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ABSTRACT 

This paper illustrates experiments that were 
conducted on the formation of solid hydrogen 
particles in liquid helium. Solid particles of hydrogen 
were frozen in liquid helium, and observed with a 
video camera. The solid hydrogen particle sizes, 
their molecular structure transitions, and their 
agglomeration times were estimated. Particle sizes of 
1.8 to 4.6 mm (0.07 to 0.18 in.) were measured. The 
particle agglomeration times were 0.5 to 11 minutes, 
depending on the loading of particles in the dewar. 
These experiments are the first step toward visually 
characterizing these particles, and allow designers to 
understand what issues must be addressed in atomic 
propellant feed system designs for future aerospace 
vehicles. 

ASTP 

DOE 
FCC 
FOV 
GLOW 
GRC 

H 
HCP 
H2 
He 
LLNL 

NASA 

OfF 
SMIRF 

STR 

NOMENCLATURE 

Advanced Space Transportation 
Program 
Department of Energy 
Face centered cubic 
Field of view 
Gross lift off weight 
Glenn Research Center (formerly 
known as Lewis) 
Atomic hydrogen 
Hexagonal close pack 
Molecular Hydrogen 
Helium 
Lawrence Livermore National 
Laboratory 
National Aeronautics and Space 
Administration 
Oxidizer to fuel ratio 
Supplemental Multilayer Insulation 
Research Facility 
Space Transportation Research 
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USAF 
wt.% 
xIL 

United States Air Force 
Weight percent 
Non-dimensional distance from 
dewar lid 

INTRODUCTION 

For over 67 years, the promise of atomic 
propellants has been pursued (Refs. 1-26). Using 
atoms of boron, carbon, or hydrogen, maintained at 
cryogenic temperatures, very exciting advances in 
rocket propellants and airbreathing fuels can be 
created. Over the decades, many details of the 
physics of storing such propellants have been 
analyzed and experimentally determined. Current 
research is underway with a team from the USAF, 
NASA, DOE, university, industry, and small business 
partners (Ref. 2). The extensive data that has been 
amassed over the last 67 years have shown increasing 
storage densities for atoms in solid cryogenic storage 
media, and that there may be future break-throughs 
that allow the more routine use of atoms for fuels. 

WHY ATOMIC PROPELLANTS? 

In the future, rocket and airbreathing propUlsion 
systems may be able to gain great benefits from the 
enormous power of atomic propellants. Figure 1 
shows the potential benefits of atomic hydrogen 
rockets for Earth launch missions (Refs. 3-8). Using 
a 15-wt. % atomic hydrogen fuel, the gross lift off 
weight (GLOW) of the launch vehicle can be reduced 
by 50 percent. The baseline rocket and payload 
weight for the comparison is an oxygen fhydrogen 
rocket taking 96,000 kg of payload to Earth orbit. For 
the atomic hydrogen fuel, the oxidizer to fuel (OIF) 
ratio is 0.0. Additional analyses and suggested 
optimal fuel selections for atomic rocket vehicles are 
presented in Refs. 3-6. 



SOLID HYDROGEN EXPERIMENTS 

Solid hydrogen particle formation in liquid 
helium was experimentally investigated. 
Experiments were planned to do an initial visual 
characterization of the particles, observe their 
formation, and molecular transformations (aging) 
while in liquid helium. The particle sizes, molecular 
transformations, and agglomeration times were 
estimated from video image analyses. 

Characterizing solid hydrogen particles is 
required before any practical propellant feed system 
can be created. Solid hydrogen particles were 
selected as a means of storing atomic propellants in 
future launch vehicles. When storing atoms of boron, 
carbon, hydrogen, or other atomic materials, a solid 
hydrogen particle is preferred. Very low temperature 
(T < 4 K) cryogenic particles have the ability to 
stabilize and prevent the atoms from recombining and 
controlling their lifetime. The particles and the atoms 
must remain at this low temperature until the fuel is 
introduced into the engine combustion (or 
recombination) chamber. 

EXPERIMENTAL SETUP 

The experiments were conducted in the 
Supplemental Multilayer Insulation Research Facility 
(SMIRF, Ref. 9). The facility has a vacuum tank, 
into which the experimental setup was placed. The 
vacuum tank is used to prevent heat leaks and 
subsequent boiloff of the liquid helium, and the 
supporting systems maintain the temperature and 
pressure of the liquid helium bath where the solid 
particles were created. 

