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This re@port containa v sumsaly ot the development status of the ‘
firayton lsotope Fower system (RIPSY, A lJow w.\ne ground Jevelopment
—{\ K
unit was built and teanted 1n o 10 tort waouaum environsent ]
rertormince marping and 1000 hours of "proot of concept” system i
testing weto completad,

Speci e camnenents, pramari Iy tuiboconpressat Alzeynater and i
1ecuperator, developest by the NASA troem a 1S vaar technoloay base, {
per tormed according to predictions, thus achieving the destan
goal ot 25 percent net power Coaversion ctficisncy.

The aystem was fabricated trom supetalloy (Hasteidoy @ and
waspaloyt thus placing itoemt irely within cutrent state-c1-the-art
tevhnolegy.  The systen could be Flyable in the eatly TARQ s vending
tlight qualitication.
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FOREWORD

The work summarized in this document was conducted under the
following government contracts:

National Aeronautics and Space Administration

NAS3-18517 Mini-Brayton Rotating Unit
(Mini~BRU)

NAS3-15347 Mini-Brayton Recuperator (MBR)

NAS3-18029 Mini-Brayton Recuperator (MBR)

ﬁA83-18541 Heat Source Agsembly (HSA)

United States Department of Energy
EY-76-C-03-1123
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SUMMARY

A closed Brayton system, producing 1200 watts of electrical
power, was designed, fabricated and tested under joint sponsor-
ship of the NASA Lewis Research Center and the Department of
Energy as the initial step toward space utilization of high effi-
ciency dynamic power conversion equipment.

The hot components were fabricated from superalloy
(Hastelloy-X and Waspaloy) thus plu.>ing the system entirely with-
in current state of the art technology. The system would be fly-
able in the early 1980's pending flight qualification.

Specific components, primarily turbocompressor/alternator
and recuperator, developed by the NASA from a 15-year technology
btase, performed according to predictions, thus achieving the
design goal of 25 percent net power conversion efficiency.

Performance mapping and 1000 hours "proof of concept” system

testing were completed in a vacuum chamber providing a 10~° torr
range simulated space environment.
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INTRODUCTION

The Brayton Isotope Power Systes program, or BIPS, repre-
sents a joint venture by the NASA Lewis Research Center and the
United States Departmen® of Energy to put into space the first
nuclear isotope powered dynanic power conversion system. A con-
ceptual flight syatem is shown in Figure 1. NASA developed
tutboconpresaor/alternator.tecuperator and two multi-hundred
watt isotope heat source assemablies are to be combined with a
radiator, controis, ducting arnd iasulation to comprise a Uoowe
system adaptable to a variety of future space missions. A ache=
matic of the system is shown in Figure 2, and the performance
specification is shown in Table 1.

For a near term flight systex (carly 1980°'s), Hastelloy-X
will be utjlized for the hot corponents: heat source heat
exchanger, turbine inlet plenum and connecting ducting. The
selection of Hastelloy-X, with an extensive industrial history
and data base, assures a state-of-the-art system and accurate
predictions of life ang reliability.

This Dbaseline superalloy system has considerable growth
potential. As user experience and a broader date base are
obtained with rtefractory materials such as Columbium C-103, the
turbine inlet temperature could be increased to 1600°F with an
attendant increasc ot several Peints in etticiency or a reduction
in system weight., Several prototype components including a tur-
bine plenum and heat source heat exchanger have been fabricated
from C-103. The use of ceramics would atlow evi 2 higher oper-
ating temperatures and an additional performance increase.

The recently completed RIPS Phase l program did not bhave
Provision tor the inclusion ot the superalloy heat source heat
exchanger (HSHX) or a space Prototypical radiator. consequently,
the initial ground test system utilized electrical resistance
heaters tor the heat source and a gas to 1iquid heat exchanger
for the heat rejection, These components, together with the
Mini-BRU turbocompressor and recuperator, control system, duct-
ing, multi-foil insulation and instrumentation comprised a work-
horse loop, shown in Figure 3, capable ot generating 1200 watts
at 1400°F turbine inlet temperature.

