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CPST Project Customer Infusion

Human Explorat ion and Operat ions Mission Directorate (HEOMD) is a primary
customer requiring cryogenic propellant storage and transfer technology to
perform future missions.
The init ial HEOMD infusion customer is the Cryogenic Propulsion Stage (CPS)

CPST technologies are needed for the development of a CPS; CPS is part of the HAT
architecture and is required to perform all beyond LEO explorat ion missions
CPST technologies are under examinat ion for SLS and commercial upper stages
CPST technlogies also support architectures using depots in conjunct ion with SLS.

CPS usage
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Cryo-Propulsion Stage ‒ Block 1

Design Constraints/Parameters
Propellants O2/H2

Stage Diameter 7.5 m
Stage Length 13 m

# Engines / Type 2 / RL10 Derived
Engine Thrust (100%) 30,000 lbf
Engine Isp (100%) 465 sec
RCS Propellant NTO/MMH
# RCS Thruster / Type 16 / Press-fed
RCS Thruster Isp 300 sec

Passive Thermal Control of Propellants
0.7% per day H2 Boiloff (0.4 days)
0.25% per day O2 Boiloff (0.4 days)

Lithium Ion Bat teries (100% DoD)

Category Mass, kg
Structure 3,600
Protect ion -
Propulsion 2,550
Control -
Power 170
Avionics 420
ECLSS/Thermal 760
Other -
Growth (30%) 2,250
Dry Mass 9,750
Non-Cargo -
Cargo -
Inert Mass 9,750
Non-Propellant 160
Propellant 70,500
Total Wet Mass 80,410

Descript ion

The Block 1 Cryo Propulsion Stage (CPS-B1) is delivered to a -47 x 130 nmi insert ion orbit by the launch vehicle, where the CPS is then responsible for
raising and circularizing itself and any payload to an orbit of 220 nmi.  The non-reusable CPS-B1 ut ilizes passive thermal control techniques to limit
cryogenic propellant boiloff during its operat ion.  The CPS-B1 includes avionics, propulsion, and at t itude control for automated rendezvous and
docking.

NOTE: The propellant inventory is based on the GEO mission inventory.
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Cryo-Propulsion Stage  ̶  Block 2

Design Constraints/Parameters
Propellants O2/H2

Stage Diameter 7.5 m
Stage Length 13 m

# Engines / Type 2 / RL10 Derived
Engine Thrust (100%) 30,000 lbf
Engine Isp (100%) 465 sec
RCS Propellants NTO/MMH
# RCS Thrusters / Type 16 / Press-fed
RCS Thruster Isp 300 sec

Act ive Thermal Control of Propellants
0.5% per month H2 Boiloff
0% per month O2 Boiloff

2 x UltraFlex Arrays (26.7 kW total power)

Category Mass, kg
Structure 3,700
Protect ion 380
Propulsion 2,710
Control -
Power 1,110
Avionics 590
ECLSS/Thermal 5,780
Other -
Growth (30%) 4,280
Dry Mass 18,550
Non-Cargo -
Cargo -
Inert Mass 9,750
Non-Propellant 170
Propellant 52,540
Total Wet Mass 71,260

Descript ion

The Block 2 Cryo Propulsion Stage (CPS-B2) builds upon the Block 1 CPS but includes a long durat ion cryogenic f luid management system that reduced
propellant boiloff to 0.5%/month liquid hydrogen loss (by mass), and 0%/month liquid oxygen loss.  The CPS-B2 also includes a long durat ion power
system as well as avionics, propulsion, and at t itude control for automated rendezvous and docking.

NOTE: The propellant inventory is mission specif ic, determined by mission durat ion, number of engine burns, and other  mission parameters. The
propellant tanks are sized by the Block 1 GEO mission, therefore the tanks are off-loaded for Block 2 NEO mission by 30.8%.
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Present Challenges for In Space Cryogenic Systems

Note
A flight demonstration with cryogenic propellant storage, expulsion, 
and transfer can remedy these problems (and other more subtle ones)! 

Centaur

Buran
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HAT Requires CPST Technologies

 Note
Almost all HAT missions beyond LEO require  
CPST’s storage and expulsion technologies. 
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CPST Of fers Cross-Cut t ing Benef its

Cryogenic Storage, Expulsion, & Transfer Technologies

High-
Performance

Chemical Propulsion
Beyond LEO

Power Generat ion and
Energy Storage

Extended Commercial
Upper Stage
Capabilit ies

Advanced Thermal
Management Systems

ISRU
Propellant
Storage &
Ut ilizat ion

Safer, Faster Ground
Processing

Nuclear Thermal
Missions to Mars
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Why Is Microgravity Required for CPST?