The experimental setup included several key 
components. A small cryogenic dewar was used to 
contain the helium bath, in which the solid hydrogen 
particles were formed. The dewar was 711.2 mm (28 
in.) in height and had an inside diameter of 295 mm 
(11.625 in.). To create the solid hydrogen, liquid 
hydrogen at a temperature of 14 to 16 K was used. 
To contain the liquid hydrogen, a small stainless steel 
tank was used, which was 152.4 mm (6 in.) in 
diameter, and 610 mm (24 in.) long. To control the 
hydrogen flow, a precision flow valve was used, and 
a video camera recorded the particle formation. All 
of the flow control for the liquid hydrogen, liquid and 
gaseous helium, and nitrogen purge gases is provided 
by the SMIRF systems. 

In the first step of the hydrogen freezing process, 
the liquid hydrogen temperature was lowered to 14 to 
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16 K. This process allowed the hydrogen to be at a 
very low temperature, near its freezing point. 
Comparisons of the heat capacity of helium and the 
heats of liquefaction and fusion (solidification) of 
hydrogen led to the selection of conditioning the 
hydrogen to a very low temperature before releasing 
it onto the helium surface. Otherwise a large amount 
of helium would have been used to condense the 
gaseous hydrogen, liquefy it, and then finally freeze 
the hydrogen into solid particles. Large clouds of 
vapor that are created during higher speed hydrogen 
freezing would have also obscured the formation 
process, and thwarted efforts to see the final particles. 

Solid hydrogen is less dense than helium, so the 
hydrogen particles floated on the surface, simplifying 
the particle imaging. In an operational propulsion 
system, this buoyancy property will be overcome by 
gelling the helium, thus allowing the hydrogen 
particles to be suspended in the helium. During the 
testing, it was noted that the frozen hydrogen 
particles may also serve as an effective gelling agent 
for liquid helium. 

During the experimental runs, a small amount of 
liquid hydrogen was dropped onto the surface of the 
liquid helium. The hydrogen flow rate was selected 
as being 1I500th liter per second, so as to see the 
particles form, and eliminate any chance of the 
relatively warm liquid hydrogen vaporizing all of the 
liquid helium in the dewar. A small amount of the 
liquid helium contained in a dewar vaporized as it 
froze the hydrogen particles. 

Figure 2 shows the field of view (FOV) of the 
camera versus the distance from the dewar lid. Once 
the liquid helium's free surface is at xIL = 0.40 (295.4 
mm, or 11.63 in.), the liquid's entire surface is in the 
FOV. For runs 1,2, and 3, the helium liquid level 
was maintained at nearly 559 mm (22 in.) from the 
dewar lid (Table AI). This location was chosen 
based on the knowledge of the field of view of the 
camera. During runs 4 to 7, the liquid level was at 
the levels noted in Table AI, and was typically at 
406.4 mm (16 in.) below the lid. This height was 
chosen to see the particles with higher magnification, 
and to see if there were any specific phenomena that 
were not seen in the wider angle view. 

Table I shows the locations of the silicon diodes 
for the temperature measurements. The diodes have 
a temperature accuracy of ±I degree K, and they are 
attached to a non-metallic rake that extended from 
the dewar lid into the liquid helium. The diodes were 
mounted on circuit boards. A polycarbonate screw 
attached the top end of the circuit board to a 



polycarbonate rod. The upper end of the poly
carbonate rod was threaded and screwed into the 
underside of the helium dewar lid. 

TABLE I.-SILICON DIODE LOCATIONS 
IN HELIUM DEWAR 

L, DEWAR = 711.2 mm (28 IN.) 