This workhorse loop completed 1006.9 hours testing between 6
April and 22 May 1978 with no system problems. The turbine inlet
temperature was maintained near 1] IRs°p for the first 700 hours
then teduced to 1100°F during the last 300 hours to prevent elec-
trical atcing ot the electric heater terminals.,  Electrical load
was vatiad trom 0 to 000 watts.,

.
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Performance evaluation revealed the system design point

efficiency to be 24.5 percent as shown in the test data plot of
Fiyure 4.

Brief descriptions of the major existing components and

details of the 1000 hour test are contained in the following sec-
tions.
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Figure 1. -1.3 kwe Brayton Isotope Power System 1n Space. }
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TABLE I. -~BIFS DESIGN SPECIFICATION

Design Life

Electrical Power Output

Output Voltage

Specific Power

Phygical Characteristics
Length
Diameter
Weight

Power Conversion Efficiency
(Net)

7 years

BOM 1300'1e
S years - 1235 We

BOM

/ 7 years - 1200 Ie

120 Vv dc

Optional: 67 Vv ac, L~N, 3 phase
1733 ns

Optional: 28 V dc
6.4 W./kg (2.9 W,/1b)

244 cm (96 in.)
152 cm (60 in.)
204 kq (4S50 1ty

25 percent minimum

Design Heat Sink Temperature 216°K (=70°™

General Specifications

Mechanical, electrical, and Thermal Interface Compatible with
Space Shuttle

Reliability = 0.95 for S vears
Meteroid Protection in Accordance with NASA SPROI Y

Shock Desian Criteria for Component Mounts = §0q; Support
Structure = [8§q

Resconant Frequency > 60 Hz

Vibration De .an Criteria Compataible with Shuttt. TUS Launch
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MINI-BRy TURBO-ALTBR”ATOR-COHPR!SSOR

Initial Design Philosophy

The Mini-BRy evolved from a 8eries of NASA 8ponsored des
Studies which indicated the need for an "all
totating unit,

*€., a unje that coujd be OPerated over a
range of 1/2 to 2 kWe with the existing mulei-
Sources ang aPpPropriate modular recuperators.

The benefijt Of this ph; O80phy is the ability ¢o use one
doveloped fotating unit wieh onbinationa of modu]
the electrica) Power needs

Phy is eéxemplified jn FPigure s which
8hows that only a Very small effic ency and weigh Penalt
tesults when Compared with 8ystems Optimized for the exact power
outp

The Mini-BRy design genesis 1jeg in the p
Rachine) developed by the NASA
1

Os. This

ted over 38,000
without Performance degradation.

Mini-BRy Description

The Minanku. shown isometricall
a 2.84 inch Jiameter turbine, al,s inch dxameter Rie
rotor ang a 2.12 inch dj

diameter compressor impeller
shaft, Cantilevered foil ;5 i

O most missiong, The alternator,
arings, ang shaft are Coole i

Compressor throughf) oy eith
exchanger at the

No closge cleatance 8eals are

utilized,
Selves providing cffecti

the bearings them-
ve flow Metering,

All electrical and instrumentation penetrations are made
through glass-sealed conn ]




The turbine plenum design {ec such that either Superalloy
or C~103 configurationa muy be heremetically joined with no other
changes to the unit. The C-103 turbine plenum is shown in
Pigure 8. The turbine plenum together with the alternator
housing and compressor shroud are the only three parts separated
during assembly and disassembly thus minimizing the requirement
for leak testing after hermetic seal welding.

Component development tests were conducted on the compressor
stage, th2 turbine stage, the alternator and the bearings to ve:-
ify the design parameters. A summary of the pertinent perfor-
mance parameters is provided in Table II.

