US, 1959-1972) : Potassium Rankine energy conversion

A "Nuclear Safe Orbit"?

Time after shutdown (Days) Total Activity (Curies)

Initial orbital altitude (km) Orbital lifetime (days)

A "Nuclear Safe Orbit": a (typically 1000 km or higher) orbit providing an unattended orbital life of sufficient lifetime (typically 10 000 y or more) so that the core's radioactive nuclide inventory will have decayed down to ''acceptable'' levels The lowest reactor/system mass is always obtained by using HEU Possible issues: availability/constraints of HEU or non-proliferation policy

The reactor (and radiation shield) mass penalty of using Uranium enriched to significantly less than HEU depends:

• on whether the reactor operates with a fast or thermal neutron spectrum 

  SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) SNAP 10A : ~500 We Nuclear Fission Space Thermoelectric Power System (USA) SNAP 10A: the first (and only) fission reactor launched by the US (in 1965) Thermoelectric conversion (SiGe) NaK coolant UZrH fuel (95% U 5 ) 7 operated for 43 days during its flight test; prematurely shut down by a faulty command receiver Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) SNAP 10A : ~500 We Nuclear Space Thermoelectric Power System (USA, 1959-1965) UZrHx fuel rods in internally coated Hastelloy N clads ф 1.25 x L 12,45 in. 95% U5 Source: SNAP Nuclear Space Reactors, Library of Congress Catalog Card Number 66SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) 777 K av. T C : 610 K av. ZT (SiGe): 0.4 av.  ε ~ 2.0% (ZT = 1.0  ε ~ 4.0%) 9 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Φ E > Φ E + V e, w/o space charge effects For 1 amp/cm 2 Φ E = 4.5 (W) => T E = 2 600 K Φ E = 2.0 (W+Cs) => T E = 1 250 K SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) TOPAZ-I ~5 kWe Space Nuclear In-Core Thermionic Power System (USRR, 1965-1988) TOPAZ: Thermoionic Experiment with Conversion in Active Zone First tests on Thermoionic conversion in 1961 in USSR (1957 in the US) TOPAZ program launched in 1965, first TOPAZ prototype operational in 1970 Ground-tests of flight-system prototypes from 1982 to 1984 2 reactors flight-tested in 1987, operated for 143 and 342 days on 800 km orbit 5-cell Thermoionic Fuel Element 5SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) TOPAZ II ~5 kWe Space Nuclear In-Core Thermionic Power System (USRR) Mo3%Nb monocrystal + W 184 coating (1 950 K peak T) Polycrystal Mo (~850 K) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Towards higher efficiency: Thermodynamic cycles: Rankine and Brayton He-Xe Brayton cycle Potassium RANKINE cycle The early space age years: space fission power systems developed for defense missions in earth orbit -reactor and energy conversion technologies: ROMASHKA, SNAP-10A, BUK/BES-5, TOPAZ I, TOPAZ II, SNAP 50/SPUR Safety principles and key design challenges -Safety principles built on the feedback of experience (including accidents) -Mass, shadow shield, reactor, radiator, and reliability -Example of later implementation: the SP-100 design Nuclear electric propulsion for space exploration -An illustration: the JIMO project -Space propulsion basics: specific impulse and propellant mass, thrust -Electric thrusters: high specific impulse propulsion engines -Space propulsion basics: thermal vs electric propulsion -Solar vs nuclear electric propulsion; Manned mission to Mars Current developments -NASA's KILOPOWER, R&D at Keldysh, MEGAHIT/Democritos Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Space Nuclear Power Reactors: Safety Principles Use only fresh Uranium as fuel (reactor launched free of fission products); Use of Plutonium precluded Reactor designed to prevent accidental criticality whatever the emergency situation (in case of reactor compaction and/or flooding upon impact following launch abort, …) First criticality and operation started only once prescribed ''sufficiently high orbit'' reached ("nuclear safe" orbit, allowing for sufficient FP radioactive decay before reentry) Minimize fission product release (principle ALARA) Reactor designed either survive accidental reentry or to disintegrate upon reentry and disperse its residual radioactivity in the upper atmosphere (soviet strategy adopted in the latest RORSATs, Cf. Kosmos 1402) 17 Safety objectives and regulations are currently established on the basis of national political/legal rules: USA, Russia (Europe?) List of internationally agreed upon principles (UN Committee on the Peaceful Uses of Outer Space, 1992) but no specified safety criteria or regulations so far "Space Nuclear Safety Cuture" inspired from the experience learned from past "nuclear launches" Principles relevant to the use of Nuclear Power Sources in Outer Space. Report of the Committee on the Peaceful Uses of Outer Space, General Assembly Official Records Forty-seventh Session. Supplement No. 20(A/47/4/20) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020)

  SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Kosmos 954 (BES-5) accidental reentry and operation Morning Light (1978) 19 Source: Operation Morning Light -An Operational History, CFD Edmonton Report, Mulroney Institute, 2018 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Subsequent Kosmos 1402 (BES-5) accidental reentry and Kosmos 1900 loss of contact Kosmos 954 (1978): failure of booster mechanism designed to bring reactor to "nuclear safe disposal orbit" : reactor not designed for specific behavior during accidental reentry Change made: reactor designed to ensure, in case of accidental reentry, it disintegrates and disperses its radioactive in the upper atmosphere (mechanism to eject the reactor core) Kosmos 1402 (1983) seemed to show that it works: after failure of the booster mechanism, the core was ejected, reentered the stratosphere over the South Atlantic Ocean and it is believed to have completely burned up into particles and dispersed to safe levels of atmospheric radioactivity Change made: automatic back-up booster system (''rugged booster'') Kosmos 1900 (1988): following failure of the primary booster, the back-up booster succeeded in bringing the core close to its prescribed disposal orbit Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Space power systems: minimizing mass is key for minimizing launch costs ~30 kg/kWe (200 kWe) ~100 kg/kWe (20 kWe) The key parameter: the Specific Mass (kg/kW e ) Launch costs: access to ISS ~ US$25 000/kg (SpaceX Falcon 9 Plus Dragon, 6 t payload) access to LEO: strongly declining costs since entry of SpaceX 21 Source: redrawn from Lee S. Mason, Power Technology Options for Nuclear Electric Propulsion, IECEC 2002, paper n°20159 Fission Power systems Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Minimizing Specific Mass does not imply Maximizing Conversion Efficiency 22 • Minimizing System Specific Mass is a Key Objective • Maximizing System Efficiency IS NOT an Objective (it may be one for Radioisotope Power Systems) • System efficiency depends on Conversion Technology (and Peak Temperature) • System Specific Mass depends much less on Conversion Technology (but significantly on Peak Temperature) Source: Lee S. Mason, Power Technology Options for Nuclear Electric Propulsion, IECEC 2002, paper n°20159 Illustration: ThermoElectric and Free-Piston Stirling versions of SP-100* exhibit relatively comparable specific masses * See back-up slides Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Minimizing mass (and size): the radiator (getting rid of waste heat) Area for radiating 1 kW ( = 1) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Getting rid of waste heat: the radiator Reliability: segmentation, heat pipes, protection against micrometeorites Deployability for high power systems (fit inside launcher's fairing) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020)Minimizing mass: the shadow shield (shielding electronics/payload from radiations) contributor (>25% of the unmanned system mass, higher for manned missions)Alternate dense (absorbing γ) and light materials (slowing down and absorbing n) Li 6 H Density: 0.82 g/cm 3 H concertation ~ H 2 O !Melting point: 680°C! Li 6 : 945 barns th. n absorption XS with no secondary γ 25 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) optimized to minimize the shadow shield diameter (=mass)  minimize reactor height Owing to reactivity control through control of radial neutron leakage (radial reflector of variable efficiency) control options of space nuclear reactors, Timothy M. Schriener, Mohamed S. El-Genk, doi:10.1016/j.pnucene.2008.11.003 (and diameter) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020)

