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Cryogenic	Propulsion	for	Planetary	Science	Missions	

•  LH2	+	LO2	Propulsion	systems	provide	the	highest	specific	
impulse	of	any	pracNcal	chemical	propulsion	system	

•  LH2+LO2	not	currently	employed	in	planetary	science	
missions	due	to	historic	limitaNons	in	cryogenic	storage	

•  New	storage	technologies	such	as	advanced	MLI,	pre-
launch	subcooling,	and	smart	spacecraR	design	will	allow	
passive	long-term	storage	of	cryogenic	propellants	for	
mulN-year	planetary	science	missions	

•  Design	Study:	Compared	impact	of	Cryogenic	LH2+LO2	
propulsion	system	(Isp	=	438s)		Vs.	Hypergolic	MMH+NTO	
(Isp	=	329s)	propulsion	system	on	a	representaNve	mission	
to	Titan:		
–  the	Titan	Orbiter	Polar	Surveyor	(TOPS)	mission	
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​𝑚↓𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 = ​𝑚↓𝐷𝑟𝑦 [​𝑒↑{​∆𝑉∕(𝑔​𝐼↓𝑠𝑝 ) } −1]	
​𝐼↓𝑠𝑝,  𝐿𝐻2+𝐿𝑂2 =	420s	–	460s	
​𝐼↓𝑠𝑝,  𝑀𝑀𝐻+𝑁𝑇𝑂 =	310s	–	329s	

	



TOPS	Mission	Parameters	

•  Mission	DuraNon:		10.5+	years	
•  Cryogenic	Propellant	Storage	Mission:	8.5+	Years	
•  Launch	in	2022	
–  Jupiter	not	available	for	gravity	assist	

•  ∆V	=	5887	m/s	
•  7	Engine	Burns	
–  Shortest	Burn	=	2.2	min.	
–  Longest	Burn	=	56		min.	

•  Launch	on	an	exisNng	Atlas	Launch	Vehicle	
•  Science	Payload	Mass	=	53.3	kg	
•  No	AcNve	Cooling	during	Mission	
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TOPS	SpacecraR	
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TOPS Spacecraft Stowed 
in Atlas AV 551 

Sunshade	

LH2	Tank	

LO2	Tank	

LH2+LO2	Engine	

SpacecraR	Bus	

Magnetometer	

High	Gain	Antenna	
and	Radar	

Spectrascopic	
Imager	ASRG	Power	Source	(1	of	2)	

Engine	MounNng	Plate	

TOPS Spacecraft  Deployed 



Analysis	Methodology	
•  CAD:	Creo	and	Solid	Works	
•  Heat	Transfer:	Thermal	Desktop	(TD)	
•  Fluid	CondiNon:	Cryogenic	Fluid	Management	Tool	

(CFMT)	-	GSFC	Spreadsheet	and	REFPROP	Based	Tool	
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Design	Parameters	
•  Design	Envelope	
•  Boundary	CondiNons	
•  IniNal	CondiNons	
•  Propellant	Load	
•  Burn	Schedule	
•  Timeline	

CAD	

TD	

CFMT	

TD	Output	
•  Tank	Thermal	Environment	
•  Thermal	Loads	

CFMT	Output	
•  Propellant	Thermodynamics:	

Pressure/Temperature/Energy	
•  Cryogenic	Mass	and	Power	

Requirements	

Final	
Design	



Cryogenic	Storage	Strategies	
•  Low	ConducNvity	Struts:		

–  T300	with	low	emissivity	Aluminum	Tape	
–  Struts	Implemented	to	have	LH2	Tank	at	Maximum	ConducNve	IsolaNon	via	LO2	Tank	

Stage	to	SpacecraR	Bus	or	Launch	Vehicle	Payload	Adapter	Fairing	
•  Advanced	MLI	for	LO2	and	LH2	Tank	

