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Nuclear Electric Propulsion Introduction

* NASA has considered Nuclear Electric
PrODU|Si0n (NEP) fOr ”Ilgh DV miSSiOnS { Power  [Eoa

| ~Pogseng
since the late 1950s, but the current veatreiccion [N

i Propulsion ° FlOV\iI
PMAD — iSubsystem Controller :

technology readiness level of the requisite
powertrain needs to be raised for such a
mission.

..................................

Spacecraft

Heat Rejection Propellant

:  Bus .
" "Payload  Supply

» The powertrain includes reactor, power
conversion, power management, electric
propulsion, and thermal management
components that must be integrated to
minimize system a (kg/kW,)

Ref. NASEM
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NEP Ciritical Technology Elements (CTES)

In the NEP Power Conversion

Subsystem (CTE 2), should SNP invest :
In the maturation of technologies and |
systems based on: |

The traditional working fluid of He-Xe?
A supercritical CO, working fluid?

Both?




Energy +  CTE4
: Storage +  Electric Propulsion
Power Conyersion Unit T l ' Subsystem
' ! : i Power | i
Rty A1 Brayton L > Generator H—> Power | Switch ,| Cabling & Processing B . Electric
; Cycle ' Conversion Gear Connectors Unit |+ Thruster
] A 1
Y !
: : Hea‘t Bl Spacecraftié > Payloads
CTE 1 ; CTE2 i Rejection Power Bus| !
Power Generation E CTE 3 - Power Management and Distribution E Power Loads

 As part of the development of a technology maturation plan for a
potential NEP vehicle, critical technology elements (CTE) have been
identified for further development.

* None have been tested to the power levels required for a MWe-
class NEP system in an appropriate operating environment
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Background

The Brayton power convertor working fluid is an important consideration because it impacts the entire system alpha.

Multiple independent system studies:

o NESC, NASEM, MTAS, SNP/AMA,
Creare, Brayton Engines,
COMPASS

Multiple independent optimizations:

o Matlab suite, BRMAPS, NPSS,

NNEP
He-Xe, s-CO,, and s-SO, compared:

o All fluids can be used, but with

different risk postures.

Heat snk

exchanger
Racator Recuperator
i
Heat
Hoat
e i -~ source
£ Turbine
Compressor Generator
Heritage:

Prior closed-cycle space-environment 10 kW, He-Xe
Brayton testing demonstrated 38,000-hour operation

He-Xe Working Fluid 4 x 500 kW, Brayton
System Alpha By CTE
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He-Xe working fluid can
optimize to a lower system
specific mass over a range
of compressor inlet

temperatures.

Compressor inlet temperature,

s-SO, system ‘could’
optimize to a lower system
specific mass than He-Xe,
but at a significantly higher
development risk

Comparison of He-Xe and supercritical CO, indicates better efficiency and system alpha with He-Xe at lower risk 500K inlet.

Ref. English
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Closed Brayton Development History

Rotatlng Un|t (BRU)
developed over 50 years
ago.

Honeywell purchased

AirResearch and continued
development until 2005

DOE sCO, only closed
Brayton industry today.

Year (*tested Project Heritage Power Level
units) (kW.)
1972 * BRU 10.5
1978 * Mini-BRU 1.3

1993 SSF SDPM 36
1997 SD GTD 2

2005 JIMO 100
2005 JIMO ATU 50
2009 * Dual Capstone 22

~Labyrinth seals~,

/ rAIternator \
A

Turbine= v ~Compressor
%//f
% =14
Journal > d Ttht Q
bearings bearing
Heat sink exchanger
Radiator Recuperator
rejection source
Pump * Turbine
Compressor Generator

BRU, Combined Recuperator/Radiator HX, and Life Testing Assembly

Ref. Mason
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Brayton Cycle Summary

Recuperator Effectiveness
Erg = (TQin - Toc) / (Tot - Toc)
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Compressor Performance vs. Working Fluid

Compressor Pressure Ratio, Pga/Pg2

CD-04-82627

N,
N— ne=const

=const

N
oz

=
Corrected Mass Flow Rate, m ﬂ

Po2

Change in density, %

— SCOy (Brayton cycle)
—— Air (Brayton cycle)

l I | |

-4 -2 0 2 4 6 8 10
Change in temperature, °C

Ref. Juhasz

Ref. Wright

Flow properties and speeds impact turbomachinery stability and performance
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Recuperator Effectiveness Impact on Efficiency

Mec =Mpr = 0.9;  y=1.666
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High efficiency is possible with careful selection of regenerator and compression ratio

Ref. Juhasz
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Recuperator Specific Mass and System Mass

-10

' ' E=
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Regenerator Effectiveness — €

Higher turbine inlet temperature reduces system mass

®
Ref. Juhasz @ANS




M.W. & Pressure impact on size and speed — 500 kWe

s Turbine Inlet MEEE Turbine Inlet
He Xe M.\W. Flowrate Ratio He Xe M.\W. Flowrate Ratio
Temperature Temperature
kgls kgls
30% Xe 85% Xe
41 14.05 20% He 1200 112 32.53 15% He 1200
Pressure Disk Pressure Disk
Level Speed Diameter Level Speed Diameter