  Minimizing mass: minimizing the reactor core diameter Reactor to be optimized to minimize its mass and the shadow shield diameter  minimize reactor diameter Example: NaK-cooled UO 2 /ZrH core Smallest cores: with well thermalized spectra  good moderators (ZrH, Be, …) Good moderators not compatible with high temperature  High power reactors (requiring high temperature for system efficiency) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) What about Reliability? High-cost long-duration missions without maintenance Avoid single points of failure when possible  Provide redundancy trough • Segmentation of cooling loops or use of heat pipes instead of loops • Segmentation of energy conversion Prefer lowest failure probability equipment Avoid equipment with moving mechanical parts (wear, fatigue) when possible:  electromagnetic pumps  static energy conversion: thermoelectics, thermionics If not possible (dynamic conversion), adopt quasi frictionless devices  Brayton turbomachinery with gas foil bearing  Free piston Stirling engines See the example of the SP-100 design (on next slides) 29 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Li cooled reactor (1 350 K outlet) Nb(/Re) clad UN (97% 5 U) fuel pins Li containing structures: Nb alloy PWC-11 Thermoelectric conversion (SiGE/GaP) C/C matrix structure + Ti/K heat-pipe radiator Test scheduled for early 90's. Program restructured due to funding restrictions to demonstrate a complete technology and lifetime test by 1998. Program terminated in FY95 US$ 520 millions (as spent over 83-94) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) -100 Nuclear Space Power Systems With Application to Space Commercialization, NASA TM 101403, 1989 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) F. Demuth, SP100 Space Reactor Design, Progress in Nuclear Energy, No.3, pp. 323-359, 2003 Safety rod latches Retains rods in core for impact and explosion accidents SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Deterioration Application for Approval to Construct SP-100 Ground Engineering System Test Site DOE/RL-90-14, 1990 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) 32 m² to 140 m² Mass balance (reactor + shield + conversion system + electrical network): ~ 2000/7000 kg  100 kg/kWe at 20kWe  35 kg/kWe at 200kWe Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Space Nuclear Fission Power & Nuclear Electric Propulsion 35 The early space age years: nuclear fission power systems in earth orbit for defense missions -reactor and energy conversion technologies: ROMASHKA, SNAP-10A, BUK/BES-5, TOPAZ I, TOPAZ II, SNAP 50/SPUR Safety principles and key design challenges -Safety principles built on the feedback of experience (including accidents) -Mass, shadow shield, reactor, radiator, and reliability -Example of later implementation: the SP-100 design Nuclear electric propulsion for space exploration -An illustration: the JIMO project -Space propulsion basics: specific impulse and propellant mass, thrust -Electric thrusters: high specific impulse propulsion engines -Space propulsion basics: thermal vs electric propulsion -Solar vs nuclear electric propulsion; Manned mission to Mars Current developments -NASA's KILOPOWER, R&D at Keldysh, MEGAHIT/Democritos Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Nuclear Electric Propulsion for Space Exploration: example of the JIMO project JIMO, the Jupiter Icy Moons Orbiter (NASA project, 2003-2005) • Main target: Europa, where an ocean of liquid water may harbor alien life. • Other targets of interest: Ganymede and Callisto, which are thought to have liquid, salty oceans beneath their icy surfaces Using electric propulsion (8 ion engines, plus Hall thrusters of varying sizes) to go into and leave orbits around the moons of Jupiter, creating more thorough observation and mapping windows than for current spacecraft, which must make short fly-by maneuvers because of limited fuel for maneuvering Once on Jupiter moon orbit, the nuclear power system would provide electricity to feed the high power radar needed to penetrate beyond the thick icy surface Reactor design conducted by the naval reactors branch of DOE Selected: minimized development challenges & most readily tested Source: Documentation of Naval Reactors Papers and Presentations for the Space Technology and Applications International Forum (STAIF) 2006 The various nuclear power system concepts envisaged (200 kWe) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) High-Power Electric Space Propulsion Engines: Estimate Performances 44 Source: Air Force Research Laboratory High Power Electric Propulsion Technology Development, Daniel L. Brown, Brian E. Beal, James M. Haas, 2010 IEEE Aerospace Conference (2010) HET: Hall Effect Thruster, NASA-457M: Hall Effect Thruster ELF: Electrodeless Lorentz Force (ELF) thruster VASIMR: Variable Specific-Impulse Magnetoplasma thruster Estimated performances of high-power propulsion scaled to 200 kWe SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Compared to chemical or nuclear thermal: Electric thrusters: much higher X YZ much lower thrust much lower thrust/weight ratio low thrust/power ratio Ex: advanced annular ion thruster (AAIT): X YZ = 5 000 s, = 80%: q OrstYO = 1 N  u v ~ 30 kWe Mars manned mission with NEP: requires 2.5 MWe feeding 10 AAITs (5 000 s p ) Required electric power o : total available energy at liftoff EP is limited by electrical power available at any moment CP: propellant velocity independent on thrust EP: propellant velocity increased with thrust CP: total mission impulse delivered at mission start-up EP: total mission impulse accumulated during mission Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Electric Space Propulsion basics: the highest I SP is not the best choice over mission ,€:a: Choice of particular thruster type for matching optimum p so as to maximize payload NB: for chemical propulsion, highest payload mass for highest p SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Electric Space Propulsion basics: the longer the mission time, the more efficient 47 Assume DeltaV = 13 km/s, p = 3 000 s, • xg = 20 We/kg* and constant xg of SP-100) Chemical p = 480 s NTP p = 900 s The longer the mission time, the more efficient (NB: for manned missions, the shortest, the better!) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020) Solar or Nuclear Energy to Power Electric Propulsion Engines 48 ESA's Rosetta spacecraft required 64m 2 of solar array to just survive at ~5 a.u ("hibernation mode" at 400 We)

