrdidErarFrBgE
EHERFEHy2Failk, MNIUBRLSBAFLOCOBMAAELAORHERMANABETSE
ZBEFHEERT S, TENI, EXBRKIDOIEAFNCE2 : NIIHEBE &R
EfivvaryTdd, REGEOHER, B (Tov earth:LEO A S ILEHE
GCEDMELHABERIAHLIESEEYEECTERTEE, ChoDI vy va YOR
FEAOYRF LR, THOI IEHKE - T2 Neh SBFKICHEBHO—ERED
BRBWABRNTAI>EBHIATHE, BEEBI/NESRNAS S I1Z, OHHEE,
REELARCBELRHEFCH S, Bo{KLlil, CoROHMAH LY RFLOR
FEEBERXELAARICE—DORIDEBEENEFTHAH, FHEFHH VR FLA0ER
BREHHOUVEDHE, 2—F 2y va E—BItE2ARBdNELROBOETHZ, &
ORFEZEALGNET, WMELALL,
cHEETROHEW
CFER/BHRFLOHESR
s EERN,MSOFSL (Comnand) EF — S UBY TR F LA VI T 2— A
- FERBRORBEHE Bk
c FEHMOB B (Survivability)
- EHEROROEE
- B REBE
cBHORE
- EEHMOBAH S
TuyvavRdbo b EZETLANDLABVHBOERFEEDIS, ThoORFRHD
VAT LHFHHEORFCHET, HHORVWEBBTELI L GRITNESIEN,

32 BFBHAHYyRFLBEORKEY

BAHAVYRTLEZBETI0KBLORFFENRTELIN, FTHEFHHvRXF L%
RlicRdTEIDKC—BHIRSETEETEZ, BHHv27FaltigosLTid, SEOY
TyRFAKEEND, K, RX, BHER, BHEE BOH&iw BhHE, W
EhBh A, BEY T A FALATHE, —ft, "M (thermal interfaces) % iy
EYTVRAFALERRYT.. BERBHEEE (F—F LH#H) OPOEVAEEBLY
BMTEART, HERLTOWROBHENERRISTOY T v R 74 LBEY TR F
LOMICHBEELEL B,

YT RFLOBEIL, BEOYRFLARFIEREELTELEDLE, FIAERF
RO A4 » {(thernionics) R WVWABH Y2 F 43, EFFE S (reactor assen
Bly) Of#E & LT, BHE—REBERELVEODOF T VYRAFLRET S, B
RF L, BERYTVRAFLE—FO—RKR, ZKBWVHEV T RFL0—-BEETH
L, TLUTREF VR 7L, _RABABRLIFRVRFLL-BOBRKES
Be&sgadbdblhlin, LML, —BEIcPieg. | REERBERLEZABARTF
AR FL0EBAERL TS, Fig. 2BIRTEZ3HADOY T Y RFLAERY,

BRY TR 7 010, BREEZHAIACEIBRBEE TRz ANV F - CERT
5, Thid, RFFEAE, EFFHOEE, By Esk (irradiation shield), ¥
BELEE, LELBHEERSATVE, RTFFRFEAGIZ, BRE, S3#, Hits
RN 675, GlHREBE, BERFFESEOBLIEDVLTVAREIHIrS AEh
SIKEETIE—%, ZEENINGNR S, il RFFroodhikTFEr&EHH v
A7 LEEHPRFRET IV RVETRESHES, OV Ty R7F40, BRICLE
BRFFEEETEZLICWVL2DOMNIMBABEDSZ VN IIZHHNEEHRLDL - T
'J\éo

RABY T VvAFLE, FFFCRELABREDHERY Y VA FLETHEHR, £
Nk, ARIEERY T V272000 BEBHL, THE~BTE. RENLTHBZE
BRI REANKIIERDIVEER, E—r 4 720 ho0BEALEDOD
L3, BRELLT, 8@EY 7R FLARES, #, 7, b — b4 7, BT
B, H#E (radiator structures), BEBYHI S8 3,
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PHERY TR F o, RFFLrOOBEBHNIIVCEENEERAREZEL T
EKBHICERT S, THACHEFMEREL TV 2BNEFER, A4 v EREF (the
rnoelectric) TdH 5, CHODOFER, EENRTIOKUHBILCEBEK L
Ed3, B XL EBAohAHHN Y RFLE, T4y, 3vFy, RFg—-) ¥
YAINTHE, CNOGDOVARTFLE, BPHAEXZRERHARERBHNERETHO
KREBBOIIOVREARLIEESEIBBBHICER 5,

BAHEEY T RF AR, ERY T VRFLDOOBEBAHXTHRESR (HEHIS
TR EON) EEHAE, BB Ta— vV EBEIDIBICERE S
WIHEET 5,

BAEEY 7 2FaR, BHAVRFLALEEHREIOMOD 2 a2y —~va vy
7 72—RELTHEHL, FREBAVRFLAELEBEH NV RFLE2BETE, COY T
YRF A, HEE, FaOINA I T —RBEE, F-sN2AMSNE,

BEHHER, —REDEANEATERVCBCHEA VYR T L (5B SCHFER)
B H (housekeeping power) 2 it 4 5, COMBBHRIL, EBMH BEBRY
& 2 (regenerative fuel cells), /hX KB TN (solar arrays), RTGsh &7 5,

BHAHY T RF LR, BLioa—ViCHH2HE T2, 213, EFHEE,
Ea—X, AR Lv—H2DLS5HBREERELISHEIGN S,

BEY T v2A7F6l, OV T v 27 00— REBEFBLFNOSOBEERZRHIOGL
B, Thiz, BAVRAFLLFEHREOM, HHAFLLAETCHINIET L LR
EOMOBBHIERS Yy 72 —RAKER-TWHB, 00k, ABEFORMKBH2F
LEMETLIORELENN 2L OEKEFREEERZSATHE, BEY 7 Vv X541
BEELT—BHNIEHBNTHAD, BhHYRFo2 bR MroUgEL, £LTE
HMOASCHH R FL2BH T30 MNELEHBELIE T3,

3.3 Eg=-—VF

BERNNL-Y I v vy v TEHRHBOHIABADEGE—FARDHEZIEILL T
FERFHH A FLO0BEABBMSTIENTELE, COHBOLDIZ, Fig, 3
KWRTEHBE2OEEE—-FERD I,

« ¥T5 Eif (Launch) ~ BEBH (Deployment)
. H B

- =ik

- BEER

- BREE

- Rk

LS/ BREE—FR, THELFETONELETMBRAOCHBEEDICHE -
T, Tbkf, WHEhiiptgglL, RREE~OBT, FER /B2 FoBHZ
TrRNS, COHBEE, ¥EEHIcISHBTHS, FEREIEHBHAFEIGHBEINS
BhHVRFLBEHOAIDNHZOT, COE-~FTREFFRBOTHEN, 0=
—FOHMOBA YR FLo0BE I, MBBHHFERE, HHE5LTROBL, SER/B
DvRAFLBHEEEEETH L,

HEE—-FiX, BEWTHALBLEY /BHEE-F20IdAIEE—-VFORIKEHC, T
ODE-VFTCRFFLBAVRFLONS VRAEREH OB AV AT S, TOE—
FORBIE, BHY2RFL0RFREELTEI I CBEMTHS, TOM, & i
B, ERYTVRFLAOBER, "—Fo2TEVI LY 2TORENEESEHBOD
CEBCES - fEshi, —EZEEEINIE, YAFARBELAVRERE
LEe—FItAB,

HECROTEVEGERBOBEEREICNES, COE-FTR, BHVYyRFalia
—VOBREBULTCA—¥FEERCESD A2 BB T2, 2 — ¥V FHEREBODYRF
LOHOPEIL LT, BAVAFLEEBLERINZ 22— Y PDHNEULT S, BE
ERLL2TOV T v RF ok, COe—FOMEBNCHBEE N2,

BREET~Fii, SEHH20IBREBIEHE, CO0E—FR, BEHLIIEH
DYRFARE-THBINTVEI2EETHL, BEGIEE, EHELTRBECSTS
BHEEHODBERRBIISTI3EBEELAEATNE, BH VR FLORAE, HBHI I
FLEBH YR FoBBER - LEBEEESGUID LA,

Elrte—-—FR, BH Y27 L2R08330REREEMLSKRIEE-FIRES TS
WTHd, O —FE, FEFREVYRAFLAONS YREEWNEHLBEERAINRENR
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BT REBIKT A, FLEE-FOBR, RAEFEFF YR 7FLOBHEEL THD
LhoBATH 3,

KRiEEE=E—~FiX, 5L/ BEE—Fda0EEEe—-FiZHRl, CO®~—F
T, AR 7L RZHHTHERRBICEE, HFFH "B’ ¢, FELHHRE
CToRn, By 2xFa (2 LTHEROFEHR) OFERHR, BHDIEHIS
ﬁtﬁgénﬁa ZOE—- ¥, &Eﬁ‘bﬁ$ﬁ<a

CNoDE>2DEEE—- FOEEBEELFig, 3ICRT,

FHSRAOEENLRSI v i3, 2, EHESLTEHIEITA2H I 2740
HBREETHS, BRHERE, 3B THBCHRESVRALL2ERELTVEDOS
TOBMEOREBELEHRT L, I v a VOEMCEELTLELSENMKR, BER
%%&%Em@ﬂ/xrAmmﬁ&&bfn—k0;7&/7bb:?@&%%%ﬁ