Name 

SD4 (lid) 
LLl 
LL2 
LL3 
LL4 
LL5 
LL6 
LL 7 
LL8 
LL9 

Location below 
dewar lid (in.) 

o 
2 
4 
7 

10 
12 
14 
16 
19 
22 

The liquid hydrogen that exits the liquid tank is 
at a temperature of 14 to 16 K, just above it's freezing 
point. As the liquid hydrogen fell toward the helium 
surface, it begins to freeze and particles form 
immediately after hitting the helium surface. Some 
of the hydrogen appears to freeze as it falls, but some 
vaporizes as well. The hydrogen was a jet of fluid, 
with the outer shear layer vaporizing, but the central 
core remaining liquid for a short time, and finally 
freezing during the drop, and as it hits the helium 
surface. Figure 3 shows one of the frames captured 
from the videotape of the experiment. Tables II and 
Al summarize the timing for the experimental runs, 
where each solid hydrogen formation run began. 
There was an interval of between 25 and 65 minutes 
between runs. These time spans were chosen to 
allow the particles to agglomerate, and to observe any 
unusual or unexpected properties. A more detailed 
listing of the events from each run is provided in 
Appendix A. Also, the hydrogen temperatures prior 
to the hydrogen release are listing in Appendix A. 
The small particles were allowed to float on the 
helium surface for at least 25 minutes before adding 
more hydrogen. During that 25 minute minimum 
time span, they began to seek each other out, 
agglomerate into a larger collection of particles, and 
minimize their surface energy as they float on the 
helium. The particles also turned from clear or 
translucent crystals to cloudy crystals, implying a 
transition from face centered cubic (FCC) to 
hexagonal close pack (HCP) molecule packing 
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(Ref. 10). After allowing the first batch of particles 
to form over 3 experimental runs, we agitated the 
helium surface, and saw that the particle quickly 
broke up into their original smaller components. The, 
particles would then again begin to agglomerate. 
Additional flows of liquid hydrogen were frozen on 
the liquid helium surface, and a larger and larger 
mass of particles was observed. 

During the fall of the hydrogen onto the helium, 
some of the hydrogen went into the gas phase. Small 
clouds of hydrogen can be seen forming about the 
stream of hydrogen falling onto the free surface. 
Additional instrumentation will be needed to assess 
the total mass of hydrogen that is in the gas phase 
versus the solid particles. The temperature profiles 
of the dewar may shed light on the amount of gas 
formed, and a thermal and mass balance analysis can 
be conducted to more accurately measure the 
distribution of hydrogen gas and solid hydrogen in 
the dewar. A mass spectrometer can be used to 
determine the mass of hydrogen in the helium gas 
above the liquid helium. 

TABLE II.-SOLID HYDROGEN VIDEO EVENT 
TIMING 

Prior to the first run, the helium level is between 19 
and 22 in. below the lid. 

13:36:27 
14:13:35 
14:55:02 

The 1 st drop begins. 
The 2nd drop begins. 
The 3rd drop begins. 

A new helium level is selected. The helium level is 
now between 12 and 14 in. below the lid. 

15:59:34 
17:00:50 
17:25:51 
17:58:51 

The 4th drop begins. 
The 5th drop begins. 
The 6th drop begins. 
The 7th drop begins. 

SOLID HYDROGEN TESTING 
RESULTS 

Three major observations resulted from these 
solid hydrogen particle runs: particle sizes, 
agglomeration times, and the molecular transitions of 
the particles. Additional observations had to do with 
the thermal profile and stratification in the helium 
dewar, and the operational difficulties that were 
overcome with the test rig and setup. 



Particle sizes 

The solid hydrogen particles were analyzed by 
digitizing the video images, and measuring the sizes 
of the particles. These images are provided in 
Appendix B. The particle size measurements were 
corrected for the actual size of the particles using 
these equations: 

D, particle = D, measured x 
(D, dewar / D, image FOV) 

D, particle = Actual particle diameter (in.) 

D, measured Measured particle diameter (in.) 

D, dewar Dewar diameter (in.) 

D, image FOV Image diameter field of view (in.) 

Appendix A contains the raw data of the video 
observations. These data are the raw measurements 
of the particle and agglomeration sizes from the 
video observations. All of the observations were 
done with a black and white video camera, with a 
56 degree field of view. The lighting of the helium 
surface was with a fiber optic lighting system. The 
helium free surface was not always completely 
illuminated, especially for runs 4 to 7. The indirect 
illumination of the reflected light from the polished 
dewar surfaces allowed light to illuminate the 
shadows surrounding the lit free surface. 