–  	5	layer	Load	Responsive	MLI	(LRMLI)		for	ConvecNve	IsolaNon	on	the	Launch	Pad	
–  40	layer	Integrated	MLI	(IMLI)	for	RadiaNve	IsolaNon	

•  LRMLI	and	IMLI	manufactured	by	Quest	Thermal	Group	
•  Smart	Propellant	Stacking	and	Smart	Sunshield/OrientaNon:		

–  MulN-layer	low	solar	absorpNvity	
–  Nominally	spacecraR	bus	will	point	towards	sun	
–  Thermal	design	can	accommodate	short	duraNons	of	increased	heat	input	from	sun	

views	and	engine	burns	during	burn	and	communicaNon	maneuvers	
•  Fluid	CondiNon	

–  LO2:	Launched	normal	boiling	point.	Densifies	slowly	during	interplanetary	phase	of	
mission.		

–  LH2:	Launched	subcooled.	Warms	slowly	during	interplanetary	phase	of	mission	
•  LH2	subcooling	can	be	provided	by	a	launch	pad	cryocooler	

–  Eg.	Turbo-Brayton	Cryocooler	400W@15	K	Cooler:	EsNmated	Mass:	780	kg	EsNmated	Power:	32kW		
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TOPS	LH2+LO2	Propulsion	Features	
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SpacecraR	Bus	

Sunshade	

LH2	Tank	

LO2	Tank	

LH2+LO2	Engine	

Engine	MounNng	Plate	

LO2	Tank	to	Engine	
Mount	Interface	Ring	

SpacecraR	Bus	to	LO2	Tank	
Strut	TransiNon	Support	Ring	

PAF	and	LO2	Tank	to	LH2	
Tank	Strut	Interface	Ring	

LO2	Tank	to	SpacecraR	Bus	Struts	

LO2	Tank	to	LH2	Tank	
Strut	Interface	Ring	

LO2	Tank	to	Engine	Mount	Struts	

LO2	Tank	to	LH2	Tank	Struts	



Thermal	Loads	
•  DuraNon	of	Propellant	Storage	Mission	>8.5+	

Years	
•  LO2	Tank	

–  Deep	Space	Nominal		Heat	Loss:	42	mW	
–  No	LO2	loss	due	to	phase	change	

•  LH2	Tank	
–  Deep	Space		Nominal	Heat	Gain	=	71	mW	
-  Maximum	Heat	Input	During	Burns	=	191	

W	
-  DuraNon	of	Longest	Burn		<	57	min.	
-  Minimal	44kg	loss	of	LH2	due	to	phase	

change.	
•  LH2+LO2	Launched	Mass	Savings	over	

MMH+NTO	for	TOPS	mission	=	2300+	kg	
(43%	mass	reducNon)	
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TOPS	Launch	Vehicle	Performance	
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TOPS	Comparison	of	LH2+LO2	vs	Hypergols	

•  LH2+LO2	provides	the	highest	specific	impulse	of	any	prac@cal	chemical	propulsion	system.	
•  For	the	TOPS	Mission	this	means	a	43%	reduc@on	in	launched	mass.	This	mission	can	be	

completed	using	an	Atlas	Launch	Vehicle	using	LH2+LO2	but	not	with	MMH+NTO.	
•  LH2+LO2	can	enable	missions	that	deliver/recover	substan@ally	larger	masses	to/from	the	

target	des@na@ons,	or	launch	the	mission	on	smaller	and	cheaper	launch	vehicles,	or	both.	
•  Subcooling	saves	a	further	30	kg	of	boil-off	H2	mass	that	can	be	directly	used	for	payload.	