-HEmArSHE B,

FELFHBEETRT,

1. &#E, #iE (RF/XHBoLDHD) ,BE, B3 (doraent) EFEXSLL2TOE

Ee—-FTHET S
2. BERY Ty RAFL0EBOEKES, BEEEOME, AL YR 7ol
ROREILET 2

3. HEREREIMEE, FPLYFBEIZNWRERNNS A 7 DLW

4 ERUHFHEHBAFI VERLEBROLSNEMOIIEBOREAE TS

uﬂb@@%#b“&%ﬁﬁ#f/ZTA”-bﬁ;?&/?F?:T@EK%Q
HEERT,

CVRAFLAREBRIIBEMEBELAB s TR RIS

A=V TORLERLEIESOBEE R, Bickl, -y NE, EF5nE
DM RER S

CHEBERE LY FERBELELZLRE S | DOEREBICREHOT — 4
(BTHRELCXZDHR) 2EFTERIHLELSHEN

- REBE, RATORARBAERL, ACRRLT, EXAHOHEFERE &
F@Eb LBz siin

V2PV T, BMENSEE - RFTELILNENSL S

CFEHBOTREGSEF - NBY T VR FALOBOAI V¥ 72— R RIBRTERE
HREL B FhEIE S

Eﬁ%r”bn%érwﬁ%m F—yME, BH, v—F vHEE, WREOE, 3
y¥aYEHEEETHLE, Py REE, NE, LE, F-20EBETHE, BEH
i, E%ﬁiﬁ&{@éﬁﬂﬂﬂjﬁ(determlnatlon)-{-L'C%E AEBRLIABTSHSE, V-
FrElfEliR, 2TOBELIIATHAYELEATVE, v va yOHEHIBEERZ,
BhO/ 2 A VvFERIER (ANSE) 0oB8%27 3,

Table 3IADSOBEEAMBTHHBEEIRAN (BWAHY T vr72) LB SD
BELILFTTIAFELERT, BOPTRPVEZTEENDERSARFT S &y L8
TRELAANA-—FOEBTEHAIARTINITL S,

Fig. 412, B &IEE “Power Controller" O I HHEBALT VEAEOEERE
AYRFLADBDOTRGEF~SEBA VI 7=2—2%FRT, COBHHEER LR
wExAMT i, PEHRBOBIS / F—2H B30 IESEON—F & = T (wiring)& v 7
PO 2FTOA Y 72— RAWEPig SRRLBLAETHEBD CHBERNLSL, 2TOH8H Y
AT LORIGELF -y ORBRBEERBHFHBICEDPLTNE, EEEL227 5 -0HF
BRAE(RZ2THA S,

Fig. 65, FHRPAHER L SGDLENRIERI V5 72 —R2EL VR FLHE
BOBEXRERETT, THROHER NS HBYEAETHE, v 7R F4H#HE
BANOEVRHFERIREREAEL, CONEBEBOSEASTHRIAEBITHOH T3
LETH B,

[l

4. F&8
BnivvsryoFGal—BoaRBME SESEBE $HrvR7oBEZLTE
BEN—FT=27, V72 2TO8EBBARD2BELREFTHE, L 2h0F
JERERAHBRTAOCBREXRTNE, .
CFAVINAMN— N O TEEGARKRAOCER  HIHBEBELS2IHER - RiET 3
c FHRAREBALBI20IL, v+ PATEALLOARIET S

—201—



PNC TNO420 91-007

CERECET AL ETFORT O RBORHR TRERBRL T ERMCRET
5

PO S LEETERIINLTCERBOFERTES - SIOBELRIET 3
(ChiKE-T, HEPOoRAFACRAICUBIONEEAD)
SOCHFHEREMBERD L,
BV RFAOMEE (architecture) (BE{LORFEILL I B)
VF AT NDN— RO 2T TR 2T
-EHEEURAEE
- BB
cRBAOBHORE
EXANBERLMOBEENRELHALAIEHEGEHAZRY,
Py Y YEREZELUTFHEBLLOBM EMERRE, Y727 288D
WNTEZLBRLHEND B,
cHEREHAENN~FY=T7TR, BTAMEABOERFFCARENLTHETE
S,

(g &)
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Table 1 Major Projects Involving Spacecraft Power
Subsystem Automation,

Funding
Project Dates Source

ARMMS (Autonomous Redundancy 1982-1986 AF.STC
and Maintenance Management
Subsystem} (Spacecraft fevel,
including power subsystem.}

Autgnomous Spacecrafl (Spacecralt  198[-1986 AF.S5TC
level. including power subsystem.) ’

Power Subsystem Automation [952-1983 NASAMSEC
Study
Encrgy Management System 1983-1984  NASA-MIFC

Software Development [ Expert
System Demonsiration)

MAPs { Miniaturized 1980-1982  Classified
Autonomous Power System)

AMPS (Autonomously Manuaged 19781952 NASAMSFC
Power System)

£} {Programmable Power 19791951 NASAMSFC
Processur}

APSM (Automated Puwer 19781979 NASA HQJPL
Subsystem Managemeni}

S8PS (Singie-Cell Bauery 1975-1977  NASA-LeRC

Protection System)

Nuclear
Subsystam

J
f

!

I

|

!

!

|

i

f\
T

R RN

/] e s e e s e o e — | n Spacecraft Command/
éﬂiﬁ Power Data System
Conditioning
gonversion and Control Power
bsyst SR [
uosystem Subsystem ] Distribution | User Loads
VZM Subsystem
% 2 i
f % i | Auxiliary
f Y | | Pawer
% / ——d Supply
/ / / |
%W/ ' !
Heat Transport Subsystem |
4 |
{
Legend:
Structures Subsystem ’_] —— Power

— — = Contral ardd Data

Figure 1 Generic Nuclear Power System Block Diagram,
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Table 2 Principal Features and Results of Major Projects.

Project : Fearures Key Results
ARMMS — Add-On Computer-Based Subsystem -~ Engineering Algorithms
{Continuing) - Interfaces Only with Satellite Defined for DSCS Il
(JPL 1982) TT&C Satellite

~ Receives TM Data. Determines
Maintenance, and Impiements
Contingency Plans

- Allows for Evolutionary
Development

~ Test Bed for Ground Validation

- CMOS Processor (16-bir)

- Emphasis: Algorithms. Archi-
texture, and Proof of Concept

AMPS ~ 250-kW Design {17 Channels, 16.7
(Continuing) kW Each): Channels Isolated
(TRW 1981) ~ 220-Vde Nominal

-~ 150-A-h, 160-Cell. Ni-H2
Bartery per Channel
-~ Array Series-String Switch-
ing for Voltage Control
~ Algorithms: Power Source,
Load Center, and EPS Management

Py - Charger or Regulator Function
(Lukens via Software Change
and Moser 1981) - Single Imbedded Computer
(T19900)

- [nput/Qutput:
- Input: 26 to 375 Vdc
- Qutput: 24 10 180 Vdc

— Algorithms: Array Peak-Power
Tracking. Caution and Warning.
Current Limit

APSM ~ Test Bed Using VO735 Power
{lmamura, Moser. Subsystem Components
and Skelly 1979} - Distributed Processors with
Central (T19900) and Local
{RCA 1802}

- Fault Simulators
- Cell-Level Battery Protection
{One Battery)
-~ Algorithms: Data Handling.
Monitoring. Control. Resource
Management. Fault Handling
SBPS - Cell-Level Pratection. Both
{Imamura Analog and Digital Concepts
and Donovan 1976)  Verified on Secondary Cells
- Intel 8008 & 8080 Processors
- 18-Cell Secondary AgZn Battery

- Communication Interfaces
and Computer Architecture
Defined

— Functional Requirements
[dentrified

~ Spacecraft Telemetry
Simulator Designed

- Detailed System Design
Completed

- Algorithms Designed

- Computer Architectyre
and Hardwarz Defined

- Engineering Prototype
Designed

- Algorithms Demonstraied
and Validated

- Limited Qual Tests
Completed

— Test Bed Operational

-~ Algorithms Functional

- Distributed-Microproc-
essor Concept Demon-
strated

- First Use of
AgZn Butery Protection

- Hardware and Software
Demonstraned

- Battery Cycle-Life
Improvement (AgZn)
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Table 3 Allocation of Control FRunctions,

Function

Onboard

EPS Hardware EPS Computer Ground

Fault Detection/Correction

Very Fast{p Sec)

Fast (Sec)

Very Slow (Days)
Routine Control

Very Fast

Fast

Very Slow
Performance Monitoring

Fast

Very Slow

X

Mission Control/Operations

(Load Management}
Fast
Very Slow

X

xh
X
X

X
s

xh

iCommands from Spacecraft Computer Reguired

"Ground makes Decisions and Initiates Any Action Desired: EPS Imple-

ments the Action.

Space Nuclear
Power System

r

l

Nuclear Heat Transport Conversiocn Power Conditiening Structires
Subsystem Subsystem Subsystem Subsystem Subsystem
-~ Reactor Assy — HRadiator Thermionic — Converters/ —~ Power System
— Control — Piping and Converters fnverters Structure
Mechanism Fhaid Thermoelectric — Shunt — Deployment
- Gamma Shield — Pumps Converters Regulators Mechanisms
—  Neutron Shield - Valves Others — Bias Power — Mechanical
- g:xi‘ljiarv Heat Exchangers {Dynamic) Supely ILnterfahces
utdown = aunch.
Mechanism ;l'nhen;n-lt:_al Vehicle
sulation Cradles
— Nuclear

Instrumentation

Auxiliary Power Control
Power Supply Subsystem
— Ni-H7 Batteries — Processors

Regenerative Digital Interface
Fuel Cell Circuits

. A/D and D/A
Phaotovoltaic Converters
Arrays - D
RTG ata Bus

Figure 2 Subsystem Hardware
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Launch/
Deployment
y
Dormant Startup ™
Shutdown Normal
£
Contingent

Figure 3 Power System Operating Modes,

Command
and Data
Subsystem
>
=L —— —_— - — - _ _
< LY O TLE T 3| | [ 4 ’Fu.,f . 1L | :
Lidl et 43 bl et o4 8y T
Power Power N Power It g Load
Source Conditioning i1 l ] Distribution Y l oads
. T il Tt Bl
Power L 11} L1 lig ! LY
Jubsystem L] |11 . | { I | Power
I | i Batteries l I Controller
! hl T TT 1
-a l a0 ®
<o J,l__\,-_' 1 Rl [V RNl A
< TT l Py !
IH ;4* * # } 4 11
d .
gx:;:;‘rt Spacecraft and Power Support
Equipment
Features: Legend:
— QOne Wire per Signal {Control and Data) —— Power
— Limited Onboard Data Acquisition — — - Control and Data