Figure 4 shows the solid hydrogen particle sizes 
(D, particle). These particle sizes were the smallest 
particles that formed during the initial freezing of the 
hydrogen. Overall, the initial formed particles were 
1.8 to 4.6 mm (0.07 to 0.18 in.) in diameter. In this 
testing, no control was placed on the particle 
formation, other than the helium and hydrogen 
temperature and pressure and the flow rate of the 
hydrogen. The simple freezing process is somewhat 
random, and the particle will vary in size simply due 
to the random breakup of the stream of hydrogen that 
fell onto the helium during the freezing process. The 
other measurement variation of the particles from the 
video images that occurred was that all of the 
particles were not perfectly spherical or elliptical, 
thus an average size was measured. 

Molecular transitions 

Figure 5 depicts the transition time for the solid 
hydrogen. The transition time is the time it took for 
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the solid hydrogen to transition from face centered 
cubic (FCC) to hexagonal close packed (HCP). 
Figure 6 shows the relation of the molecular structure 
with hydrogen temperature (Ref. 10). This transition 
is noted by the time for the particle to transition from 
a clear particle to a cloudy particle. Overall, the 
transition was very fast, taking about 1 minute. 
However, there were many observations of the 
particles where they were translucent, and this 
translucence persisted for many minutes (see 
Appendix A). This translucence is a function of the 
temperature of the particles (Ref. 10), and the 
orientation of them in the agglomeration of particles. 
While the individual particles may appear cloudy 
quickly after the formation, the particles were still 
able to transmit light, and therefore there was a 
distribution of the FCC and the HCP structure in the 
particles. Additional analyses should be conducted to 
determine this distribution in the particles. 

Agglomeration times 

Figure 7 illustrates the agglomeration times for 
the hydrogen particles in the test runs. The typical 
agglomeration times for the first four runs were from 
5 minutes, 18 seconds to 10 minutes, 58 seconds. 
The differing agglomeration times are caused by the 
different mass of hydrogen in each drop, the agitation 
of the helium surface due to localized nucleate 
boiling, and the location of the hydrogen drop in 
relation to the agglomerate that was already in the 
tank. As an example, the agglomeration time on the 
fifth run was only 27 seconds. This time was so short 
because the newly introduced of hydrogen fell 
directly on the previous agglomerate of hydrogen 
particles. On the 7th run, the agglomeration time is 8 
minutes, 24 seconds, and this much longer time is 
mostly due to the larger mass of hydrogen that was 
released into the helium dewar. 

Thermal stratification 

The temperature profiles for the solid hydrogen 
test runs is shown in Figures 8, 9, 10, and II. In all 
runs, the liquid helium was maintained at 4 K. The 
freezing of the hydrogen was somewhat countered by 
the warm helium above the liquid surface. During 
Runs I to 3, as shown in Figure 8, the temperature of 
the dewar lid was between 184 and 213 K. The 
lower helium loading led to a higher than expected 
dewar lid temperature, and hence cause some of the 
hydrogen to vaporize rather than reach the helium 
surface. During the test runs, the video showed 
multiple particles of hydrogen forming, but also a 



small gas cloud about the hydrogen stream falling 
toward the surface. 

Runs 4 to 7 demonstrated significantly lower 
dewar lid temperatures: 127 to l38 K (Figure 10). 
These lower temperatures were due to the higher 
mass loading of helium in the tank, and the additional 
thermal conditioning of the tank, allowed by 
evacuating the tank after filling to the higher loading. 

Other Operational Issues 

Freezing of the hydrogen valve occurred over the 
course of the 7 runs. Table III summarizes the valve 
cycling required during the runs. On the second and 
fourth runs, the hydrogen valve was cycled twice and 
no flow occurred. On the third valve cycling attempt, 
the hydrogen was released onto the helium surface. 
The sixth run had one valve opening failure. The 
valve opened without fail on the first, third, fifth, and 
seventh run. 

