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Nuclear Thermal Propulsion
Background




How do we assessS engine
performance?
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Thrust Specific Impulse
Rocket Thrust Equation Total Impulse
F=mV,+ (p. —po)Ae I = FAt = mV,
Equivalent Velocity Specific Impulse
(pe - po)Ae I Veq F
V,, =V, + . I, = = = —
“d ¢ . m * mg, g, myg,
F=mV,,
Thrust is an indicator of how Specific impulse indicates how

hard an engine can push efficiently an enqgine uses propellant




SRB-SS SRB-SLS : F-1 :: J-2 : RS-25 lon NEP NTP
1 11 1
e el T 2800 3600 | 1800 1! 1093 1 418 - -
(KIbf) : i :
| 11 1
Vacuum Thrust (kibf) - - | 20207 |1 2323 , 5123 2E-5 - 2E-2 25-250
1 11 1
Sea Level ISP (s) 242 269 : 269.7 :: 200 : 366 ; ;
1 11 1
Vacuum ISP (s) - - : 303.1 |: 421 1 4523 2000-8000  800-1000
| |
| 11 1
Propellant PBAN-APCP PBAN-APCP | LO2/RP-1 |1 LO2/LH2 |, LO2/LH2 Xe LH2
I - L -




'Current engine architectures

| SRB-SS | sRB-sLs F-1 12| RS25 | on NEP NTP
| 1 | 1
Sealevel Thrust | 500, | 3600 1800 1093 | 418 | - -
(klbf) . : : ,
1 I 1 |
Vacuum Thrust (kibf); - I - 2020.7 232.3 1 5123 | 2E-5-2E-2 25-250
1 1 1 1
Sealevel ISP(s) | 242 | 269 269.7 200 | 366 : ; ;
1 1 1 1
Vacuumisp(s) ! - - 303.1 421 | 4523 120008000 8001000
| |
1 1 | 1
Propellant | PBAN-APCP, PBAN-APCP  LO2/RP-1  LO2/LH2 | LO2/LH2 ,  Xe LH2

| I

-— )

Space Shuttle




|
SRB-SS I SRB-SLS : F-1 J-2 : RS-25 : lon NEP NTP
Sea Level Thrust : ' I !
2800 ! 3600 | 1800 109.3 | 418 | = =
(klbf) I I I I
! I | |
Vacuum Thrust (kibf) - | - I 2020.7 232.3 | 5123 | 2E-5-2e2 25-250
! | ! 1
| |
Sea Level ISP (s) 242 | 269 : 269.7 200 , 366 : - -
| I I |
Vacuum ISP (s) - : - | 303.1 421 : 452.3 1 2000-8000 800-1000
| |
! | | I
Propellant PBAN-APCP IPBAN-APCP | LO2/RP-1 LO2/LH2 1 LO2/LH2 I Xe LH2
| ]

Space Launch System
v ‘e \1;; :r. g/ :(‘s\:‘.




'Current engine architectures

SRB-SS SRB-SLS

Sea Level Thrust

(klbf) 2800 3600
Vacuum Thrust (kibf) - -
Sea Level ISP (s) 242 269
Vacuum ISP (s) - -
Propellant PBAN-APCP PBAN-APCP

F-1

1800

2020.7

269.7

303.1

LO2/RP-1

J-2

109.3

232.3

200

421

LO2/LH2

RS-25 | lon NEP :: NTP !
I 11 I

418 [ - 11 - |
| L |

| 1! I

5123 1 2e-5-262 ;1 25250 |
! 11 |

! 11 |

366 I - ' § - :
I 1! |

452.3 : 2000-8000 1 : 800-1000 1
| |

| 11 1

LO2/LH2 | Xe |1 LH2
| [ IR —r—ar}

lon Engine

Mars Transit Vehicle



There are many uses for huclear power in
. - space |

NASA

Radioisotope Thermal
Electric Generators Nuclear Electric Propulsion

Nuclear Thermal Propulsion
\‘- 1 N

et

Direct Heating of Propellant

Electricity Generation to Power Thruster to Provide Thrust
N o © .8 - © %
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NUCLEAR REACTOR

HYDROGEN
PROPELLANT

Isp, sec (ideal, no losses)

CONTROL DRUM

Specific Impulse (revisited)

F 1
mg, g,

I, =

el

Iy, <

== -

-NTP engines produce thrust by heating
propellant using a nuclear core
-propellant temperature directly correlates
to Ig,

-core power and temperature determine
exhaust temperature and therefore I,

Note: results based on
1000 psia chamber
pressure

2700 K chamber
temperature

150:1 nozzle area ratio
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NTP,rhiss'ion proposals, from the moon
- to Mars |

Expendable TLI Stage

for First Lunar Outpost

=~ Mission using Clustered

| 25 kib; Engines -- “Fast
Track Study” (1992)

Zero-Gravity Crewed MTV uses 3 - 25 kibf
\ \ NTR Engines & PVA Auxiliary Power — Mars
\ \

Vehicle using Single 75 klb;
Engine -- SEI (1990-91)

ne ¢

‘ S 2009
Reusable Lunar Transfer e 4 k\\ ( )
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Artificial Gravity BNTR Crewed Transfer Vehicle also using

“Bimodal” NTR Earth Return Vehicle using Clustered Clustered 15 klb; / 25 kW, Engines -- Mars DRM 4.0 (1999)
15 klb; / 25 kW, Engines -- Mars DRM 1.0 (1993)