- Ground Analysis of Performance

Figure 4 Data Interfaces on Present (Non-Automated) Power Systems.
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Command
and Data
Subsystem

<>

= b

Power Power Power Power Power |

Loads

Subsystem Source Conditioning Distribution I

|
f f b f lf

! ! Batteries
, I ri | —

Power
Controller

I L o ——— __ L __1 77171
Y |

S &

Ground
Support Spacecraft and Power Support

Equipment

e ———————

Leyened:

- Power

— — -« Control and Data

Figure 5 Data Interfaces on Future Autonomous Power Systesms,

Table 5 Typical List of [nstrumentation and Their Use,

Function
Measurement No. Control Maonitor

Safety

X

Reactor Output Current X

Primary Power Bus Voltage X
Coolant Flow X
Augiliary Power Bus Voltage X
Radiator Temperature

Reactor Coolant Temperature

Meutron Flux

NN = N W

[=]

Cantrol Drum Position 2
Shunt Efement Current

Electronic Assembly Temperatures
Battery Voitage

Battery Current

Collant Pressure

Coolant Radiation

Pump Power Supply Output Voltage

K HK XXX XX XX HEX X XXX

N = N = N O W
KR XXX XK XX

X
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— —— — — ——— S—— — — — i wr——— ers S w——

- —
| Power System Controlier |
1/0 | !
Discretes ™ | __1 l-—-w- Processor I
[ ‘ ‘DIA ] /o A | | Spacecraft
Analog =y Logi | | Central
Commantls ol 2 Converter ogic | Computer
| | -
I I | T |
I Processor |
| . B I
; Signal o |
Data 7| Conditioning A/D +10V 10V |
H Unit onverter | 4
| [
i e | E— Controller l
{ Power
l Supply |
I
! |
L ]
28V
Figure 6 Power System Controller Functional Block Diagram.
Table 4 Typical Nuclear Power System Control Functions,
Function Objective input OQutput

Reactor Control

Maintain Required Thermal
Output

MNuclear Activity
Drum Positions
Coolant Temperatures
Coolant Flow

Electrical Pulses to Control
Drum Drive Motars

Primary Heat
Transport Loop
Contral

Maintain Required Temperature
at Input to Conversion Subsystem

Coolant Temperature
Coolant Flow

Pump Power
Valve Activation Signal

Secondary Heat
Transport Loop
Control

Maintain Required Temperature
at Qutput of Conversion
Subsystem

Coolant Temperature
Coaolant Flow
Radiator Temperatures

Pump Power
Valve Activation Signal

Rotating Unit
Control

Maintain Required Qutput Power

Working Fluid Temperature,
Pressure and Flow

Shaft Speed

Qutput Power

Valve Activation Power
and Timeline

Auxiliary Power
Suppiy Control

Maintain Regulated Auxiliary
Power Bus

Battery Voltage and Current
Battery Temperature

Charge Voltage and
Recharge Fraction Setting
Switching Commands

Power — Maintain Regulated Power to — Conversion Subsystem Qutput = Switching Commands
Conditioning User Voltage and Current — Converter Setpoints
Control — Conditioning Qutput Voltage and

Current
Power —  Provide Power Control to Users — Load Control Commands —  Switching Commands
Distribution — Protect Buses from User Faults — Switch Position Status
Contral
Separation — Separate Power System from LV | — Spacecraft Separation Sequence — Pyrotechnic Initiation

Signals

Deployment — Deploy Power System Structures | — Power System Deployment — Pyrotechaic Initiation
Control and Deploy to Final Spacecraft/ Sequence

Power System Configuration

Position Indication
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(JHE—2)
FHRERFFOH MG X

Control System with Core Nuclear Design for
Fast Specirum Space Power Reactors

R.M.Lell and N, A, Hanan

Hy B 4th International Symposium on Space Nuclear Power Systems Transactions,
Institute for Space Nuclear Power Studies
Januvary 12-16, 1987

FF
RFFROEEELZLELRETI20K, EFF4E R F L LF70ERFRNEET
b, FlEHAFLrez0EHe—VFik, FLOBHBFLEFFRNFA LG rEEL R T
To COI LR, BHFLIOTHEHETHZ, ASSXENEL, B, RHNEE - B
BRUKRHAMNSVEERETH I TERNBERSNEHLOTEH B,
KEXI, BEARZ PV FEHFORBHLRAFFHA R F o RHOMBO— BN
BFRERHET . BT TARTHRR, —BAULEYBR, MiEEE (cernet) DINBRE O /b
AR HEHERRIPVFTCTEE, BHMRVFOLTE R, FLORBEM, #EMIzy v
AFY =2V LAEETHS, FLERIII~FcnTH B, UL, SoTOR®I,
BOBE#HFII—BATH S, )
WCOLDEERWEFERESERT Ui, FASBEY 5 &, FREEE, FLODOER
I, B# (dispersed)FE, & L TA BB K& (segnents or regions) Td 2, MC2-2D 5,
WEMmASTE L, B, ViMeyF Ao —F, ONBDANT, DIF3DAE W7,

RO _

FLAREY 7 25013, FHFT—BWTH2, FIAF5 213, FLEEBEEYT, v
—AORBEBEELRL, BENKERETHEI I LONERE S, FIT AL, 320%H%D
> Tl d,

1 REBiR, AROHBEFNFS ARESBARA7 R Morth) RAFELOEBIHRKET AR
THB, BRI, 32OREZENUEFLEBECHELAENIADT—2EZRT, FILDYT
—ARFLOEEMHATIER - THEDLTE, FLOFRBRE, FFalioTiEEA
EHEEINRODIOTHE, FIFLHEYRF LR, NERBEBOFLTSELEHT B,

2REII, FILTREHO7V-2BEHBEIATNEIETHL, BN, FTL0H
EEMEHBLT 3, SWEHEPLALD, SYOEI AT I ENVFLDOT — 241
PTHE—~DFETH 2, LdL, ThHoOHFBERICKEAEZORESEL D,

SRER, $lEFS A0BESRFLOERESFHNONISFABEDIEEIATH S, £ 2
i, FLOERETWOBARHON S ARBRERART, TED, SYORLHAFLK
RHIDEVEROTSHTHI Lot d s, 180BT, SYWORDRIFLLOBEDE
ARTEH 2, COLHIBHRAOBHIR, BHTHFIT LA, BEDZFAHBICL, Fi
OEBEELBETIHELSTH S,

HEFS A0 (H20REE) T—BHEHCOhZFREEER, F5alolks
T32DRREVETOBEREEDD, FAOEMIZ, #HEECT ~RHF 5 A~ TH
—OFLERTAKED (2f) o FS LD —RATHRFOEFHFLBHOHBA TSI
TE30T, TOERAEN, 25, $HECT —Z2EFLOAS SICHBNIEEL
BOEIKTE3, 3B, 8L FLEBLTEB L2 —KREEBETSA0T, %
BEHRMORASHREHEBROH I OIHIEEEIWIN T THS, IR0 2 Imys
MOMbr7 F %8BT,

HHECRAOREIL, BEBHZHB T3 FLBOESR, BEHED Y — 1 &3
SRMENRTEHMNLERENZIEATH 3,

BERNEHB 27403, BEOBHTUHELFLBIHRELEETIOTHAS, O
HEEEZERT 20, FLBCHBIBLEYTHE, NIOBEBHEARI P VOFHF
OERBERGEOCRT (swing) * MBI 2T HNLTRBESI, SHECRFAOBRHEN
FRETD, BZOUMRBBOMBAICTEALR, BRI RS bORVEDDEH
2l CITEATVERFROFLORNZ FARBHTHEHNOT, RROBYHEMN
RBOBBREERL D B ELRREREBF O ENTERVDLSTHE, ASVERED
FEYN, ChoOPRBVIRBECHITKESRBAHBRIZ2QOKMETHS, RED
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HARESEHCAE, BNNEEREL I3 LB LEBHOBEBREORITAME T S
BRRERTERCE B,
BELLBIKENESIE-ERIVOEEAKCD, RBORRABLI L ENFTESE, C©
CTOBNMRIF O LTEE, BAHRPOVIF AT AT RV F YL OBEE
ABEFPLBOPRETEEHNESLEETAONE, 1 F UV LCOHEGEEAT, BEBEOH
TREIRBARMNETAZEDUAETH S, E5IC, VFULEDOBAFEITHFELOH
HDRHRELWE W, BAORAIR, VFI280BAFI3XEBOBEBRHEVF Y48
DEBPZLA B BEOARERRIHRA Py -ROHEETH 3,

COBelR, ~V Y A-3TLMIKRFTENT, B LEVF UL ARV LHENIOH
S hETFHICAETHELILEAR L, COVRFARRERFLFORLERERILY
NOBBMICHET 2,

: Il »)

FHABRFLOBRRHE, IR FL0RHICHMIKET 3. THFO—REHE
Brimzd —BHKRREINTVOAFATFS 2 FELODROHEHIHEE, FLRFEZSHICT
HZEEHBIHERTAMBAEL S, F5 L8, DERERTHEVHTOFLITT S, #
HMBYRF LR, E560ENILENEBESARSLHEBROFRLICTEN, 5T DFLOE
REEELIV, (HIEAFS AKENT) ASEUT-R0OHBAEVYRF LR, RAOEF
AFLORIFICHEN IV, FI 4, HIfERSHE, EB4ER, WHROHISHILE
B2, BERK, o020V 27 A TEBRIOHBEINITHES,

BRSYY—REBPYRFARCBVAIERTERLOR, BEEOEIT (swing), hoK
REELEHBELT, REBVYRFLOBRAEREBVIORTAIENTE S, BR
BWIATF LRV L4, HIEBEO7 - 5HLTHELAIARBLLE VLY, —KRFEF R 720
BREEBERBIETA. BIZ, FF LB VHDLHOBH AR XL, -