TABLE I11.-VALVE OPERATION ATTEMPTS 
FOR LIQUID HYDROGEN 

Run number 

1 
2 
3 
4 
5 
6 
7 

Failed valve operations 
before flow occurred 

o 
2 
o 
2 
o 
1 
o 

Tables Al and IV list the on-time for the 
hydrogen flow into the helium dewar. During the 
testing, though the hydrogen valve was opened for a 
precise amount of time, the flow rate of the hydrogen 
is not precisely known due to the freezing of the 
valve. There were several potential problem areas 
with the valve and its failure to perform and they are 
being investigated. The valve was a cryogenic valve 
with an extended stem. The valve was motor 
operated and the motor was coupled to the valve stem 
and both of them are in the vacuum chamber. There 
was a brass bushing at the motor-stem interface. The 
bushing could be experiencing differential thermal 
contraction with respect to the stem. There also 
could be water in the actuator freezing the 
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mechanism. The oil in the stepper motor could be 
getting viscous, restricting the valve motion. Also, 
the stepper motor could be over heating in addition to 
any of the aforementioned effects. The mechanism 
(or the computer chip) could become hot because the 
valve is not moving and automatically shuts itself 
down until it cools off. As a first preventative 
measure, future testing should add heaters to the 
valve body to eliminate any condensation or other 
freezing of the valve. 

TABLE IV.-VALVE OPEN (FLOW) TIMES 
LIQUID HYDROGEN 

Run number 

1 
2 
3 
4 
5 
6 
7 

Commanded time 
hydrogen valve open 
for flow (s) 

12 
08 
11 
07 
08 
l3 
46 

ATOMIC PROPELLANT SYSTEMS 
IMPLICATIONS 

Feed systems sizing 

The particle sizes that were observed in this 
testing were millimeter sized. The smallest size 
created in this testing was about 0.07 in., about 
1.8 mm. This particle size seemed to form about 
50 percent of the particles created in this simple 
freezing process, with no significant process control, 
save for the freezing temperature, and a low flow 
rate. This formation of small particles bodes well for 
future formation experiments, and the ultimate 
propulsion system applications. To create an 
effective atomic propUlsion particle feed system, 
millimeter sized particles will be needed and were 
suggested in Ref. 1. If small particles are easily 
formed, then this will simplify future propellant 
manufacturing operations. 

CONCLUSIONS 

A series of experiments were conducted to 
freeze hydrogen particles in liquid helium. These 



experiments are a prelude to creating solid hydrogen 
particles as a storage medium for atomic boron, 
carbon, or hydrogen atoms. These experiments with 
solid hydrogen particles visually characterized the 
particles, their agglomeration times, and the freezing 
process effects. 

The operations of the apparatus were developed, 
and visualization of the hydrogen particles was easily 
obtained. The major difficulty was the freezing of 
the hydrogen valve, which prevented our efforts to 
obtain a precise hydrogen mass flow rate. The 
hydrogen mass flow rate can only be inferred from 
detailed analyses of the images, and estimating the 
mass of hydrogen on the helium surface. This valve 
difficulty should be remedied with small heaters of 
the valve body to prevent freezing. Also, a mass 
spectrometer should be employed to determine the 
mass of hydrogen and helium above the helium free 
surface. This spectrometer will allow the researcher 
to estimate the mass of hydrogen that vaporizes and 
does not reach the helium surface for freezing. The 
thermal stratification in the helium dewar created a 
small amount of hydrogen vaporization, and detracts 
from the particle formation rate. Efforts to reduce 
this stratification should be made. High loadings of 
helium in the dewar reduced the stratification, but it 
was not eliminated. 

The solid particles tended to agglomerate within 
a maximum of 11 minutes, and the agglomerate is 
very weak. As the hydrogen particles are buoyant in 
the helium, the agglomerate tends to compact itself 
into a flat pancake on the surface of the helium. The 
pancake agglomerate is easily broken apart by 
reducing the pressure above the liquid. The weak 
agglomerate implies that the particles can be used as 
a gelling agent for the liquid helium, as well as a 
storage medium for the atomic boron, carbon, or 
hydrogen. 

The smallest particle sizes that resulted from the 
initial freezing experiments were about 1.8 rum. 
About 50 percent of the particles formed are between 
1.8 to 4.6 rum in diameter. These very small particle 
sizes are encouraging for future formation 
experiments, where simpler operations will reduce 
the costs of production. 

The particle freezing process was completed 
almost immediately after a hydrogen drop, and the 
molecular structure of the hydrogen tended to change 
from FCC to HCP structure within 1 minute. This 
transition must be controlled to allow the deposition 
of atoms into the solid particles. Higher resolution 
video will be required to observe the particle 
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formation, and better understand the transition in 
such small particles. 