Passive and act ive thermal control performance is
unknown due to ef fects of accelerat ion level and
propellant orientat ion.

Mixing of liquid (and heat transfer) inside the tanks
Low-g ef fects on internal convect ion and on thermal
gradients
Analyt ical models for cryogenic storage tanks must be
correlated to low-g data

Liquid Acquisit ion Device (LAD) only works when surface
tension forces are greater than gravity/accelerat ion forces.

Need long-durat ion microgravity to demonstrate LAD
robustness across range of condit ions and operat ing
scenarios.

Propellant Mass Gauging must be demonstrated in
microgravity in an actual tank across a range of propellant
orientat ion scenarios and f ill levels.

CFD Model of Ullage Temperature
of Saturn IV-B in Microgravity

Fluid interface at 30 micro-g set t ling thrust
in a 36” diameter LH2 tank at 50% f ill (CPST

POD transfer tank). A level sensor in the
center of the tank would incorrectly read

around 27% f ill.

Mass Gauging Low-g aircraf t test
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Why Storage Tests in Microgravity are Needed

Accelerat ion direct ion and magnitude  af fects liquid shape and posit ion
af fects wall wet t ing and liquid/ullage interface area

Primary heat source is through tank penetrat ions

Wall wet t ing determines heat into liquid and ullage

Heat into liquid af fects temperature strat if icat ion

Heat into ullage af fects pressure rise rate & strat if icat ion

Liquid/ullage interface shape and area af fects heat and
mass transfer across interface af fects pressure rise rate
and temperature strat if icat ion

Liquid and Ullage locat ion af fects performance of
mixers, such as axial jet or spray bar since ullage may not
be “centered” in the tank

accelerat ion

interface ullage

1 g

liquid

interface ullage

1e-6 g

liquid
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Why Liquid Acquisit ion Devices (LADs) Are Needed

On the Ground 

Gas 

Liquid 

Liquid 

On Launch Vehicle 
During Ascent 

Liquid 

In Microgravity 
With No LAD 

Liquid  
and Gas! 

Engine
Failure!

In Microgravity 
With a LAD 

LAD	
  

Liquid 

HOW IT WORKS:  In micro-g, 
surface tension becomes the 
dominant force acting on the fluid.  
LADs use surface tension to draw 
gas-free liquid to the tank outlet. 
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Why Probe-Type Gauges Aren’t Suf f icient

On the Ground 

Gas 

Liquid 

Accuracy: Very good 

On Launch Vehicle 
During Ascent 

Very good 

In Microgravity 
With No LAD 

Terrible 

In Microgravity 
With a LAD 

CPST 
Demonstration 

Needed 

Probes work best when liquid is set tled! 
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Cryogenic Propellant Storage and Distribut ion

-
-
-

Cryogenic Tank Details

Pressure Control
Thermodynamic
Vent System

Liquid Acquisit ion
Capillary
retent ion devices

- 

Propellant Gauging
Set tled propellant
Inventory (Bookkeeping)
Pressure-volume-temperature
High accuracy zero-g techniques

- 
-

-

- 
- 
-
-

Thermal Control
Insulat ion
Vapor or act ively cooled shields
Low conduct ivity/ cooled
support structure

Liquid Propellant

Receiver
Tank

Pressurant

Hydrogen
Storage

Pressurizat ion
Cold helium
Autogenous

15



Passive Thermal Control: Cryogenic Insulat ion for
Thermal Control

Technology development goal: Demonstrate high performance cryogenic insulat ion
to minimize heat leak through large areas of tanks and lines.

- 
- 
- 
- 
- 

- 

- 

- 
- 

Spray-On Foam Insulat ion (SOFI)
Extensive heritage
Mit igates convect ion from the atmosphere
Prevents  condensat ion of air and prevents ice buildup
Supports launch pad operat ions and ascent phase of mission
TRL = 9

Thick Mult i-Layer Insulat ion
Radiat ion shields with low thermal
conductance seperators between the
shields
Support of blanket for large area tanks,
high number of layers, seams, and blanket
penetrat ions are challenges
Supports in-space phases of the mission
TRL = 4

16



•

•
•

Act ive Thermal and Pressure Control for Long Durat ion Storage

Technology development goal: Develop act ive thermal and pressure control systems
to achieve reduced or zero boil-off for a cryogenic propellant