L l, ChASOREAEZTEBEITLIIE, 32BBTCRRSEOELIFMVEERELDNT
FELABOBABRBEARTHIOLALY, BELLOEES, vy2 74k, HME%E
Ly, BEFZTORFOUELIT, W 2Hr0BROMIKII AR EErL—VF4 7%
Shic Lz,

x (REED Y F926CL)RRRICT. A2%FE, MSbarnOh T RINGEMESE L,
(n,a ) EIBiIC L DHedHF 2 E2EDL B,
s (REZED VFUA2TOLDRERICIL S8SEE. FEFLRBLE L,
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Table 1. Drum Worth as a Function of Core Radius,

Case Radius, (cm) Drum Worth {ak)
1 17 0.1017

2 24 0.0788

3 31 0.0562

Table 2._ Normalized Radial Power by Hezagonal Fuel Ring
as a Function of Drum Poison Position,

Fuel Ring Normzlized Average Power
0* Rotation 180° Rotation
1 {Center) 1.0 1.0
2 0.932 0.978
3 (Outermost) 0.707 0.945
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(J - 3)

SP-1000HE  ReBREEERR
SP-100 Contrel and Safety Rod Drive Development

Glen V, Brynsvold, Alfred ¥ Dalcher, and Thomas E, Gleason
General Electric Company
SP 100 Projects
Astro Space Division

BB : Tth Symposium on Space Nuclear Power Systems, pp.976-981
(Jan, 1990, Albuquerque)

RCSHIC

SP-100F iz, 2O LARULHBEERA R >, RFFEEREMOEESTMICE
AR TFORAEHE L TES, Fik, BAVvrOFELTI12EOL ¥ VEIFH &K
PRFFEZOFOICHASN TV, TROFHLZLER, RTFEBEAMETITHE
LBDPoRIMEERLAVRDBOPEH, Z2hZNORLEL, B.ORIEEND S,
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Table 1, Comparison of Levles of Automation
Decision- Characteristic Definition of Functions Responsibility
Making : Assigned to : for Action
Behaviour Operator Machine

Knowledge- Creative Thought  Creative/Situation  Operator Support Operator

Based Management System
Rule- Predetermined Soft Control Operator Support Designer/
Based Response System Operator
Skill- Automatie/ Hard Conwol ~ Hard Control | Designer
Based Conditioned Response

Operator

Console

Advice Fi

OPERATOR
COMPANIDR

Subsystem
Advisor
ile

-

-9

Local Area Hetwork
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Plant
Database

SES Reactor

Data
G Acquisitien
——1 data link Sgstem

Figure 1, Overview of the prototype operater companion and

the

demonstration application,
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Figure 2, Process subsystem overview of the configuration and
equipment status monitor console,
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Figure 3. Prototype display for a computerized procedures system,
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Figure 4, Panel mimic for a computer-based training system (screen bump

from a 19" monitor),
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EHORBLEATAIOKR, COWHBELTOYAFLI( A 1E, TIRSH-¥R, FTHMWBIEvA
Fh,0-hh 1EH EYAFAOBE) KOV TOMBEREM I 2 T RBHICERY
Do

CLEAR THBTEZAMBCREEI-ORHIOF-Y 2FETERO (VAFL E0BIED
B8 d 20 HEBEELLTHRENI EERTI-I OfcdIT) , COBE, TDRS & TDRSO i EAF
ey OB OBRBRE ( B2, ae-Lyys & D Ivae~byvs Fol5- WIEDOON/OPP, TORSKE S
B & i EAF-yayD15-), FLAN-OHEEHAEROFE, AEERELT IRABVES,
ZLTHEELTHAEEOMENS L, CLEARRBFBIEHEIr DO RSOEERE
ZTFAAAL, R EROCHIMEXMET T LT, ERXShhiIFshPhoEHOE
HERTIENTEE, 201, BANUBRORMEBHOLDIERLLS KERD
ERERETSE S,

CLEAR DD, BONAEEHEIHFLOEHOBARCLELEE I KEbHDB
Bo/tZ{ DERIRL-TENT S, O oI TREOEENDIZIATIE RITEI
HHROBRATERERELAIEEEFNSIIFAOLE, BREEEROLTCORBTHRER
CeThok, TNol, BRI OOFRERMICH T 2EREES, 1-9405-7242
DOV DTabI{IVAT LR R E T 2O %2 Bt e, MR ERIEZ, ZOREEHR OBRICHE
ERDOW - OXBTH o - id, RPDOHBE NS - L ZOHM-WIFLO R &,
BIErEOBAZT LTVMFIOLERHREH AR L ORAIXB 205, BRI
W, BERF-L DA S (/ADAEV) - WAALORBEOER( &) dRO—EAT
Holeo MITBIFF-L KWE-oTHOIAEHFRTHLLOHSIEER, BEAEB - 217
VERBFECHRORB LI TANOELVWERELAHEBTEIET, yvavBi#E O~
ELTORIEE,

The BCAUS System

GRO (Gamma Ray Observatory)&l#evs-id, FLAM-BITI?2 20HE L1 2EA LT,
BCAUS( Backup Control Mode Analysis and Utility System) & ESP(Expert System Pr
edictor) TH b, THNHODVIFLERTIRRT,

GROMENETER R, FTEMALZLUTREBLHIFORBEHBLEREYIVIFIATH B XN
MBI UcRzod7yf Bife-f CHBNICBITTE 3, SOOI HNBTE, BAWLY
KCHEINDIETTOLway ORFOBY BlItiREL<E20 LANL, GRO FLAM-O
WO OBHDOEBOR—DEHEHIIZ2E k-t ORELEBENICHANTEIRLOOT, X
BOFLAN-7F-) 2HELZBET20ED CERHEEREBELETRIERSE L, “OR
®H, HHHW (127 DO D) HUREEZEAK. BCAISE, X5 HBIFORERHA
BRD D223 Rg b -F & A AFAE ORI VT H B, J8A-VHIEER OF OBC
AUS 1%, #-L AFERLZTEELEERBIR T A D OHERES T2 LS CAEOR
BECHDEZSNRFERBROIA 2F0T TH- TV 5, F-4 i3, AFLAFLAN-F-F TESH
T2ENRELODIERITTIOIBAIS K DI HIKZORBARBLAODO A BT
&5, BCAUS OBERIX, -l BITEBRKRFTELMMEERLEZVEDICERD S
oo SO, whatB Ehhow HOESHNAREHOERINAOBLED T CHH#R-2 %
ERR Ufco whatBOMBEIva-F 3 25-22 >, how Bom#@E/va-F T72D00-
b 2MHBETAIETINRAERLL, 5KFLAN-7-F 2 2HEIcbi - T @I
B, MYFEEdDLN ) B TA4Dic08LAER (22-303sb-8) 2RO TE:-) (L%
CEHU, SR E ST, 2a-iliybo-) TABOELV OFLAN-F-8 oD L3O
GNIZFEHREEEREE( AL, ) A SABECE - DI~ 123700 1
THLhE2HERAMERICE -,

Fig.2 IKRT LD, BLAUS WERLELTAETO THE HHEOBHAEEZE Y
THYPEHODIKT A DIRFIN-OEERT L TLH A B35, B—Dl L0 bH 3
HEEbAh - TOE (FyDD, B2 ORI EEELOKRBEOVITIOR M HIIES
ATNADT, BBICHRIL D, AodMmif-vay ZHOR/ANENE22-909M-) O— B A fiE
BHFAHETTHALLCOBEBIRA N, 22a-9d-) ORRIZ, ALKFEEOD ATV
PR BEENRZY, T EEH 0OBER” ERELTVWRE 0k CRETH S, 21-303
9b7-1 S OFLE % Inference Corporation 2D ART-IMI¥AR-FuAFaY2l 2 EH VTR &
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NI IEAR-FAFMC AT T B, ZOI3A-FAFL TR ICEH WA MEE, FREAELRL
A ITHEREIN, ChSDIT9I D E S -1, WBEAELKEREOBEEERE
KARLTVE, MBELTREBOI-) BN ERARDI2O0LE LTHHEOT WL OHER
BMAERTADICAHN ., ORELBEL T, BCAUS i3, BHEIDEHS DB IHE
T EALEIRBIEIDEINEBARD S, TEOS ZRBROIANMTICEREN
%,

BNEAEZXDAIENRE, RPELRH>BBELHPALBEELODOTHY, HELH
DO—BMHUBESITBR-REIFCESO TS, B—HBEIRTERENEL, SEWRIL
MEINZH R, LOLHK, BAEREHEETS 25— HENMTSILTVESIK,
BCAUS TEZEHBMOLMATELINAD, MA T, BOAUS HEBNESDEXZFTHRKD S
N3233D0LDBELDBEREABRTIZIZTNODOHEBLTHBRELZAFNTLIOIKERILL
OFRBEFNALTHW S, BENMKE, RNEEERDIIEBBEMTHRIEDEZIRE
HAERNDZIET, BEHAB OV IERBEIBEIVES DUV TARECH I HBELRE
EREANB,

The ESP Systenm

GRO OB RAIVATLOELORELFLAN-DF-F DB T 2 ic, BSP 2EEMIK
Ha2DiZ, 6RO FIT 2HO T IOWMIMOBENRTLR TV 3, BCUAS THBIR S N/
~FhAg b=y HWABERIE LT, BSP BiLAM-DOHYIORBIE T, BEIREL T
ZEFAUALERINVFIIOBBERLEBNTETHA S,
© ESP O EHIWMIFMOIEBEREBAOERBELIAERTEDSMI 0L KFEHEIIE
HIthaRE--THALL, ROOBHBCERINALABORLSTELRBF-IZERE
KEmLBRLITHhEINE SR W, COBHx2T5>0I1C, FOT 36RO OMADF-TLa-¥
HOFIINM-OBAEFRAEBEEZURAR S S, FLMN-0 5077 BEEENTHIHIK
REENZ2OT, ROFOEEREELFAN-OEBR DV TIshaisd, A
i, BEIMSBEOIIVAFAOFLAMN-IZESP Itk - CTHBE AN L, TOF-Y DI401X, M
VIOFBD D ITESP DR D -39 b0-) THREEN B, 22-3h39M-0O oy PR 0
5, BRYIVAFLOFIIN-OFEOUDEONRD I LERBTAENIDPLERIBFORT
ZEEICE, COREHNODEIDESIHOLEVIHEEL L 2100, 2EESEIER0
T RKERENBZNESLD,