MPa Psia rpm m In MPa Psia rpm m in
2 290 32,360 0.244 9.6 2 290 16,400 0.29 11.42
4 580 45,800 0.173 6.8 4 580 23,200 0.205 8.08
6 870 56,000 0.141 5.55 6 870 28,400 0.168 6.62
8 1160 64,600 0.122 4.8 8 1160 32,700 0.146 5.73
10 1450 72,400 0.109 4.3 10 1450 36,700 0.13 5.11

Must match generator speed with turbine speed

Ref. Juhasz
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Brayton Architecture Scaling

TM Feature 03 10 3.Ilc:)’ower,1l;)/IWe 0 10 80,000
TM Speed/Size| 5:000/5 cm | 30,0004 cm = 10,000/40cm | 3,600/1.2m 70,000
Single stage  Radial Multistage |
Turbine Type : | Axial Multistage | £ 60,000

Single stage  Radial Multistage : =

: Single stagle Axial _Mulistage § 50,000
Bearings | Gas f°i:| | Hydrodyna:micoil | 240’000

| Magnefic_ |[ Hydrostatic | £ 20,000
Seals | Adv. labyrinth ] g

i | Dry lft of | |© 20,000
Freq/alternator| Permanent Mégnet | ; | Wound, Synchronous | 10.000

; ] Gearbox, Synchronous \ ’
Shaft | DuaI/MuItipIe ; 0
Configuration : r_ Single shaft 0.1

e Compressor
o Power turbine
— — Generator

Cycle scale, MWe

Eliminate gearbox with proper working fluid operating conditions

Ref. Wright




Corrosion/Material Constraints

IA Ref. Lukco
"n| 2 13 14 15 16 17
1A MA IVA VA VIA VHA
5 . I 13 F 10 10
Li | Be D\Iomn constituents D&m&: B C N o] F

» 5-CO, limited to 923K ) RO RN Iy Y e

all'si['e ['s ["a
mB VB VB VIB VIB VB VMB VvaB 143 us

« He-Xe limited to 1200K with = I, " ™| ™[ ™| ™
Rb | Sr Ru | Rh Pd Cd In Sn | Sb | Te ]

superalloy il il el el el
Cs | Ba Os Ir Pt Au | Hg TI Pb | Bi Po | At

e He-Xe lim |te d to 1400K Wlth e T P dmeinatEibpideeiieslin S iemontine:

refractory

Table 5. High-Temperature Soft Magnetic Properties of Hiperco-50-HS

Temperamure,
. . . . g °“C
 Hiperco radiation susceptibility || F== T T 0 [ w0 [ e [ @ [ w0 | % [ @ [memen

Coercivity, Oe 1.137 1.113 1.114 1.063 0.970 0.781 0.616 0.567 0.567
Max relative permeability 14553 | 13361 12 608 12271 13,589 17,715 | 19845 | 22051 30,513
Betenriviey. & 12400 | 11400 | 11,700 | 11000 | 12,300 | 11000 | 11300 | 12800 12,300
BEartH=01kAm 10,650 | 10500 | 10700 | 10,000 | 10,700 | 11.100 | 12,100 | 12,000 12,600
{1.250e), G

Bat05kAm G 17,300 | 16,500 | 16800 | 16,100 | 16,600 | 162800 | 17200 | 16800 18,600
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Partial Discharge Voltage Limits

* SCO, Is a better dielectric above

103 -0-Electronics module pressure 13888 I Electrodes: parallel plateos
1 torr-cm than He-Xe St e AN
101 —Pressure b:yong spacecraft influence 2 4,000
] . % sl é“’ 2,000
« 1kV Is supported In pressure A s
. 8 10-3|- S De-meeeero_. | |& 600L )
vessel due to >2MPa working S| oo \\2 i
fluid Nk -
UI pressure 10-7 | l | ] 100 | | | P e el &309 ! ! )
0 100 _200 300 400 0.2 05 1 2 5 10 20 50 100 200 500
Time, h Pressure x spacing, Torr-cm

* Near vacuum environment at
feed-throughs due to outgassing e i Lo S e

needs high voltage protections B
from creepage, arcing, and e =

partial discharge events Rel. NASA HNBK-4007
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Generator Interface Matching

5000 —CO,at 900 K and RB assump.
n  ——COy at 923 K and high performance assump. (Neises)

$ ' 4,500 COp at 1,200 K and RB assump.
: H | —He-Xe at 1,200 K and RB assump.
s Inductance 4000 ——He-Xe at 1,400 K and RB assump.
t B ‘| ---Critical point
A g 35001
=
\  Generator g 3,000
Il u @
; : S 2,500
j ' Motor 3 2,000 1 Ref. Ducheck
' ' '~ Stator 1500
i T i T
- H —L—I Rotor

e
Ref. Torrey Switched Reluctance Generator 0 a0 a0 45 500 50 600

—————————————————————————————————————————————————— -—- Compressor inlet temperature, K

Ref. Rodriguez x103 Component Location Limit (K)

20 410 Hysol Coil Potting 503
15 {05 Polyamide Coil Insulation 513
1o |00 Magnet Rotor Shaft 523
5 Turbine-CO, Rotor Shaft 9232

0.5 7 Turbine-He/Xe Rotor Shaft 1150°b

Turbine-He/Xe Rotor Shaft 1350¢

Permanent Magnet Generator » Superaloy Crespage Limit

¢ Refractory Creepage Limit

Generator type selection depends on required operating temperature @ANS



Brayton power convertor efficiency is optimized when the compressor fluid (e.g., CO,) operates near the critical point...