The complete analysis, design, fabrication and testing of
the Mini-BRU {s presented in Reference 1.
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Figure 5. -Mini-BRU Flexible Modular Approach,

Figqure 6. -Mini-bKU Cutaway.
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Figure 7. -Mini-BRU Component Parts,

HP-6 053 Figure 8. ~Mini~BRU C-103 Turbine Plenun/Nozzle.
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TARLE 11.- MINI-BRU COMPONENT SPECIFICATIONS

i‘}‘: RaF: ! Fairy
. b9 i '
Compt €880t

Type - Radial Outflow

(backward cutved vanes)

Diameter in, - 2.12

Pressure ratio - 1.2

Corrected tlow lb/sec - 0,103}

_Efficiency, %77
Life ~ unlimited

Turbine

Tvpe - Radial Infiow
Diamcter, in. - 2.84

Tip Speed, tt /scc - 644

Cotrected flow, b sec -
0.099¢

Inlet teamp, 2R - 1845-060

Etticiency #-81.n

Lite - unl:mited

Aiternato

Type - Rice

Thrust Bearings

Type - Cantilevered Foil

Diameter, in., - 1.80

Power Loss, watts - 110 per
side

,oad capacity - 6 G minimum
Lubricant - Xe-He
Life - 10 years

Rec. erator Heat Exchanget

Type - Counterflow Plate-tin
Jiz2e in, - 22.6L x 10.9H x
5. 8W
Total pressure drop LP, 1.1%
ot mide inlet temp, °R
- 1%698-175%
Pesian Average Ettectiveness:
96,50
Lite - 200 astart cycles or 10
years

Heat Soarcee Heat F.xch.ingm

Diametet, in, - 1,50 Type - One Fass Helical coad

Tip speed, tt sec - 2N No conls - 10

Powetr output - S00- 100 watts Tube diameter, in, - 1.5

Numbwetr poles - o Tube wall thickness, in. - 0.0%
Lite- unlimited Pisvhatage temp, °R - 1853 .

Journal Beatings

Type - Cantilvered toil
Diameter, in, 10K

Powetr loss, watts - 4% pet
Load capacity - G minimum
Labi reant Xe-He

Lite - 10 years

Lifte - 10 years minimum

beat ing
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RECUPERATOR
Toncept

The BIPS recuperator was an evolution of 15 years of NASA-
Lewis sponsored technological development. The design approach
involved the development of a modular unit which could be com-
bined with the all purpose Mini-~-BRU in appropriate configurations
to meet the system pertormance requirements. The analysis,
design and fabrication of the recuperator is presented in Refer-
ence 2.

The primary design goals included high reliability, recalis-
tically achievable pertormance and minimum wcight, Low cycle
tatigue from repeated startup and shutdown cycles was identified
as the critical structural desiqn problem. The design qoal
entailed 100 thermal cycles (220 cycles were analytically pre-
dicted).

Configuration

The recuperator is of welded and brared construction and is
fabricated entirely of Hastelloy-X. The internal contiguration
is a pure countertliow plate-tin arrangement as shown in Fioure 9.
Other portinent patameters ate given in Table 11, Palniro (qold)
alloys are used to braze the assembly into a leak tight contiqu-
ration,

Thermal tests conducted with atr as the working tluid indi-
cated that the unit met or exceeded itz pertormance geals.  Both
the predicted ettectiveness and thermal conductance {(UA) wete
exceeded,  This was subsequently veritied in the BIPS loop test-
ing where an overall average ottectiveness of 96,6 percent  was
attained,

A tull scale prototype recuperator was subjected to 200
thermal cycles. Atter 100 cveles there was ne external leakage
and a minute amount of internal bypass flow.  Atter 200 cycles
therte was still no exteynal leakage, internal bypass flow had
increased to about 0.2 percent ot the total tlow which would be
negligible from the point ot view ot recuperator ] “rtormance.

The recuperator contigured tor assembly into the BIPS WHI, in
showr: in Figure 10.
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Figure

9. “Mini-Brayton Recunerator Core Assembly,

Fiaure 10, “Mimi-Rrayton Recupaerator

Contaured tor [ERRAY
Workhorse Loog,
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HEAT SOURCE ASSEMBLY
Concept

The isotope heat source for the BIPS was modeled after the
highly successful Radioisotope Thermoelectric Generator (RTG)
multi-hundred watt heat source assembly (HSA) utilized in the
Mars-Jupiter-Saturn missions.