CONCLUDING REMARKS 

As further developments in atomic physics 
occur, our research will be able to increase the atom 
storage density in solid hydrogen. There are many 
avenues for improving the formation of the particles, 
and a cost effective way of creating them is being 
investigated. Particle formation has been conducted 
in many ways for future fusion energy research. The 
Lawrence Livermore National Laboratory (LLNL) 
has conducted extensive testing and fabrication of 
hydrogen particles for fusion energy research 
(Refs. 11 to 20). These formation experiments have 
created particles with precise surface facets that allow 
the introduction of laser energy into the particle. 
Such particle formation accuracy may be required for 
storing high densities of atoms. 

The USAF Research Laboratory (Refs. 21 and 
22) has conducted work in freezing atomic species 
and creating solid hydrogen samples for containing 
these species. Their research has led to a basic 
understanding of the limits of current physics and 
what barriers must be overcome to make these atomic 
fuels and propellants a reality. 

Atomic propellants are a shining hope for very 
high specific impulse rocket and airbreathing 
vehicles. Many years will be required to develop the 
capabilities for the high density storage of atoms, the 
low temperature feed systems, and the rocket engine 
recombination chambers. However, when these 
technologies are in hand, the future of aerospace will 
be revolutionized with the higher specific impulse 
propulsion systems. Atomic propellants can provide 
increases of many hundreds of seconds of specific 
impulse over conventional chemical propulsion, and 
with it large payload increases of 200 to 400 percent 
over 02/H2 rocket propulsion. The future beckons, 
for a bright new star is forming - atomic propellants. 
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Figure 3.--Solid hydrogen particle formation experiment. 
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Solid hydrogen: dewar thermal profile: Run 1·3·3/23/1999 
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APPENDIX A 

SOLID HYDROGEN VIDEO OBSERVATIONS-DATA SUMMARY TABLE 
MARCH 23,1999 

Table AI: Solid hydrogen test summary table 

Run Time for start Hydrogen flow: 
of test on time (s) 

1 13:36:27 12 
2 14:13:35 8 
3 14:55:02 11 
4 15:59:34 7 
5 17:00:50 8 
6 17:25:51 13 
7 17:58:51 46 

VIDEO OBSERVATIONS 

Run 1 or first drop 

Diameter, FOV = 8.25 inches 

Helium level is between 19 and 20 inches below the lid 
(8 and 9 inches from the bottom). 

13:36:27 

13:36:59 

13:41:45 

13:44:09 

13:45:00 

The 1 st drop begins. Solid hydrogen 
particles form from liquid hydrogen 
falling into liquid helium bath. The 
smallest particle sizes are 1116 to 118 inch 
diameter. 

Solid hydrogen agglomerates are a 
maximum size of 0.25 inches in diameter. 

All of the hydrogen has formed into one 
agglomerated mass. 1 and 118 inches by 
5/8 inch. 

The hydrogen particles are about 1116 to 
18 inch in diameter. They are generally 
dark in nature, and are not translucent. 

The solid hydrogen has formed into a 
dark mass, with some part being 
translucent. 

The agglomerate of the hydrogen 
particles has formed an irregularly shaped 
mass (peanut) 
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Hydrogen temperature Liquid helium location 
during drop (K) (inches below lid) 

19.03 19-23 
16.18 22 
16.32 22 
14.1 14-16 

16.17 16 
16.13 16 
16.87 16 

13:46:00 

13:47:22 

The agglomerate has a roughly circular 
shape. 

The apparatus is shaken to fix a problem 
and the shaking breaks up the particles. 

Run 2 or second drop 

Diameter, FOV = 8.25 inches 

14:13:35 

14:13:37 

14:13:52 

14:14:40 

14:14:52 

The 2nd drop begins. A second batch of 
liquid hydrogen is frozen in the liquid 
helium. The total mass of hydrogen is 
roughly 10 times that of the first drop. 

The solid hydrogen is already a dark 
color. 

The smallest solid hydrogen particles are 
1116 inch to 118 inch in diameter. 

The hydrogen particles have formed 2 
masses, one 2 and 118 inches by 1 and 114 
inches and one 2 and 114 inches by 1 and 
112 inches. There are lots of particles 
osculating and creating these masses. 