The Spacelab Expert Systenm

FHERBRIFIN-FYA7AI2SLDPF (Spacelab Data Procssing Facillity)O i dhicd 3, 7
F ZMBLTVAR, 2TOTHEEEHOY K2WTHATSE, 79y OEXRERLE
THHELLOTIOIEBREINBTNELSE O, 1M-IYAFMI N SOFHF E R
BOREZXITS5, ™ioBHE L, BEET, WBOBRICHEMANLTHEBALET, 7-9%

CERBRETERLAGNERSHOOT, HA-YAFIORNEE AR SR
HBERA L,

IS hyavh-b D 15 AR-PYAFLE L2 DD X EISLIPF OVAFLOENFRICER L, FHE
BRivwsy po0LTORR) *HBHCTHEL, BEAL, EE»rTHrEHFLT, &
# 3 A SIPS(spacelab Input Processing Sysiem) 2B RFICIE~RSE, F-IOEHEERE
TBRETE, THELBHOHEBAELELHNS, SIPSHLDF-Y £ XS5BT 580PS(Spa
celab Qutput Processing System) T&h 3,

SIPSTHREINLTY KRL2TOBHEOHEBELEF) KRELLEOHWER, FRE
HEIShLEBREVS L KERXDUSH S, 7/ OEXHUL(BET IO, h
SOBBEICESIPSABONE, 2OM-WAFMIF L XS KEUMORE, “hoonE
KESHOTITOHAHUE R ETHNEBINELOBOLILARTIVNVOERBERT T
N3, A-MVAFARET 20D LNV OVERAOORERE ( A, 7-) BEOAMI-WY
EHOBHICE T AEE, BHBEOTEBE< MY ORHIOMIEL L Frvil>, HIEOMO
FHEOTEEEHT-F OVI-OUHIORBEHEFTLETH ) KESHTI-Y HEOAE
BEARET, CORAU-MAFML, TR TR NESIN TV ADOBEIN
ToEh 7)) DBBEFR O HEDLE - THETERVOEHT, HUEIKF-Y
PERZINUE D BT IEHABT S, COX DWW~ IvAfa e ER L, L EH
ERHTTY EWETERLHICN LY, RESHRIEEARESN TR 501
2TOHEEETEZEXH91E -1,
© SOPSILSIPSH B 7Y RFiF B, COVAFLATT-F A EHORICE~Y, BERELTHA
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3.

78 2HIBRLAEYD, ZLTT) OULATEHDLDLVEEERIEILALDIOPEL KD #
Flld, TCROFY O HOFE, &7-7 OBEH., HRERO™) ~DEAKDL
THHT S, ChoOBREAT- BT, #HURBKFOLDICS0P s$28-FvAF0IL, 7-5
DRAHET 5, SOP I$AR-PAFMRRA L L A ICSIPSO N OO EEMF-) OFRBELT S,
SOPSz3AR-byA7LIL, BHRAERMAEL, BE{EFLELTLED, 71702 0G0
HEROHEEK, HoLbt2&7) CHT2MEORALSRD 2 (13-737 OBICESH
T) DI, 5 2OFBERN-TOI-F 2#E T3, COMHAF-MWAFMRELEL S ©
BEA@mb2OR X FABIIBBRERE T3, B, TXTO¥7, 258 EOi4
ies-E MBI Lo R K BMOBL L TH 2, ElEl, TEBHLERELEVT, 0O
YATMLT-S RBRBUREOUNMIASTOANED, 77V ONBECER LT E2HEH S
VWHESIPSTH S —BEORBERAENINEHAT 3,

INGRESF-4A-2BF B Y270 E WA D 4AM- AT A ERF- I 22 BERT 20 HABL 2.
ShoDYAFLEF-Y &, MBT Aiy70-L0 OHEBICLAN TEA L,
 FEEHEROIFA-MYAFAISUL MicrosysteasD 9=-I2F-yay TEHITTE B, & HITCLIPST
BN T B, SOPARFTIIMER TH92957°C TE LA THE, i, 75 ONB
ANETEMIIVI22E 92 BIEOTE 3 vbvass 2H 0T 3, Fig. 3 icSOPSOEHH
O %IRRT, Fig. 4 iCSOPSOMRBE AR T,

EHEBRMAM-MWAFEBERT ABICRIV-MAFOEBEAERRBLYPT VIS CHED
Tebid7 2 ER Lice SR oD oMyIb-k HERBROULMPHRER L AF-I- 228D
RDETCTTRITOLRTV L) NEPLPREBOFEL2EHAL T3 ERBBERL &80
w7te TFAM-MVAFLEBRT 5 L, LAN PRBECT-) RENBEL I L. B
BERAFIEEEATIEIILT, REFEHEE TH- L REFOERLEABREBILTE -,

wRENIA~F = VG =T 24 REFTH AT LA

RIIVIED-FRF4vay RE B -OBEL YT 20D ETH B, REHITI-IAF1v0
VERBONERABIEBETUETE LD, EERCHRERCERBOLIKHBR
RRRBTRRTEE, CROOHMRELE A2 DOBEKDVTRT, &2, 1237
A8 N 21-F4v5~7242 ORF%E, DIV EHFEFHMNORBORBHI B visb-vavk BHig
L,

Customized User Interfaces and TAE
BEDOIIEMICH - T, NASAREER & 7-12574v0y (OB TLEBNRRANCE,
EEEOBEILOVT, B4, 8, 7ONEATEIRSWLBENSH-ITH S
TARZBER UBEI LT ER, TAE TR, REH»SHZIWISE (text) EBF ORI
Vol DI-$4v5-724% 2 FIFTE 2, TAE OFERDIX2-94v8-724% OF 3% 7 2 HorkBe
nch TH b, COWRZ, YAFAERERTAE OB 007904 BELTEREEEER
T BWYSINYG (what you see is what you get) THa, SN oDV T AVI~T242D
EXANBEF T THY, 3 PO@hic DT B ENTE S, 398y, Tovafidy, 22al8
ED1-$1yb)-37920b, BEEALTE D A0b-II8 EDIFWITVI & I4%0, F-9 E D7~ BE
RlT92ibTH B, Fig. 5 IKTAE DIV ERT, AV-y OWH DRI &80 DL DT
FabET7IVr-vavic IR UCHERRT A & DT & 5, Workbench 2 H VTR F IO
MOBEEEXRDAEENTE, —#HOMNI-y ho0BEELZRLTAZ I ENTES,
Fig, 6 IZ7M9r-yav A DYIMz?HD1-f B EOL OISR LU TV ATAE OBRERT,
HEAMEOCT I3 CBFINLERIC, CHOoOEENTAED Iy lciREENE, &
D%, WorkBenchZBEEFN7IIr-vav sl ORILTI N ODEEI-FVEFESBIC£OD
T70-vava-F X HBPHICERITEOICH NS, Z®1-F RWPTs(Window Programming To
0ls) EME X4 BHN-Fv54750-D S B, SDI-F 314 O7IV-vavO DI D 258, 7y
A Iefss HhoWMAL L, WIsE2BULTHET S, CORBMIT X -T, 7/0r-vavfulsn i
BELXEBEANBOCTRTHELAMI-7{A0ERAHEI LTV S, _
TREZHONIEBEREREROBRE N 1-fMY-1: 20 A X Jabiieyi2 %, chood
Tty e RAND o T L ENTE R, XORE{OHEOHHEBTRHVWNLAED
CTEATH S, C++ THINX yPIvAFL OO THEI NN, TAEZ UNIY & VAX/VHS
Y524990-0354vay OMITCHEBTE 3, ¥/, B TIESUN, Apollo, Hewlett-Packard, MAS
SCOMP, SGi(Silicon Graphics Incorporatedd), IRIS(Integrated Raster Imaging Syste
nyDUNIKE VAX AF4vay, DBC AF4¥ay, Macintosh 2, IBM PS/2 THHATE 5,
TARE M EF-IRFT, BHRAE, 7928, vLal-yavd Gl -0 EH K L O EH
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KAHATE S, FHEBRGA-IATLUITAE 2 14i8-AFLDA0I-7243E LTH 3, GSFC
KHEFBOLD20OY2)TTAE 2 KB RBOLDIHBLTH S, EEMEO7-
y OPNEENME, vVAFLORBER, FLANW-ORICET27-) 2 HEDEBITFLIALOHMNA
2FTH5EDOTE A A DPacor (Packet Processor)¥iss BofnsO—2TH 3, Pig,
TE KCDOMBIEHVWAETREAEAZRT,, Pacor ORIDTAEEHVW B L &T, AW
EIMyI-AOFEBEI S9-I2F45aViC DB T B S & TYAFMEREA B L. 7, B
M{IZERTESET, REO1-4 BEIRRRWEBOPICAHT I ENTES,
AISTAE OFHIIK, BHEEHHELI-THV BFANN-2ZET H7LAMN-&ES Y7L (T
ACY 2855, TAC HEHHOEH Lt EHBOHBICHAELR IO WFILed AL FUFILeIR
Th-bE R ETV-0 Mt DX I RRANDEHITH. RBHRR, MFIHERORREEL —
BHOZTIIOEEEFHOCRKICH Y 2 BEEAI-7422 R T 3DOICTAE ZFAL L S
CELTWA, LOWFMIBEERHT B TH B, GSPFCOyvay OEIFICE T ATAE OFIHIC
BEHEOIVOBITEHEEDOHBICH W ARBENIIVI-1:20H T 3,