  

  

  

  

  

  

  

Minimizing Mass: minimizing the Reactor Mass by using the highest Uranium Enrichment 27

  

	Core Parameters	93% U5	20% U5
	Power (kWth)	600	500
	Fuel Pin OD (mm)	15.9	25.4
	No. of Fuel Pins	211	200
	Core Height (cm)	40.6	74.9
	Core Diameter (cm)	22.9	37.6
	Fuel Form	UZrH 1.8	UZrH 1.8
	Uranium (wt. %)	10.35	10.35-18.0
	Relative Core Volume	1.0	5.0

Moderated Reactor Design: SNAP-8 (600 kWth)

  

Moderated Reactor Design: 20 kWe S-PRIME in-core Thermionics

  

		System Parameters	93% U5	35% U5	20% U5
		Reactor Thermal Power (kWth)	522	604	
		Reactor Height (cm)	111.5	111.5	111.5
		Reactor Diameter (cm)	55.4	60.7	80.2
		No. of TFE -Emitter D (cm)	48 -1.8	36 -1.8	90 -2.8
		No. of ZrH 1.8 pins	156	72	
	x 2.3	UO2 Mass / U235 Mass (kg)	37.6/30.7	69.3/21.4	173/30.5
		MASS SUMMARY (kg)			
		Reactor Subsystem	610	738	1677
		Reactor Controls	50	110	
	x 12.6	Reentry Shield	35	45	96
		Radiation Shield	452	526	
	x 1.6	Heat Rejection	282	293	
		Natura Threat Protection	80	92	
	x 4.2	Power CC&D Boom/Structure	392 121	392 140	
		TOTAL	2020	2336	3947
		Mass Increase	Baseline	16%	95%

• on the reactor design concept • on the reactor thermal power Source: Impact of the Use of Low or Medium Enriched Uranium on the Masses of Space Nuclear Reactor Power Systems, DOE/NE-0112, December 1994 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -3-Space Fission Power & Nuclear Electric Propulsion Systems (last updated in January 2020)

Source: Lee S. Mason, Power Technology Options for Nuclear Electric Propulsion, IECEC 2002, paper n°20159

Source: Soviet Space Nuclear Reactor Incidents: Perception Versus Reality, Gary L. Bennett, Space Nuclear Power Systems 1989, Chapter 25, pp 273-278

SPUR 300 kWe (Program terminated before a complete system was ground-tested UN/NbZr/Li reactor 2.2 MWth Li T out/in T : 1360 / 1310 K K/SS Rankine conversion Turbine in: 1280 K/ 770 kPa Turbine out: 880 K / 21 kPa NaK/SS main radiator NaK T in/out : 950 / 860 K System efficiency: ~13.5% Specific weight: 15.9 kg/kWe micro/zero gravity fluid mechanics Source: SNAP-50/SPUR Program Summary, CNLM 5889, 09/24/1964 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -

Space radiation levels vs Career exposure limits for NASA astronauts

The NASA astronaut career depth equivalent dose limit is based upon a maximum 3% lifetime excess risk of cancer mortality