•  56.4%	of	Science	Payload	Mass	of	53.3	Kg		
•  Not	including	secondary	mass	savings	from	smaller	tank,	less	insula@on,	less	support	structure,	less	

propellant.	Accoun@ng	for	this	leads	to	increased	reduc@on	in	launched	mass.	6/28/16	 10	



Parametric	Mass	Savings	of	LH2+LO2	over	MMH+NTO	
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Launch	Mass	Savings	for	using	LH2+LO2	Vs	MMH+NTO	(MEV)	[kg]	

		 ∆V	[m/s]	

Non-Main	Propulsion	
Dry	Mass	(CBE)	[kg]	

2500	 5000	 7500	

250	 118	 843	 3,664	

500	 255	 1,469	 6,251	

1000	 529	 2,721	 11,425	



LH2+LO2	Main	Engine	
LH2	+	LO2	Main	Engine	Needs	to	be	developed	
•  Thrust:	890	N	
•  438	s	Isp	
•  Area	RaNo:	150:1	
•  Chamber	Pressure:	621	kPa	
•  Mixture	RaNo:	4.5	
•  7	Burns	
•  Longest	Burn	56+	Minutes.	
•  Pump	Fed	

–  Brushless	DC	Motor	
•  AcNve	Cooling	Circuits	for	autogenous	repressurizaNon	
•  Gimballed	for	Thrust	Vector	Control	

6/28/16	 	
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Summary:	Cryogenic	Propulsion	for	Planetary	Science	Missions	

•  Cryogenic	LH2+LO2	Propulsion	provides	high	specific	impulse	chemical	
propulsion	for	planetary	science	exploraNon	

•  Provide	high	∆V	and	high	delivered	and	high	returned	mass	to	and	from	
planets,	moons,	asteroids,	comets	with	lower	spacecraR	wet	mass.	

•  For	the	TOPS	mission,	passively	cooled	LH2+LO2	reduces	launched	
spacecraR	mass	by	43%	and	allows	for	launch	on	an	Atlas	launch	vehicle.	
The	same	mission	cannot	be	performed	using	a	MMH+NTO	propulsion	
and	an	Atlas	launch	vehicle.	

•  Subcooling	cryogenic	propellants	on	the	launch	pad	using	a	cryocooler	
enables	mulN-year	storage	of	LH2	without	adding	launched	mass.	For	
the	TOPS	Mission	Subcooling	saved	LH2	boil-off	mass	that	amounts	to	
56%	of	science	payload	mass.	

•  LH2+LO2	Propulsion	Development	Required:	
–  890	N	LH2+LO2	Engine	
–  ImplementaNon	of	LRMLI	and	IMLI	on	5500	to	6500	L	Tanks.	
–  Launchpad	Subcooling	of	LH2	

•  TOPS	Mission	and	other	planetary	science	missions	can	be	accomplished	
without	any	in-space	acNve	cooling.	

	

6/28/16	 13	



Backup	Slides	



Pre-Launch	Isobaric	Subcooling	for	Storage	

•  Objec&ve:	Delay	venNng	of	the	cryogen	as	
long	as	possible.	

•  Fluid	Condi@oning	
–  Engine	Start	Box	High	End	(SBHE)	
–  Fluid	at	Normal	Boiling	Point	(N)	
–  Isobaric	Subcooling	(B)		

•  Proposed	fluid	condiNoning	method	
•  Physics	

–  SubstanNally	lower	heat	flux	in-space	than	
in-atmosphere	exploited	or	enhanced	
•  Dominant	in-space		load	<	0.25	W/

m2		
•  Dominant	in-atmosphere	load	>63	

W/m2		
–  Available	heat	capacity	of	the	stored	

cryogen	-	Unexploited	
•  Heat	Capacity	from	N	to	SBHE	=	

18.2	KJ/Kg	
•  Heat	Capacity	from	B	(@	T=16	K)	to	

SBHE	=	55.0	KJ/Kg	
–  Isobaric	Subcooling		to	16	K	allows	

hydrogen	to	absorb	~	3x	the	energy	before	
venNng	has	to	be	iniNated	=>	hold	Nme	
before	venNng			for		isobaric	subcooling		is	
~	3x	