The hydrogen has nearly agglomerated 
into 1 mass, approximately 2.5 inches in 
diameter. 



14:14:59 

14:16:16 

14:23:15 

14:25:10 

14:25:53 

14:26:00 

14:35:17 

14:36:27 

14:50:10 

The two masses have still not met and 
fused. The smallest particles (1116 inch 
diameter) are still moving about the 2 
masses. 

Approximately 20 to 30 percent of the 
agglomerated hydrogen mass is very 
translucent and clear, and the rest very 
dark and much less translucent. 

The agglomeration is complete. 

The solid hydrogen is all dark, and not 
translucent any more. 

The pressure within the helium dewar is 
dropped, and the hydrogen agglomerate 
violently and quickly breaks up into tiny 
particles. 

The smallest particle sizes are 1116 inch. 

A mass at the top of the video frame 
comes out of the field of view (FOV). It 
is approximately 112 inch out of the FOV. 

The particles have agglomerated back 
into a single mass. 

As the mass sits in the liquid helium, 
there appears to be a shadow surrounding 
the agglomerate, and it looks like a vapor 
cloud. It appears at the right hand side of 
the agglomerate only. 

Run 3 or third drop 

Diameter, FOV = 8.25 inches 

14:55:02 

14:55:03 

The 3rd drop begins. Gas and particles 
fall toward the helium surface. The 
smallest particles are 1116 inch in 
diameter. 

The particles are very dark and still 1/16 
inch in diameter. The view is very 
cloudy. 
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14:59:00 

15:06:00 

15:11:26 

15:19:58 

15:32:03 

15:35:12 

15:36:04 

A haze of "clear cloud" is present and 
visible outside of the large agglomerated 
mass. The agglomerate is about 3.5 
inches in diameter. 

The agglomeration is complete. The 
mass is mostly dark, with 10 to 20 percent 
of the mass being clear. 

The mass is about 3 inches in diameter. It 
is sticking to the rake of silicon diodes. 

The pressure is lowered in the helium 
dewar, and mass of particles violently 
breaks up into smaller masses. The 
smallest particle is 1/16 inch, and the 
largest is a mass about 1 inch in diameter. 

There are 2 masses: 1 is dense, and the 
other is a loose agglomeration. 

Helium transfer begins. The agitation 
during the breakup is less violent than the 
last breakup event. The particles break 
up easily. 

All of the hydrogen has vaporized. 

Run 4 or fourth drop 

Diameter, FOV = 10.5 inches 

Helium level is between 12 and 14 inches below the 
lid. 

15:59:34 

16:07:52 

16:08:19 

The 4th drop begins. Hydrogen (from the 
previous tests) forms dark particles in the 
helium, and they are about 1116 inch in 
diameter. 

New hydrogen is dropped onto the 
surface, and the hydrogen forms dark 
particles (specks) in the helium, and they 
are about 1/16 inch in diameter. 

Particles (specks) move away from the 
wall. This appears that some of the 
hydrogen was frozen on the wall, and 
then fell to the surface. The particle 
diameters are 1/16 to 118 inch. 



16:09:45 

16:18:33 

16:25:29 

16:30:33 

16:37:10 

16:38:50 

16:47:30 

16:51:06 

Many small and larger agglomerates are 
forming: 1/8 inch to 1/4 inch. 

Agglomeration is complete. The 
agglomerate size is about 3 times that of 
Run 1. 

There appear to be hydrogen clouds over 
the liquid helium surface. 

Vacuum pump turned on to break: up the 
agglomeration on the surface. Clear and 
dark particles begin to agglomerate again. 
The agglomerate sizes are irregular in 
shape but range from 1/16 inch individual 
particles to 112 inch in size. 

The agglomerates are in sizes ranging 
from 1/4 inch to 1.5 inches. They are 
composed of particles, 1/2 of the particles 
are clear and half of them are cloudy. 

The agglomerate is now 2 inches in 
diameter, and the particles are loosely 
touching each other. The particles are 
almost all cloudy. 

The agglomeration is almost complete, 
and the particles are still loosely touching 
each other, with about a 50 percnet void 
fraction. The agglomerate is 1 inch by 
1.5 inches in size. 

The agglomeration is now complete. 