Ef f icient Low-g Vent ing
Thermodynamic Vent System (TVS) ensures that
only gas phase is vented in low gravity without
using set tling thrusters.
De-strat if ies propellant tank contents, with mixer
TRL = 5

Axial Jet Spray Bar

Cut away of pulse tube type
cryocooler

Reduced Boil-off Technologies
Eliminate heat leak into the storage tank, re-condense vapor, or
potent ially sub-cool propellant
90 K cryocoolers to achieve reduced boil off for CPS

TRL = 6
Current CPS concept does not use 90k cryocoolers
If used, 90k cryocoolers (~5% ef f iciency) removing 20 Wat ts of heat
each sized as:

Approximate input power per cooler = ~500 W
Approximate mass per cooler = ~500 W

20 K cryocoolers to achieve zero boil-of f (ZBO) for CPS
TRL = 2
Current CPS assumpt ion uses seven 20k cryocoolers (~1% ef f iciency),
removing 20 wat ts of heat each. 

Approximate CPST input power per cooler = ~2000 W
Approximate mass per cooler = ~280 kg 17



Low-g Cryogenic Liquid Mass Gauging   

Technology development goal: Develop propellant quant ity (mass) gauges that work
in zero-g, and/or under low set tling thrust (<0.001g)

RF Mass Gauge
- GRC technology
 tested on low-g aircraf t
 tested in LH2, LOX
 zero-g or set tled
 TRL = 5

-
-
-
-

Compression Mass Gauge
- developed by SwRI

tested in small LN2 tank
zero-g or set tled
TRL = 4

- 
- 
- 

Pressure-Volume-
Temperature Gauge
- requires helium

tested in LOX
zero-g or set tled
TRL = 5

- 
- 
- 

CryoTracker - Sierra Lobo
- wet/dry level sensors

requires set tled liquid
TRL = 5

- 
- 
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Low-g Cryogenic Propellant Liquid Acquisit ion

Technology development goal: Develop liquid acquisit ion system to provide transfer
of vapor free liquid cryogenic propellant.

Liquid Acquisit ion Devices
Mult iple contoured tubes with f ine pore
wicking screen windows
Liquid wets screen and f ills tubes
GRC ground tested screen channels with LN2,
LO2, LH2, and LCH4 (bubble point and out f low)
TRL = 4

Breadboard screen-channel
LAD for out f low test ing

Vane-Type LAD
integrat ion into a tank

Vane Type Devices
Mult iple contoured solid plates
Liquid transferred along interior corners
Used on monopropellant systems
TRL = 5

Total communicat ion propellant management devices (PMDs) have not been
used yet in cryogenic propulsion applicat ions.
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Cryogenic Propellant Storage and Transfer (CPST) Overview

Descript ion:  Space f light mission to demonstrate a single f luid
(LH2), passive/act ive cryogenic propellant storage, transfer, and
gauging systems for infusion into future extended in-space
missions.
TRL Advance:  5  to  7

Benef its
Support explorat ion beyond LEO

Demo long durat ion in-space storage of cryogenic propellants.
Demo in-space transfer of cryogenic propellants.

Cost Guidance:  No more than $300M

Flight System Concept Opt ion

Flight System Characterist ics

Demonstrat ions Single Fluid (LH2)
Passive Storage
Act ive Storage
2 Transfer Cycles

Launch Vehicle Medium Class

Mission Architecture Descript ion:
CFM technologies include

Passive Cryogenic Propellant Storage
Act ive Cryogenic Propellant Storage
Tank Thermal & Pressure Control
Liquid Acquisit ion
Mass Gauging

Mission Durat ion - 6 months
Ground Tech Maturat ion (to TRL 5)

Structural and thermal performance of passive and act ive cooling
systems
Thermal performance of composite struts
LAD out flow and transfer line chill down (LH2)

Team:
Project Manager/Lead Center: Susan Mot il/GRC
Team: MSFC, GSFC, KSC, ARC

Near term Milestones:

Technology maturat ion complete thru 2013
BAA Mission Studies Complete: 01/2012

CPST Mission Concept Review Complete: 05/2012

System Requirements: 09/2012
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Concept Def init ion Process

c&/*5%-"/%,'*XGEG*.8"*&%')*

Mission
Assessments and
Synthesis of New

Government/
Industry Mission

Concept

BAA Industry A Studies 

BAA Industry B Studies 

BAA Industry C  Studies … 

CPST MCR
~April 2012

MCR Products

Concept of Operat ions

Mission Requirements

CPST Architecture Requirements

Technology Development Requirements

Test and Verif icat ion Strategy

Risk Management Plan

Evaluat ion of Alternat ive Mission Concepts

Project Planning Documentat ion

Approach enables infusion of best ideas from Industry and Government 22



Concept Opt ion: Technology Development

5

4

5

4

Te
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Create the innovat ive new space technologies for our explorat ion,
science, and economic future