GSMS '

GSMS (GRO Graphical Spacecraft Monitoring System) |XGRD O#E, F O, FOV
ODRUEREF-IVELESZEHDOHEEEEET 37ANW-KESNT, EHMEREIR
DTEBFTE2b-Tnd,s CHOEOEREEH- ORBRRTEER IHBR, KB,
A, BEDHZE L TIRSs OBEE TGRO $ﬁ§§®ﬁiﬁ&’§§§’&'§‘ CIKELIENTE B,
AR -TBRCEREET, FPOHEADONAL2 RILE) RADOERNWEHS S, FOT
TUOEDDRRT~HOMI-y ZFES M-y $B 0V IEREARICL HOERERZ I &8
TEHU/AAMV-vOEhIC, CHODUABBORRELRBL I ENTES, Fig. § iTGRO 6S

CMSOHEEOBRERT,

GRO GSMSZBEHZR 7T 2 LIEIICI, FHMOM 2 LELEALARBET IO OHRELE
It EUB COBEDOI-274vy OEHABO T, CHALOEHREELI7-O
HEHRZZ »od BEKEFSA T, EERBRO) KRR, LEVEABILIOK
REEFREHA . TOXIICFIT HHEND DDV EATOEILAREDRH

CEHROFY ABEEL, XFEF) AEVEEIOSEEFRORATAIEBL - T1EDO0%
BERTI2H0t7 2EETIHERD s, —F, GSMSTREHEROMNE, FREHE
BRKHETA2EENICEHTRAC DO TS IMPNIEREARBBAENTE S,

GRO GSMSE T <t /cd RILY597402 L RARI2CAIE LTGRO FLAM-DAvI-72120 B %

B DOSGI A-yiL IRIS 4D/209-72F4¥sy TRV B, 6RO GSHSD 21-$4v¥-T:=43 23 DDy
CAEDRTO3MWA RHCTRELEHBETE 3, 747 felTo7 222 & §4yuldyiX 2B Ta-
Y RTHEPCEREERBIRLLD, BHOBRAZEL LD, é%ﬁ&’]h’lﬂfbﬁ%ﬁ‘é%ﬁb‘ 5

EWTES,.

GRD GSHSO F X ERZLIT IR T,

« Mercator Map:

BBk, day/night terminator, South Atlantic Anomaly, TDRS-east & TDTRS-west
ﬂﬁkﬁ?é%ﬂ@ﬁﬁ®ﬁ%%T?o

*» Sun IMpingement:

HO@ﬁﬁfﬁ5_&®f%5ﬂﬁéiﬁk%?5wo@ﬁ&@ﬁ@&&%%T?o
EERRBABOCHFRICE s TEICKHE, Z0O) IR TDFEFiIE 10IKRT .

« High-Gain Antena (HGA) :

BRI HBVENIIO /D ICTIRS-East & TIRS-West F OWMIFIEL AREICE
HENBERAECRTABERRARE & ERENGA 07-7 OBEBELAV 3,
» —-X&+Y aXIS FOV: .
MERHE, SEABRBE, EEERSLeARvFIRN T AR, XB, H,
EELTIRSs OUBEERIFNV *LEAEIORARECERIRTE 3,
< FHST1 &2 FOV:
FHST FOVICH T A B L EH O D ICFIST], 2 TER UL EB I ZEART,
+ F§8s1 &2 FOV:
FSS FOV kT2 ABOMEBERT.

b, AT T 2T LRFLEEDTR N

BHERSIVREZAURBILE, BE{ORME, ALLINENER LT DI
yhE-b, NASARIEeYI-B 2 VW RBAANBAES CTHET IS OBRBETCFHML LD
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BERIOSKBERKLINES, 2BMHERRORNS, Mo REEEYREHET
POREDOBEEILLATHAH, BRAZOKL, HBOHWALBNT DI, &
DIENBERLESE, BROVER A EhEFRBIETE 3, EXFERLTHE—
RHOMN-LcHET 2, ERXRSBVEERKB UL THYU K EEAEZIAETH 3,
CORHFTENEHENI2THLATV S, BROBERARNBT2ETRESEOHE,

BEROERIKEZ 2N 5OBERB L DB ULHE L AW IREEE & Bic

SOY-b RRHORIAMIOHERTH B3, FhFhic>0T, BTrERT,

SAIL
SAIL(Scheduling Applicatiens Interface Language) 3B YW EZ L TELRBICE®R T
BB, TNEBHOTI¥ E5-I0IviFaD M 5 0 AV IVAFI O BIEEMNTE 3,
¥#ELITiICRY,
cBil, RTFESH20RMBIEI-NRDAFROELTREBELLZREIVIIONEHIT
BBV HESGENALBEICHIE—~, HOOHERICHTABEOERELERT
5, HEHEZROP—HORIT, RERTE—HILVDERTH 3,
N EEDERIIVRRITEROLIIUANEZOEELE R T BN LENE
BHETE3, HRIIEE B BRI RAXOQEAEATV S,
CREOBE LD LINHEIRBERIC>DVWTERBTS B,
CERVIDERKABZRLEVEBIEEDLDIKLBIERE2EHTE 3,
cOEDBBVREBOBRROIY KT AW LBELRELRATE 5,
c—HHTRBIEDVWTOI-YREETE 5,
OB EF IR T AEWERLABCSELBBORBAZE TS 2,
SAILBEITRRTFAMVICIESFEI A MBO -V SE ( FERN: Flexible E
nvelope Requést Notation) DI A TH 3, 1-¥ 2A SN TELABTETE 22
W ERBBEERBLEETH B, 1WA ORBOBESFEBIICOBEEIASCRE
WATHAD,

ROSE

" ROSE(Request Oriented Scheduling Engine) iXFERND hic BR A2 BT 9 3 A¥z2-9- T
BB, MBMBLEOII9M-2 KT I2AROHBAELL B TR VY, EETHRELT
LR8BI ENTED, ERELOLIDIIAV-1T B3, 2 TCOTEERIAI-IOD
ZHEEOIIEBLTERTZ20), FLTR2TOERLB RN ORICEOLS
Kﬁé%ﬁﬁ?é@#%&béﬁ%&ka%o(#ﬁLhn“&ﬁ%ﬁwaoMﬂﬁ
BRPMDEIBIEChSOBBRAAVNILIIRBHEIN TV S, ERHEEROE L
CREVIICEOCNAA ORI ERIBEMF T LY, SINOROAZVH LV ITRE
AERLBZBAHVIEROENANBEEIEI 0 bETNE, SOLEEIAEBERELT
- DERAEEFETI24L, —HOERABFI LVEZICE~2 b8 h 3,
BREIYy OI-) 2RATI3EE(HIE, -l EROBREBRAKT 28,
BROPAABRACT 2L DDABBRIC— 20152 ABEETHES) LHL
BlENTES, BRVLETOERLHF RO EFICR, BEEFBEDIEVIY T
HAEEGTEFEEHAHEIY, 32V RIBERATACHNETEHRVBACR T »ERD LN
tﬁmoﬂA@mﬁmgﬁ%ﬁﬁbnbb.%n%nopfu%®§ﬁumbrﬁﬁ%
BB TEs,

ROSECEET AMAERANATE 2 BFEOENNOALDED, ZOREBELACKLENRSD 2
Bard-Ty/OMBERE L, BAVa- Iy BRI T LAEEROB K, B
MEFEE, B2 B CEANGEELELA NV TR EET A b0
AMOFECEATIRELABIOMNETH S, FEOHLBFLVWERICHLTTE S
BEEEEZROTANR-ITE2HELBRERE NI TALDOFEERIT&T
H5. AIBRAE, FHHEE2-9M-) RohoX2BERBT2ORAVLRTN S,
ROSEZ BRI vvRU9IZ L DT-IAF4vay ICLISPTCHEI N, B2 BREVAK 7-0274vey O H
Dhda THOTWVWBE3OT, SAMLE VWS L RFETEZNAS,

The SCAN Test Bed

SCAN(Scheduling Concepts, Architectures, and Networks) ®FzMi»F% B LR L
ENIAFI~VWIBBIC NERLEBR, /-7t BEEAAERBRL, RET 2D
B L7ce ThOOERRFLLIINERL, REOBRABT L ENTER2LS>H
BRERZABILNTED, BETRMIPAFELSHRBEIANAEBEORBENGEwI-(I
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CGs), ICesOERLZFBRITLIERILI NI Ioyay §lHEYI-, T99M-L OBBETHEND
COEBAT B IR0 FlEEI-& S9vay E SS90 OEREF-IVIOETEBHT S
R PEYTIVATAE DAVE-T AR HE T A E R L E N AFYa-3-% &L E0S (Earth Observing

Systen) OFHEEAV-IVIKHERER2ESBHULLBREO OBZEDLICL TS,

Flight Dynamics Facilities, Network Control Center& f§3CD0S(Customer and Da

ta Operations System)arda-0¥ Z2XB L TR EINBRLIOPOEDERULDIK

7 EL 2.

FAM R A a- VI MERW T 3 DO M-V SAILOHBIL E EH KRB L o2 &
BLEEHFOHMTHAYEFORBBEOR L ARDI I &, BHroBHXRMICHTIE
R, BIKI)-IOHORDME 20 R LERNE A -WIOHYERD B &, 1-F TIHRSD
FEMEE FTEINIBREONMARMEBEREOL Y WA - TV HERBOBHICHT I E
KERDDLERETHE D, THWETISAI V-V ESR & 2oyay STEOAEELHE TS
AERBUGHBBICSY 28 2&LBEMEYIMEER L