For adaptation to the closed cycle BIPS, a C-103 axial flow
heat exchanger was designed and fabricated by the General
Electric Company (Reterence 3). A cutaway isometric view of the
HSA 1s shown in Figure 1l1. Heat is generated by the plutonium
tuel spheres, conducted through a graphite containment cylinder
and radiated to the heat exchanger. The heat exchanger in turn
15 enclosed by some 60 layers of thin multi-foil insulation which
serves a dual function. In addition to limiting heat loss to the
outside, the multi-foil acts as an agent of the emergency cooling
system. If the unit temperature exceeds a certain threshold, the
multi-foil layers will commence - lting until an equilibrium is
reached; the heat will then be radiated to the surrounding
environment.

Superalloy System

for the baseline superalloy system, a Hastelloy-X heat
source heat exchanger was designed and fabricated (Reference 4).
A s.mple helical coiled tube, shown in Figure 12, was employed
tor the cycle gas heat exchanger. The maximum metal temperature
employed in the deuign of this heat exchanger was 1450°F which is
compatible with the 7 year lite requirement. Perrformance para-
meters and data relative to the design are provided in Table 11,
The heat exchanger coil, assembled into the HSA, (with the end
dome removed) i3 shown in Figure 13.

Due to scheduling limitations during the Phase 1 program,
the corled tube HSA assembly was not installed and tested in the
loop. Instead a simple electrical resistance heated configura-
tion was employed tor the workhorse loop tests.
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Fraure 11,
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Figure 13.  -Heat Source Assembly (End Dome Removed) Showing Heat
source Heat Exchanaer, Multi-rFoil Insulation and Multi-
fundred watt (Electric) Heat Source, .
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Figqure 14, =Mini-BRU Compressor End Journal Bearing Foils
At ter 1000 Hour Test.
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Two key contractual test objectives were the demonstration

of 25 percent power conversion efficiency and 1000 hours of
endurance testing,

Tests were conducteq_én A specially developed vacuum chamher
with the capability of 10 torr. This wasg essentjal to Simulate
the gspace environment and assure the Proper performance of the
multi-foijl insulation utilized on the hot components.

in bearing clearance ang Poor adhesion of the Teflon coating
Corrective measures were taken and no further problems were
eéncountered, Accelerated life testing of the Teflon in a con-
trolled environment indicates that the bearing anti-friction
coating has an Operational 1jfe of seven or more years

Performance tests were conducted from November, 1977 through
February 1978, A system efficiency of 24.5 percent was attained
at the 1agsep turbine inlet temperature,

The endurance test objective was completed over the period
from 6 Aprii 1978 through 22 May 1978 when 1006.9 hours of test-
ing were completed. No System problems were encountered during
the test period. System Ooperation was interrupted three* times
during the test period by support equipment mal function but the

closed loop rem.ained intact and Was routinely restarted each
time,

At the conclusion of the test the rotating unijt was Jdis-

two foil thrust bPlates jg shown in Figure 16, No unusual or

ing zone from the tumerous start-ups, a film of very fine carbon
powder wag observed on the turbijne end foijls, This carbon had
migrated tiirough the cooling gas Circuit from g test instrumenta-
tion continuity/qround Probe at the compressor end of the

18

—

Rt

S

v u
A i e g s

g




The turbine inlet temperature was maintained at 1385°F for
the first 700 hours of testing. A problem with electrical arcing
on the tevminals of the heater elements forced a reduction in
temperature to 1100°F for the last 300 hours. The turbine tem-
perature was iicreased to 14C2°F at the conclusion of the test to
verify that no unit deterioration had occurred, The maximum
bearing temperature observed during Lile test was 253°F at the
compressor journal bearing carrier.
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Figure 15,

Figure J¢.

20

=Mini-BRy Turbine Eng
Foils After 1000 Hour

Journal Bea
Test .
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Th
years have shown the BIPS to be a viable System for further
development into a flight configuratjon capable of sustained
Operation in Space. It represents the only known dynamic space
power system to demonstrate the required Performance and endu-

fance together with the simplicity hecessary for reliable
unattended operation.
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