%104

Supercritical Brayton Challenges

f::t:)2 Density and Specific Heat Near Critical Point
T T T T T

Radiator Area for Various Single Fluid CBC Configurations

8 850 @ f = 5000 (?ptimal Turbine ‘PR for Min. Are‘a
i {s00 S0LD LgBiD 225:2?232::L“::’:§:1°::.’"°‘ Aesimpiicien.
_ el ; 1 =
£ .l (AMASNP Study)  |,,, % |4 . . \Critical | Essm
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o 4 450 & > g
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SN © Ptp S % :'fzooo
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T 1™ G i % 1000 !
1 I 1 I L T 7-C .
202 305 308 307 308 309 a0 ¥ Temperature —> 5ogm1, - o o = - nert ~¥
Compressor Inlet Temperature (K) Gomurassseriniet Tampendin (0
80000
. e Bt ... But it is challenging to achieve in a NEP System: .. gl
.............. ——Alr (Brayton Cycle) . . . . . o Power Turbine
& z g = * Highly nonlinear fluid properties impact stall g 50000 -
E un margins, recuperator pinch, and heat transfer g 50000
g o * High operating pressures impact material creep, 5
g I Choke seals, bearings and limit operating temperatures o
. « Potential for corrosion, fouling, and degradation 7 20000
o « Sensitivity of radiator size to low inlet temperature 1o
o s s 4 2 0o 2 s s s || Higher shaft speed not compatible with generator . g 5 o s
Change in Temperature (degC) Cycle Scale, MW,
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He-Xe vs s-CO, Summary

It is recommended that NASA focus near-term development on a TRL 5 He-Xe Brayton to reduce overall project risks

He-Xe s-CO,
Efficiency (%) &8 23
Rejection Temperature (K) 500 600
Heat Input/Output (MW) 6.2/4.2 9.1/7.1
Recuperator Power (MW) 2.5 8
Radiator Mass (kg) 7831 8316
Shaft Speed (krpm) 35 54
Corrosion No Potential
System Alpha (kg/kW,) 11.3 12

Ref. English

He-Xe working fluid reduces risk since it has:

1.

2.

a generally higher efficiency than s-CO2 in a
NEP system (when not at critical point)

a lower rejection temperature that increases
the generator life and is compatible with light-
weight Ti-H,O radiators

less heat input/output resulting in a smaller
recuperator and radiator

a lower rotor speed compatible with generator
no susceptibility to corrosion or fluid
degradation

a lower operating pressure that reduces
creepage, bearing loads, and seal leakage
no risk of neutronic interactions enabling a
potential design option of a direct gas cooled
reactor

demonstrated 38,000-hour TVAC operation at
10kWe power level

System specific mass, kg/KWe

161

=-Xe-He
—-C0Oy
780,

(Creare Study)

| | | | |

I |
400 450 500 550 600 650 700

o, kg/KW

35

I
I
30f
I
25(%
I
I
I

20

/
—COy at 900 K and RB assump.
—C03 at 923 K and high performance assump. (Neises)
COy at 1,200 K and RB assump.
—He-Xe at 1,200 K and RB assump.

— He-Xe at 1,400 K and RB .
---cfiuczlaptoint 7 fﬁlf\n/]fA SNP Study)

| | |
350 400 450 500 550 600
Compressor inlet temperature, K

Multiple independent studies indicate sufficient NEP system alpha margin is achieved with He-Xe Brayton.
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TRL 5 Technology Demonstration
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High power TVAC 2500-hour life testing options are available at sub-scale and full-scale




Conclusions

« Supercritical SO, can provide the lowest specific
mass but is at low maturity and likely corrosive Worki Optimal Specific
glrui'é‘g Compressor | System Mass Risk
- Supercritical Xe-He is only slightly higher (3% Temp. (K) (kg/kw) _
greater than SO,) and is at a higher maturity and inert =05 £2l0 202 SOl
He-Xe 500 11.2 Minimal
» Supercritical CO, has the highest specific mass CO, 600 12.3 Corrosion
(11% greater than SO,) and is corrosive above 923K Ref. Breedlove

A primary conclusion of this work is that a single-shaft Xe-He radial compressor/turbine closed Brayton power
conversion unit with an embedded permanent magnet rotating alternator can be developed with the least
technical risk to meet both the technology readiness schedule and the required system performance metrics.

However, it is acknowledged that there are no existing closed Brayton Xe-He industrial efforts aside from the
small studies supported by NASA and this will require additional government investment to develop it to TRL 5.
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