•  Pre-launch	Subcooling	using	launch	
pad	subcoolers	or	a	thermodynamic	
cryogen	subcooler	

• RL-10s	operated	with	densified	hydrogen		
• Other	Engines	would	have	to	be	qualified	
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LH2+LO2	Storage	
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CombinaNon	of	Smart	Cryogenic	Design	with	Subcooling	and	Lowering		Solar	Flux	(arNficially	
and	naturally)	allows	long	term	storage	of	LH2+LO2	for	Planetary	Science	propulsion	



TOPS	Main	Propulsion	System	
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Cryogen	Storage	DemonstraNon	
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Roadmap	
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TOPS	Science	
•  Titan’s	has	similariNes	to	Earth	

–  95%	N2		and	1.5	bar	pressure	at	surface	
–  EvaporaNon	and	PrecipitaNon	of	Methane	

similar	to	Water	Vapor	Cycle	
–  Methane	is	source	of	acNve	photochemistry	

that	produces	haze	and	net	greenhouse	
effect	of	12K	

•  Differences	
–  Surface	Temperature	93K	
–  PrecipitaNon	of	Methane	
–  Ethane/Methane	seas	and	lakes	

•  TOPS	Orbit	
–  TOPS	would	place	the	first	spacecraR	in	polar	

orbit	around	Titan	
–  First	global	mulN-spectral	and	radar	maps	of	

the	surface	
•  TOPS	Science	Goals	

–  Complete	crater	counts,	yielding	surface	age	
esNmates	for	different	terrains	

–  Lake	composiNon	and	morphology	studies	
–  Search	for	volcanic/endogenic/tectonic	

acNvity	
–  Meteorology	–	Clouds	and	Haze	
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Section 2: Science 

 

 

 

2007 Titan Explorer Mission Concept Study – Public Release Version 

Figure 2-2. Processes on Titan. Material – most notably methane – cycles between  the surface and 
atmosphere  in a setting determined by  long­term delivery  from  the  interior and conversion  to heavier 
organics by ultraviolet light and energetic particles.  

Meteorologically, Titan is an outstanding body for comparative planetology. In some senses 
it resembles Venus (a slowly rotating body with a massive, optically thick atmosphere – condi­
tions that lead to superrotating zonal winds). In other respects it may resemble Mars, in having a 
seasonal cycle forced by an appreciable obliquity (Titan 26°, Mars 25°) and having asymmetric 
seasons,  since  both  orbits  around  the Sun  are  eccentric. Titan’s  southern  summer  (like  that  of 
Mars)  is  shorter  but more  intense  than  the  corresponding  season  in  the  north.  The  seasonally 
changing solar forcing leads to an asymmetric hemisphere­to­hemisphere meridional (“Hadley”) 
circulation, with only a  transient epoch of Earthlike symmetric equator­to­pole Hadley circula­
tion around equinox. Titan’s  thermally direct stratospheric meridional circulation transports or­
ganic  gases  and  haze,  leading  to  the  seasonal  north–south  albedo  asymmetry  in  the  haze  ob­
served by Voyager. (The northern hemisphere, observed by Voyager at northern spring equinox 
in 1980, had more haze and was thus darker at blue wavelengths; this situation had reversed half 
a  Titan  year  later  when  the  Hubble  Space  Telescope  [HST]  re­observed  Titan.  Substantial 
changes in the haze structure are apparent even after only 1 or 2 years.) 
The three most powerful atmospheric analogies for Titan, however, are those with the Earth. 

First, Titan’s overall temperature structure is like that of Earth, with a troposphere warmed by a 
condensable greenhouse gas (methane on Titan, water on Earth), and is augmented by noncon­
densable greenhouse gases (hydrogen on Titan, methane and carbon dioxide on Earth). The fact 
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NASA/JHU/APL,	from	“Titan	Explorer”	Mission	Study,	Lorenz	et	al.,	2008	