SCANIC X GSFCOLAN -iEf 41 /-Sun, Symbolics v-¥AF4¥ay, VAYX 11/780%2 &L~
BEEBEAHOTO S, MIFRBOEELyI-IINASA SPAN ZA L TEHREIA TV S,

b, BAKIE

Lesson [ HMRETF RN b vRF22-F—iF, DRV ENOELBELTIE
KELA LD LR,

MEA-2v278 BERICH T AR ELOELI Hit1-4 L EVHPOCHEDAEMERANELT S,
L L, WS2HhORTIZ (HA 1L, COBE CLEARE GRQ BCAUS), x3AN-MATLO B R A F &
MOFBHHEDLEH B3V BI-$F-ADIIINC AR LB T ASERS -1, EHOD
PITid, vy BELFHEROHHOLDIEHF LOFIENER S iz,

CHODBEBIC L - TEFIREVATMEREFICLFES N3 13- 97O R O B IR
ATHLETERLEZY-I 25300 HFENEE - /o, GenSAA(Generic Spacecraft An
alyst Assistant) 2N AMETEEFHMBANEOLERLAFEEIN T 5, BE
RFEERBEOCLDPIEBERENBECH R I ESHAREREIIAN-tyAT 2 ER T E 59~
LEBEMBLERAEZMHELIIETH B, 2-9408-724A FLAM-F-% & BIE4vi-7242, ¥R
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Figure §. Timeline Screen From the Pacor System

Pigure 9, GRO GSMS Displaying Mercator Map, Sun Impingement,
High-Gain Antenna Plot, and -X Axis FOVs
(Clockwise From Upper. Left)

Figure 10, Sun Impingement Display
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Table ], Light-Weight Radioisotope Heater Units Summary of
Radiclogical Consequence,

Population Dose,

Person-Renm ta ate bove ]
Ralease Above Inland
cage? Probabjlity Total? DeMinimis® Pry_Land wam Water _ Ocean
Host Probabla $.00E~09 2.66E+05 8.80 .4.808-01 0.00 1.08E-~02 0.00
Maximum 2,.S0E-09 - 5.87E+0) 1.20 0.00 1.72E-0} 0.00
Expectation 7.50E-09 2.153+06 9.28 . 4.80E-0Y 0.00 1,08E-02 0.00

8utgsion Phase 5.
Ppue primarily to high altitude vapor releases,
“Due entirely to ground level releases.

Table 2, Light-Weight Radioisotope Heater Units Mission Risk Summary,

Population b Average®
Released? Dosa, Person-Renm Excess Health Population® Individual
Probabjility Above bDe Mininias Effects Affected Risk

7.50E-09 9.28 1.72E-03 4.68E+01 2.76E~1)

fMission Phase S.

Health effects based on 1.85E-04 excess cancer fatalltles per person-rem.

Sapplicable to persons receiving dose above de minimis.

Average individual risk equals probability times haalth effects, divided by population affected.
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Mission and Laench Vehicle Assessment Data for
the Galileo RTG/RHU Safety Analysis
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Figure 1. Galileo Spacecraft Barth to Jupiter Configuration,
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Figure 4, Galileo VEEGA Trajectory,
S/C AND MISSION ACCIDENT SOURCE TEAM CALGULATION FISK ASSESSMENT
DESCRIPTION {FSAR VOL. 1) DESCRIPTION/ENVIRONMENT (FSAR VOL. 1) {FSAR VOL. I}
. DERVATION {SHUTTLE DATA BOOK)
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Figure 5, Safety Testing and Analysis Process,
APPLICABLE ENVIRONMENTS
GROUND
MISSION | PROPELLANT SRB LIQUID ENGINE/ ius GROUND OR
PHASE EXPLOSION | EXPLOSION | TANK EXPLOSION | EXPLOSION | RE-ENTRY | WATER IMPACT

o X X X

1 X X X X

2 X X X

3 X X

4 X X

5 X X X

Figure 6. Accident Environments Evaluated for Mission Phases,
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Figure 7. Probabilistic Blast
Pressures for On-Pad
Explosions as a functiion
of Height above
Plane of Expolsion,

3 g 3 3 B B

FRAGIENT VELOSITY (s
i

2 8 2

@ 4 8 100 e
HESION BLAPIED TEVE {s)

=]
1

Figure 8, Range of SRB Fragment_
Velocities versus
Mission Elapsed Time,

Table 1. Failure Probabilities for Galilee Spacecraft Accidents.

Failure Mode

Probability of Failure Occurring
that Places Spacecraft on an
Earth Re-entry Trajectory and

Ne Recovery Can be Made

Spacecraft Fallures Due to
Micrometeoroid Impact

Thrusters Stuck Open or Shut

Retro~Propulsion Module
Overpressure Conditions

Other Failures

Ground Operation Errors

Total Probability

10-7
102

- -N
“on

10-9
1072
10-7
10-7

0= =W
I
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EHohiSP—-100RFHELKBREE
SP-100 Nuclear Assembly Test Program Definition

G, Russell Pflasterer, Hubert A, Upton, and David, D, Miller
General Electric
Spacecraft Operatioe, Astro-Space Division

BB : Tth Symposium of Space Nuclear Power Systems, Albuquerque,
pp. 789-792, 1990

F B

Nuclear Assembly Test (NAT) OHEH®WMIX, H, avru—nHRK, 754 Py —wFH7
YAFLED, PFHEEOIIBBEBETEBY 3 v XA F oL REBATI L THE, &
Jo, SP-I0~EHB T 2EHEPHRTFRARI A FPLELERSBRHEROFE YR L=V
aYEfDIEDENTD -, TLTRITFEREE, RTHEALAEF -8 Zz0HEE%E
THEFEL, FRIOUBLH T ELATETEEINES> D SHAT S,

Fig,1 iZ Test Assenbly@ 7 v —%R¥$, BFEENLFRA I 70 IS A 3BERIOE
&, Fig.2 WRENWIBEEBRTITOAN, H54—F 754 Y RFLDBE L
T-ThB, TALTIRERBE LIS vV Yy PRICHULTHENEDH S EREHOH
KTaHiT,

RBYHE

AssenblyF R b 220X 7 2 ~XTiTbh 3.

[ Phase-1) {EX7 ~THRAELAFLIT A+ y PEBEFR T,
( Phase-2) MNuclear testing , 77 —#HBEHASA T 3,

phase-1 TRETEET EhofTbhd, HEF » v N—FE—F —~TR—2ITU+T
2., ChiiBEBEeBEEmMAL, HBAELT, FLEMEREN—-2TOITA32¢KE-T,
FKBRE—7 —%FEBLT, phase-] Ok v MBEFR 'IBHVORELIRhO 7
VYo TRelTbR 3,

DRy FPHEEEEF R R, test assenbly OV R F ALY T U AFLANFELLEHER
EICTHEANETHILA I LAVUMTENDIETI) COFAPREALIMPZTOMDERY
METBRIIET 2. ( FPERBTRERI IS T ARELTHHERELBEL LS, ) '

ﬁﬁTXF/U“

O ERBEERBI2BEELHRBOHROCOTM

O ey -~REHELRARLy2ZORE

O F4LBLaviro—nLBEZOF+» Y TL—vg v
F@:/hn—meZFTU97A®%br”oo(meﬁbf$@ REBDOT

EHREBHIDDZID)

phase-2 1Z, F, Y—aF, avio—nNEHEDL2BEBERELTOBREETS,
1. FohiFitmk

2. RI—-FPTv7 « FHRBEBIAZAZIE%2E&T,

3. Decay #ARZE/EH

4, EBY Y+ 9y 1o EBRBBRY -

5, FNRT—IhblTOME, «—— RBE LA (FELR) BEELE,
6. BMEBRY—NFED

phase-2 D Nuclear AssemblyF A P 754 PV RFLOEIDBIRECHEHRBRICIDLE
ST TAEZ734 Pavite—5—-%2FRbT2EMTHEN, Fis 2 B PHEah B 7
FAPYRFLADEREESEF X bassenblyOEAREAEBR LD DOTH 2,

Fdlecayk — P R REXH A ~—O Decay BB EONE( E£2HE )
BiicfThbhirF X Fit, FO «—
BELBEDOTF R b, —0O HhHFEe2sr—-O¥HBEFLVTL—va v

WHLERF R FIZRIE2 O v 72 kbl-TiTbh 3, BEIEF R bassenblydD ¥
BATEXEIRIRLEILIIZIBZILTH S,
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FAREF ——— BHEHHEE 35RO TNSNT—5 VTKRT
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— DT ITA P RFL GFOBEFEEREHOBETFR ML, FRAMT 27540
LOKFLIBREAT7 A P —likeavtn—35 % THbhd, Yy2R7 AEOHE
RELTRFNEELE Y, CORBBOFRMNERIFFI YV Y FOAIRTSIA F YR
FLRI G b, BRI —bF, 754V RFLHEH, 754 b2 RF 4L anonaliesh A »
T3,

B R
NMTFR F7ods5a ¢ O BlaEhkoEwgomsE
@ GFSOF—47vaAFr0EE-3y

GRS Nuclearv = 5 A DKL,
o : O avEpwm—a
QO instrumentation ( HAXOBEOHA )
Q 734 Fy—NF4T 257 A
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Figure 1, Test Assembly Flow Diagram,

1400 I 1 ; T T [ I y: -
o
L PR
o
,’
P
1200 |- -
MAXIMUM
CORE OUT
1000 |
800 =
< 1 900 K UPPER STAINLESS STEEL
2 478 K LOWER SODIUM LIMIT
600 — MINIMUM 3 100% AIR FLOW LIMIT —
CORE IN 4 MAXIMUM CORE TEMPERATURE
- —
400 ] ! | I \ | i \ t
0 10 20 30 40 50 60 70 80 a0 100
REACTOR POWER (PERCENT)
BR-514-03
Figure 2. Test Assembly Operating Map,
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SP~1008ET#v27 LERY 1 + ORKBHRE
Definitive Design Status of the SP-100 Ground Engineering System Test Site

E. J. Renkey, Jr,, G.D.Bazinet, E,J.Bitten, P.J. Brackenbury et al,
H B : 7Tth Symposium on Space Nuclear Power Systems, pp, 766-770