Run 5 or fifth drop 

Diameter, FOV = 10.5 inches 

17:00:50 

17:01:17 

17:08:11 

The 5th drop begins. New hydrogen is 
introduced into the dewar. The particle 
sizes are from 1/16 inch to 1/8 inch, with 
the greatest fraction (60 percent) being 
1/8 inch. 

The new particles agglomerate quickly, 
which is unexpected. The total mass of 
the agglomerate is about 4 times that of 
the 4th drop. 

There appears to be no edge shadow as 
was seen in the previous run. 
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Run 6 or sixth drop 

Diameter, FOV = 10.5 inches 

17:25:51 

17:26:54 

17:27:06 

17:29:00 

17:51:45 

The 6th drop begins. The new particles 
are 1/16 inch in diameter. Most of the 
hydrogen falls on the previous 
agglomerate. 

There is a significant amount of 
cloudiness in the view, and many 
particles have formed. The agglomerate 
mass is 2 times the mass of that from 
Run 5. 

The agglomeration is complete. 

The agglomeration is becoming denser, 
and it is darker on the outside, with 
lighter patches on the inside. The mass is 
an elliptical shape about 2 by 3.5 inches. 

The mass is moving in a circular motion, 
with particles exchanging position within 
the agglomerate, but the particles are still 
osculating. The mass remains in the 
upper right quadrant of the view. 

The agglomerate is coalescing further, 
and its size is now 2 inches by 2.5 inches, 
with an elliptical shape. 

Run 7 or seventh drop 

Diameter, FOV = 10.5 inches 

17:58:51 

17:58:58 

17:59:30 

17:59:43 

18:01:57 

The 7th drop begins. The particle sizes 
are 1/16 inch in diameter. 

The particle sizes are 1/16 inch and 1/8 
inch in diameter. 

The view is foggy in the dewar. The 
agglomeration is continuing. 

View is VERY foggy in the dewar. 

Agglomeration is complete, but the 
hydrogen is not transparent or clear. The 
view is terribly foggy from gas in the 
dewar. 



18:03:00 

18:07:15 

18:25:36 

18:28:00 

18:30:59 

Fog is clearing. The agglomerate is 3 to 4 
times the size of the Run 6 agglomerate. 

Fog is much clearer. The agglomerate 
looks like a pancake: 4 by 4.5 inches. 

Pressure is reduced in the dewar, and the 
particles break up. After the break up, the 
particles are 1116, 118, and 114 inch in 
size. 

The surface is quiescent, and the particles 
seem to be forming a gellant structure on 
the surface. The particles are spread out 
over the surface, but still osculating. 

The two large sets of particles touch one 
another, forming a gel-like structure over 
the helium surface. 
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18:33:00 

18:39:06 

18:42:37 

18:44:37 

18 

Almost all of the particles have 
agglomerated or are touching one 
another. The surface is very quiet. There 
are few or no disturbances. 

Helium is being evacuated from the 
dewar. Clouds are created during the 
evacuation. 

A mass of material that looks like a set of 
tentacles is in the upper right quadrant of 
the view (this may be frozen hydrogen). 

The tentacled mass breaks off and drops 
into the void. 



APPENDIXB 

SOLID HYDROGEN VIDEO IMAGES: MARCH 23, 1999 

Figure Bl.-Solid hydrogen images: 3/23/1999 - 13:36:11. 

Figure B2.-Solid hydrogen images: 3/23/1999 -13:37:00. 

Figure B3.-Solid hydrogen images: 3/23/1999 -13:37:10. 

NASAffM-2001-211292 19 



Figure B4.-Solid hydrogen images: 3/23/1999 -13:37:38. 

Figure B5.-Solid hydrogen images: 3/23/1999 - 13:38:21. 

Figure B6.-Solid hydrogen images: 3/23/1999 - 13:38:50. 

NASAffM-2001-211292 20 



Figure B7.-Solid hydrogen images: 3/23/1999 -13:58:32. 

Figure B8.-Solid hydrogen images: 3/23/1999 - 14:11:12. 

Figure B9.-Solid hydrogen images: 3/23/1999 - 14:13:45. 
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Figure BI0.--Solid hydrogen images: 3/23/1999 - 14:13:57. 

Figure Bll.--Solid hydrogen images: 3/23/1999 -14:14:25. 
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