Liquid Acquisit ion
Devices (LADs) Transfer Value Capacitance

Probe

Wet-Dry Sensor
(Cryotracker)

Advance cryogenic propellant systems technologies for infusion into
future extended in-space mission

Radio Frequency
set tled/

unset tled)
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4

4

4

5

5

Store cryogenic propellants in a manner
that maximizes their availability for use
regardless of mission durat ion

Ef f iciently transfer condi t ioned cryogenic
propellant to an engine or tank situated in
a microgravity environment

Accurately monitor and gauge 
cryogenic propellants situated in

a microgravity environment

TVS components
(installed in test tank)

Pulse-tube
cryocooler

LH2 Storage

Act ive thermal control:
Broad Area Cooling (tubes
on tank or tubes on shield)

Act ive thermal control:
cryo-coolers (90K)

Passive storage: reduced
penetrat ion heat leak
through MLI
Passive storage: low
conduct ivity structural
at tachments

Tank Pressure Control:
thermodynamic vent
system (TVS)

Tank Pressure Control:
mixing pumps

Line and Tank Chill-down 5

Transfer Pump

4

5

O
bj

ec
t i

ve
s

Go
al

s
N

ee
ds

LH2 Acquisit ion

Screen Channel
Capillary LAD

LH2 Transfer LH2 Quant ity Gauging

RF Gauge Test Rig
Assessment of Technology Readiness at Pre-Flight Demonstrat ion
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Concept Opt ion: CPST Demonstrat ion Architecture

LH2storage tank

External structural shell

Tank structural support
(thermal isolat ion)

Helium Pressurant tanks

Thermal radiators

LH2transfer tank

Bus subsystems
Solar arrays
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Concept Opt ion: 6-Month Mission Prof ile

Launch 

Check-out 

2 weeks 

Passive CFM 
Storage Demo 

1 month 

Active CFM 
Storage Demo 

5 months 

Controlled 
Re-Entry 

6 months 
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Concept Opt ion: Scenario for a CPST Mission Architecture

Spacecraf t Bus
At t itude Control
Communicat ions
Propulsion

Eastern Launch Site: TBR

Cryogenic Fluid System
LH2 Storage
CFM management
Transfer Demonstrat ion System
Data Recording

CPST Operat ional
Conf igurat ion

Six Month Orbital Mission (500 km alt itude/38O  Inclinat ion Orbit)

Controlled
Reentry

&
Disposal

Technology Developments:
Tank Thermal Control
Tank Pressure Control
Cryogenic Fluid Transfer
Liquid Acquisit ion
Mass Gauging
Leak Detect ion

Mission Operat ions

Communicat ions: Near Earth Network
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FY12 CPST Go Forward

FY12 focus will be on technology maturat ion to TRL 5
LH2 storage tests and analyses to support reduced boil-off capability
LH2 liquid acquisit ion tests and analyses to provide the ability for unset tled 
acquisit ion

Complete BAA mission studies
Build on Government POD Study results to develop a mission concept

Review industry BAA concepts and begin mission concept synthesis
Finalize POD based on in-house study and BAA mission studies
Def ine system concept of operat ions

Prepare for Mission Concept Review in FY12
Includes system requirements and acquisit ion strategy
budget and schedule recommendat ion based on a system concept
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Flight Demonstrat ion Closes CFM Technology Gaps

Primary mot ivat ion for the CPST technology demonstrat ion mission is to
enable long durat ion beyond LEO human explorat ion missions (Moon, NEA &
Mars)

A Cryogenic Chemical (LOX/LH2) Propulsion Stage (CPS), capable of storing and transferring
cryogenic propellants is considered required for all such missions.

Closing the technology gaps requires microgravity environment and opens the
trade space for future missions.

Required to demonstrate thermal and pressure control performance for long durat ion
storage
Required to demonstrate LAD performance for vapor-free liquid acquisit ion and transfer
Required to validate microgravity mass gauging systems

Propulsion applicat ions require a f light demo to address both storage &
transfer.

Must repeatedly get liquid (not pressurant gas) out of the tanks in space
Must verify that f luids leaving the tank are gas-free liquids
Verify quant i t ies of f luids on orbit, settled or unsettled

A f light demonstrat ion is the only way to close CFM technology gaps and ready the
Cryogenic Propulsion System for future in-space applicat ions.
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