F o '

SP~100FE, 97 bryMY v 735 FELDOUS Department of Energy (D
OE) Oy 74 —F44 FOSP-100EI%¥ 2574 (GES) EBY 4+ T,
RBEIND, COBROWBaFTEE, Blaili~rs (Miller et al, 1988 ) . 3@ & BT v
2T LERFOEER, EFFH A XDONMBILIICRY, ORFLTEHEIERY A I+ EBROR
PRELELINLDERY A FOBRMBORBLEVSERA2 DO LE, BARHORTY
BOBELHRIHLOAI RV IE2 OB THEL,

RHOEES

l100kWe (2. 5MWt) 25 d Nuclear Assembly Test (NAT) ©Ofh®
ORBY A FPOTFWHHRHRAETL, BEBAEMOIE, 300kWe (6. MWL) M
VAFLOBMEAFHISOEEREL 12,

KRy A4 OB ERIE 1 IKKRT,

HAF v » 7HHBREHRE (IHX) HBAHRE (ACS) 28U BRHOEREHO
FH@MmXR (PHTS) 0OEBESR, FHEFLE . —THEINKLERY A FRERDFH
SHCEERFELLE B 2O LI,

CHRF ey THREBZBRER, DHOBES / I HXOHA VLD OB BRDERITICE
NT3&E LT General Blectric Co, (GE) KE-THEEENf, COEEAIZ, Kk
MER (SHTS) ORABRICEEL i,

RAONDKEINREEARBETALDODMAISNIACSH, MAVAFLTHLABED D
ONRF|IONB, ERY A P EFE, BRY VI ANBEASBRETEALDEEEINL,

FEEOEEMDS, BEHO2 7 ) - 1 2B WTEIHEREFEFFEA~EREE
=W EFT o P RFAERIALEUYEIMOBR D, ERY S FITmA ohl,

FHREOEBRMOEELXFig 2ICET,

SEEN=Ro)
ERY A4 PEAFRFOMI, FELAS PORBEOBT L - TEELEENE SN
o
L S0 aBBrRFAR3BERZAHEYEBRLALVIETE IS 9 75288, chld
ITHXONDb - 1% Zr#REBETLILDIIHKETH B, -
2. NP~ 1RZrOHXBFRRBEOAHDRIE®AGE, Westinghouse Hanford Com
pany, COak Ridge National Laboratory OXE cHIE XN,
3 ACSH, RHPUBHERAMOBRLDIKERDIMBrIONk, ERY A F TiZ,
RERE—P Y7 TIOREMOBRL fod TIRBAZEMZ I,
4 REROBERYIOHHBEBI > — VAR oS DI HEZLDOERETbAI,
0. BENywnEvRFoflEd4snd, BREEBOICEDOINA, HALHHE
EEEHMFLERICE ST, W20 WOHEBITINENL,
. W DHDYRFLBEHLE -, YR FOEBIKEBOL, 2XEEY
g%ﬁﬁ&wﬁﬁﬁ%&énko?ﬁﬁﬁﬁﬁ?ﬁ®ﬁﬂ%l$ﬁﬁ%ﬁ%?%—ﬁ@
THb,

FLOEES
RIHAEOERR, BHELRBRBR S V2~ 4TI 50D RHORRANELT S 2

2OMEREHS ML,

L REREOHZBEMBREVRFLIER, PRHIDVOERIOEMIchbr - TELHICHELY
(1E) OB EE T2, ¥4 PABIKKE, BEMAREVRAFLOBKNMKERERE
BEEAADOTHUEHAEZ T ALBLAN Y, |ERDEHRBTEHDICEK
BREAZEMI LA,

2. EREMVLFHEECHIEE, HEXRy 2L AOBFODNEIND — 1% Z r #5
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HHEOREEZTHARALENLS, CODNIKHTIRLBROLDIC, HEEET—B
HTRVWAZROEFNIELERORELT B LK T, ,

YA rORBE/ EBOEH
AVFAVIVIADOY A  OHBRFESEROEHEEROTET L. ChOoDFEE
i, BREANLEHZOREL, HHE Y- 2BREORTEIPSCORRBETARILIO
BEASAR, B0/ 7838 (DHX) BEORBOEHIZ, BYHERNEFx7
(HEPA) 7404 —0O¥KERErupture loopE 2R ¢ TEBEOMDBR S A S A,
HEPAZ7 40y —LHKABBENFE U Udrupture loopBR L7,
FFTFEHA#IM—T Y RF L9 ~YF 2 (Fig, 3) Ol o2& —H2HLEE
PHOBRLN, HIEShLBECEM M, 2TOEHIZ, RRY A FTEILDEHFL
{&ht,

FHOFFTF DHXOH#H%BEOERN, SP-100NATOFEHRITEZER
v lab— T 3ERYA IO ER- I ROZERDILDICTORAL, DHXREOY
F—rE2EN]1 I 0FEILBBEINCBICERY A FPABETE,

H 3
WEODDOEVHERESNFAZE SO TOEREY, EERy e, HEREBLRF A
(Fig. 4}, av»54 2 vy P ESROHME, EXHEHEE, EEE, HKBHNHER, O
REBOLDICHAEI M, EXZOEEI, EX/HER3h, A gBELENI
fro BRBHEIB A FaBREIN,

BROBE

SO09BEOEHHIDOTNTOY A +O¥H, DHXBEORE, HAREOLTOME
£E, TERMD, K@HEaryF1 vy ANEE, 2RERE, ANEELeT,
BRUORBEEERHIBIZLAERT L,

# W
SP—100GESERY, 'ORKBIHIL, CGEEZREMINFLETEHEBEL SRS
EbhELER-IATRIONTNE, BELSERVERARHOBMEBB AN T EH KIS
DBRICBINT VS, BERy A LHETBL 25 L ORHH, Test Assenbly = AN
OERBOREBELIZAZK, BEENBELILTE-S TS, '

(3] k)
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Figure [, SP-100 GES Test Site,

Figure 2, SP-100 GES Cells,
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Figure 3. FFTF Closed Loop Surge Tank Removal,

Figure 4, SP-100 GES Vacuum Vessel,
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SP-100FARFFRI5 A
SP-100 Test Program

Glen L.Schmidt, Katherine A, Murray, Nanette M, Jeanmougin
(Energy Technology Bngineering Center)

HYB : Tth Symposium on Space Nuclear Power Systems, Jan, 1990, Albuquerque
Fp. 673-678

F W

RERERVRAFLAHDOERHNI 00k WEBZ XS HHENz. EHF~OHREH
i, BRBEATEAE -+ 4 7HBRTCITbN 3, BAFRBREIBEEFH R F %580
— Wl Y F —T 2~ RETa— AR Iy vavRfo—FIROAT SR, BET -4
KE-oTREBEEVa—nhopficshs, BBV -V RETFE, B& BEE BD
T, BHBYRAFLEEATN S,

N F U e TEavla—47o S5 LRHBRSAEREL, "—FY2T7&E&avEa—
FIET AHENRAEHBE TERLAFAROBUBINCBETENTEE LS5, 7
B FAFSP-100vRXRFL0HRBERKAVOGNSE, THOOHERERFR ML, o v
R—2 Vb, YT TRYTY, 4T VYRF L, YRAFLORF> -V VARBATZ10T
ERRIBELVEERETTDOR S,

YRAFLBERRI, HEME, BEE, SR M, B, S EE6, PEM
BRI Yy~ 72 —20HE&EE, YRAFLORAMABETTALDIEIANLGNS,

VAT LBRFERRIT, THUABNREEHLSP~1 00 "—F9xT7&2YEa—~2#
TR AlEEL, RHBORFIRBTEIEE2RT, vR7F28FR8RBE T, R
FREFTEVAIIV—V g Y VAFADOLDOHEBEIANILSTERR 7o/ 5 452 HEL,
AR, ZRFIE ABRER BLILIBRAREE, TLEREVIRFLEAVYE2—4
vz 5‘7;7%%{1‘0

# =

FRFPIRITS5 A

FREFIRIT 5L, Z0o0OFrIAF T s VA, B, CORDDOYRFL%H

BL, EBLTHILDKELBUAEELRARBRAELEATVE, Z2o0F 7 ¥ i, il
IR IR7, EREFIBRY Vo — N EBHELEBLTCETIN L,
R TV VARDHBOERAR YR IEELSTVE, EOORBR R FANMESN
FREPENE, E0R, 20o0BEWE Yy TS, | DOBEAEYy I T T, 20
DBERRE2» 7T 7, |PORSBRTVRF 4, |2084RBROLDOHSER
FTYRFLEEATH S,

A7 a YBROUVBOENRNIRZRZEZR->T3, ROBRY R F a8 UESh,
FRFENE, ZhE, 220BEWM=E 2T, 120K Ey 2T, 22
ODBRREv 2797, 120&8BBROLDOREERITVRFLEEATV S,

F7YvaVYCROBEABOWERN I A 22B T3, 2057 R P ¥R F A1EHT
pEEShERING, 203, 1 20@EW=Ry 27727, 1DOREHEY 7T
7, 1D0BREEYIT v 7, 1 20REBROLDOKEERITVRFLEEAT
W3,

BHEBEOER

BERT0 7S LOREREATORICRT, HER Yy ¥ =2 —ni3Pigs. 1., 2, 3
KKiRT e BAEERY Va2 — 0ok, REO7n 50 tRRERIAEROF -4 %
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TR,
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SP-1000REFBATEyT Y &R
BBRT7TEyIY) ~ BRI BE, vXFL208K
SP-100 Nuclear Assembly Test
Test Assembly Functional Requirements and System Arrangement

T.Ted Fallas, Robert Gluck, Kumer Motwani,
Harold Clay, Gerald 0’ Neill (General Blectric Company)

MHE : 8th Symposium on Space Nuclear Power Systems, Albuguerque, January 6-10,
1991
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Figure 1., Test Assembly Arranzement,
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Figure 2. Test Assembly Flow Diagram,
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