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ABSTRACT

2) as a fuel on a large scale since the beginning of the 
space program for the Centaur and Apollo upper stages, and more recently for the three Space Shuttle 
main engines.  The LH2

advanced technologies and operations that can reduce commodity costs, and provide increased 

developed at KSC to pursue these goals by demonstrating active thermal control of the propellant 
state by direct heat removal using a cryocooler.  The project has multiple objectives including zero 

2 
storage tank.  A Linde LR1620 Brayton cycle refrigerator is used to produce up to 900 W cooling 

-

INTRODUCTION
In the 1960s NASA drove the large scale liquid hydrogen technology development in prepara-

tion for the Apollo moon missions, and continued to be one of the largest consumers of LH2 through 
the end of the Space Shuttle program in 2011.  In the 50 years since this early period of innovation, 
the industry has taken the lead in developing state-of-the-art in cryogenic systems, and NASA has 

bleeds, and vent losses [1]. Since production of liquid hydrogen is an energy intensive process [2], 
these losses constituted a large, unrecoverable cost on the order of several million dollars per year. 
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C19_048 2and drove the development of the Ground Operations Demonstration Unit for Liquid Hydrogen 

At the heart of the GODU-LH2 system is the concept of Integrated Refrigeration and Storage 

2

lift tank = 1) and no mass 

lift tank 2

2

space launch vehicles [3-5]. It has been reported that the positive impact on payload mass frac-

time, and may have a positive effect on unfavorable phenomena such as geysering.

Notardonato et.al. [8]. This system employed a Cryomech model AL330 Gifford-McMahon cryo-

-

Figure 1. GODU-LH2 Test Site
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lift tank

GH2

2 
3 or more).

-
changer for the GODU-LH2 IRAS tank.

-

GODU-LH2 SYSTEM OVERVIEW
-

2) for refrigeration precooling.  Figure 

IRAS Tank 
GODU-LH2 repurposed a 125 m3 cylindrical LH2 storage tank originally built by Minnesota 

to 311 K respectively, an inner diameter of 2.9 m and length of 21.8 m. 

Figure 2: Aerial View of the GODU-LH2 Test Site
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Installation of all internal components can best be described as a “ship in a bottle” approach, since 

-
ute the cold helium refrigerant throughout the tank volume, and provide some structural rigidity. It 

2

Refrigeration System

2 boiler for 
optional precooling, and numerous valves used for different operational modes.  Manual valves 
are employed at the helium supply and return bayonet connections to isolate the IRAS tank from 

Figure 3. Internal IRAS Tank Modifications
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and compressor oil, and an activated charcoal adsorber bed.  The compressor supplies the LR1620 

by GODU-LH2 personnel.
2 precooling at a 

-

2 
-

-

control by increasing system response.  

-

2O above atmo-

GH2
-

to the system must be de-mated prior to transporting.
Rejecting the heat of compression and cooling the compressor oil is accomplished via a custom 

Liquid nitrogen for helium precooling is supplied from a 20,000 L US Department of Trans-

2
periodically venting the ullage space. While running in precooling mode the internal Linde control 

2 pool inside the refrigerator using a bang-bang control scheme.  
Incoming GHe from the compressor is partially routed through the LN2
its temperature close to the LN2 boiling point before being fed back into the recuperators.  Boil-off 
vapor is vented to atmosphere out the side of the refrigeration container.  Use of LN2 in this man-
ner accounts for the 400 W increase in refrigeration capacity over the standard closed-loop cycle.

INTEGRATED REFRIG & STORAGE FOR LH2 OPERATIONS 517



C19_048 6

IRAS Vent System & Pneumatics 

ties into the 100 mm primary IRAS tank vent, and are activated remotely from the command and 
control trailer.  A vertical, open-air vaporizer is also employed in the system to provide tank pres-
surization for possible future LH2 transfer testing.  Since an over arching theme of GODU-LH2 
is to minimize, or completely eliminate, any hydrogen losses, under normal operation the IRAS 
tank is isolated from the vent system, and the refrigerator is used to control the pressure.  During 

3 helium storage capability, and three additional 
3 of gaseous nitrogen.. The facility nitrogen panel reduces the 

actuation, panel inerting, and purging of lines. Gaseous hydrogen is supplied to the site by com-

GODU-LH2 TESTING RESULTS
-

2.  

Figure 4. Refrigeration Container Showing the Refrigerator Module (foreground) and RSX Compres-
sor (background) (left); GHe VJ Piping Interfaced to IRAS Tank (right)
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2 cold-shock of the IRAS 

2 -

2

the transfer [13].  

2

Zero Boil-Off/Pressure Control 

drop the pressure as fast as possible, and then introduce heat until the refrigerator lift balances the 

-

2
testing at four different set-points.

the cryocooler is actually acting as a heater to drive the tank pressure up.  On average the tank 

Figure 5. ZBO Test Results at the 30% Fill Level 
(ZBO Set Points: SP1=124.1 kPa, SP2=120.7 kPa, SP3=127.6 kPa, SP4=113.8 kPa)
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r r

Hydrogen Liquefaction 
-

-
tion is not optimized to conduct hydrogen liquefaction.  Feeding ambient temperature GH2 directly 
into the tank is not the preferred method due the non-trivial ortho-to-para energy penalty that must 
be paid.  As a result, the GODU-LH2 liquefaction testing is aimed more at validating the ability of 

W at Tr = 28 K, GH2

2

2 for roughly 14 days prior to a 

Figure 6.  Liquefaction Test Results at the 30% Fill Level
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the triple point value of 13.8 K.  
Another interesting feature is the sharp dip in ullage temperatures seen around hour 260, at the 

same time the tank pressure appears to reach the triple point.  This is not believed to be a coinci-

2 
-

2 precooling. 
r r = 14.6 K.

CONCLUSION
The GODU-LH2 system has successfully demonstrated zero-boil-off, liquefaction, and den-

3

these at LH2

numerous maintenance challenges operating outdoors in a remote area of costal Florida.

Figure 7. Densification Test Results at the 30% Fill Level
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