Historic Nuclear Thermal Propulsion
Efforts




. 20 Rocket/reactors designed, built & tested at cost
of ~1.4 B$

. Engine sizes tested
> 25,50, 75 and 250 kib;

. H, exit temperatures achieved
> 2,350-2,550 K (Pewee)

. lsp capability
» 825-850 sec (“hot bleed cycle”
tested on NERVA-XE)

» 850-875 sec (“expander cycle”
chosen for NERVA flight engine)

. Burn duration
» ~62 min (NRX-A6 - single burn)
» > 3.5 hrs (NRX-XE: 28 burns
/ accumulated burn time)
. Engine thrust-to-weight
» ~3for 75 kilb; NERVA

. “Open Air” testing at Nevada Test Site

* NERVA: Nuclear Engine for Rocket Vehicle
Applications

-

The NERVA Experimental Engine (XE) demonstrated 28
start-up / shut-down cycles during tests in 1969.



. 20 Rocket/reactors designed, built & tested at cost
of ~1.4 B$

. Engine sizes tested
> 25,50, 75 and 250 kib;

. H, exit temperatures achieved
> 2,350-2,550 K (Pewee)

. lsp capability
» 825-850 sec (“hot bleed cycle”
tested on NERVA-XE)

» 850-875 sec (“expander cycle”
chosen for NERVA flight engine)

. Burn duration
» ~62min (NRX-AG6 - single burn)
» > 3.5 hrs (NRX-XE: 28 burns
/ accumulated burn time)
. Engine thrust-to-weight
» ~3for 75 kilb; NERVA

. “Open Air” testing at Nevada Test Site

* NERVA: Nuclear Engine for Rocket Vehicle
Applications NIEX-AG (1972): Hydrogen exit temperature = 2556 K
1hr.




Rover/NERVA Develop'ment Overview

MAJOR TESTS

Geometry — Extruded Hexagonal
= Length: 51 in.
= Flat-to-Flat: 0.75 in.
= 19 Coolant Channels
= Fabrication: Extrusion and Sinter

Fuel Compound
= UO,
= UG,

e Emerging Fuels
v = (U,Zr)C fuel web

Highest level of development status for any fuel with = (U,Zr)C solid solution
significant remaining challenges
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Two major, failure mechanisms were

discovered through engine testing

Mechanical Failure
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Historic U.S. Cermet Fuel Development

. (1957-1968)

ANL Nuclear Thermal Propulsion
Ceramic Metallic (cermet) Fuels
W-UO, (net-shape HIP, prismatic)

(1962 — 1966)

GE-710 Gas Reactor
Ceramic Metallic (cermet) Fuels
W and Mo (net-shape wafer, prismatic)

I (1962 - 1968)

.~ Tungsten-coated
uranium diaxide
partiches.

A~ Hexagonal
f% * mandrals
y
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Fuel particle loading and vibratory -
compaction Hot isastatic compaction
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Fig. 3.10 - Nodel of Experimental Reactor fuel cartridge components
‘Neg. P44.12.258, PE412:254)




W-dUQO, cermets

Cermets fail from the inside out due to high
temperature instability of ceramic fuel particles

MoW-dUO, cermets

After Hot Hydrogen Exposure
u. Electron

Pre-Test

-Oxide and nitride ceramic fuels susceptible
to H, corrosion
-necessitates the need for fuel cladding




Successfully deweloped cermets prevenied free oxygen

. loss and thermal stresses
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Solid-solution carbides hgve high melting
temperature'and exhibit high temperature

stability
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The NTP fuel form development efforts of the former Soviet Union was comparable to United States

efforts if not exceeded that of the United States.

Geometry — ‘“Twisted Ribbon’

Fuel Compounds

Length: ~100 mm

Diameter: 2 mm ”
Attempt to maximize heat transfer while
maintaining fuel integrity

Fuel composition was focused on
maximizing the operating temperature
of the fuel

Carbide

- (U,ZnC

* (U,Zr,Nb)C

- (U,Zr,Ta)C

Carbonitride

- (U,ZnNC,N

Reported ternary-carbide fuel performance of operation at 3100 K for up to 1 hr.



Carbide fuels also experience'the most failure in
the mid-band region where power densities are
high and ductility low

as

Highest
Rate of

Failure Ductile Failure
1.0

Brittle Failure

3000

/
/

Fueled Region
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NERVA/Rover

Carbide Fuels

I (1955 - 1972)

v

Hot Hydrogen  Hot Hydrogen Prototypic Prototypic

Static Testing Thermal Cycling Irradiation Testing Engine Testing

L Carbide Fuel
| Filler

\ - Pyrographite
—Aluminum Tube

Carbide (U,Zr)C fuels were tested in NF-1 and
survived exposure to over 2700 K for 109
minutes under flowing hydrogen and irradiation.

Fuel element architecture that the Rover/NERVA
program used for all their fuel compositions



OverView of NTP Fuel Timeline

USSR Solid-Solution Carbide
Fuels (1955 — 1993)

u Solid Solution Carbides
5 Solid Solution Carbonitrides
Carbonitride Cermets

Solid Solution Carbides W Particle \ Emerging Fuels
NERVA/Rover SNTP AES NTP, GCD NTP
(1955 — 1972) (1987 — 1993) (2010 — 2019)

AU W U\

(-;.!-" Cermet Development
: "N\ ANL, NASA LeRC, GE 710
(1962 — 1968)



Nuclear Materials Group — NASA MSFC
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