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ABSTRACT 

 

 

 

 

In recent years, NASA has become interested in densified fuels such as solid 

hydrogen.  A change from liquid to solid-state fuel storage would result in an 

approximately 15% smaller onboard fuel tank, and thus a lower gross vehicle lift off 

weight.  A lower lift off weight would allow for heavier payloads, more crewmembers, or 

longer space flight missions.  The ability to store and use solid-state fuels would also lend 

to the possibility of more powerful atomic based propellants, such as boron or carbon, in 

the future.  However, currently used techniques for liquid based mass gauging, required 

for quantifying the remaining mass in onboard fuel tanks, are not applicable to solid mass 

gauging. A new mass gauging technique is required to implement the use of solid-state 

fuel. 

 It is required that this new mass gauging technique be capable of continuous 

measurement despite variations in fuel distribution, changes in gravitational forces, and 

other effects associated with mass in motion experienced during space flight. 

Furthermore, this technique and its related equipment must be minimally invasive to the 

fuel system, both mechanically and thermally.  Advanced Technologies Group (ATG), 

has recently developed an optical mass gauging system with promising results in ground 

based tests on liquid hydrogen. 

 The optical mass gauging system developed by ATG is coupled to a fuel tank via 

fiber-optic cables and utilizes the unique absorption spectra of molecular hydrogen, a 

tunable laser light source, a pseudo-integration optical sphere, and a spectrometer to 

gauge mass.  A nearly monochromatic light, including an absorption wavelength for 

molecular hydrogen at a given intensity, is reflected uniformly within the pseudo 

integration sphere containing hydrogen.  The intensity of the absorption wavelength is 

attenuated by hydrogen mass absorption, and the remainder is uniformly reflected about 

 xi



the internal surface of the pseudo-integration sphere.  A ratiometric calculation is then 

used to approximate the attenuation due to mass, and ultimately the mass present, based 

on intensity measurements taken for an absorption wavelength and a non-absorption 

wavelength from the spheres internal surface.  This system is minimally invasive and can 

be used to gauge quantities of solid mass by adjusting the emitted spectra to overlap the 

primary absorption wavelength of solid hydrogen at approximately 797.4 [nm]. 

 In the present work, a solid hydrogen particle generator was designed and 

fabricated to test the response of the solid hydrogen optical mass gauging system 

(SHOMGS) prototype developed by ATG.  The solid hydrogen particle generator 

consists of several components. Pre-cooled hydrogen gas (~80 K) was introduced from a 

cold trap into an encapsulated temperature controlled reservoir that was partially 

submerged in a bath of liquid helium at 4.2 K.  This reservoir utilized the latent heat of 

the liquid helium bath as well as the heat capacity of the helium vapor to condense the 

hydrogen gas into liquid at approximately 19 K.  Following condensation of a desired 

quantity of liquid hydrogen, the ullage in the reservoir was pressurized with helium gas to 

create a favorable pressure gradient for injection. A valve at the base of the reservoir was 

then opened to inject a fine spray of liquid hydrogen through an injection nozzle into a 

SHOMGS equipped pseudo-integration sphere containing a bath of liquid helium at 

approximately 4.2 K.  The liquid helium bath of the sphere is used to solidify the droplets 

of liquid hydrogen into solid particles.  A coaxial capacitor liquid level sensor was used 

in the liquid hydrogen reservoir to quantify the amount of mass injected from the particle 

generation system during each injection. 

 Seven experiments were conducted. In each experiment, 10 to 20 mass injections 

were made to determine the response of the SHOMGS and the reproducibility of the 

results from the particle generation system. Raw data was recorded of the liquid hydrogen 

conditions before and after each injection, as well as associated changes in capacitance. 

These values were then used to calculate the injected mass. In addition, raw data was 

recorded from the SHOMGS regarding changes in reflected light intensity corresponding 
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to each injection. Ratiometric analysis was performed on the light intensity data and this 

response was plotted against the quantities of mass injected to correlate the SHOMGS 

response. 

 Following this battery of tests, several conclusions were determined.  The solid 

hydrogen particle generator is capable of repeatable results and can provide known 

quantities of solid hydrogen with a calculated mass error of 10-20% dependant largely on 

the amount injected.  The SHOMGS developed by ATG exhibits responses correlated to 

changes in mass injected. Following further development, this prototype could be 

modified for use on future space flight platforms. 

 xiii



 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 
 

 

 

 

 In recent years the National Aeronautics and Space Administration (NASA) has 

become more and more interested in utilizing densified fuels, such as solid hydrogen, for 

next generation space flight platforms.  The primary benefit of such a system begins in 

the onboard storage tanks, currently used for liquid hydrogen and liquid oxygen.  For 

liquid hydrogen, going from a liquid to a solid state involves an increase in density of 

about 15%.  This change in density translates to a significant volume reduction when 

applied to a large quantity of fuel. Therefore, it can be seen that a 15% smaller storage 

tank would be necessary for a given fuel mass, thus leading to the possibility of greatly 

reducing the overall gross lift off weight (GLOW) of the space flight platform [1].  The 

direct benefit of this weight reduction is the capability of larger payloads or crews.  In 

addition to effecting the necessary size and weight of the spacecraft, solid hydrogen also 

has the potential to support different atomic propellants such as boron or carbon leading 

the way for much more powerful fuels in the future. [1] 

 However, just as with a change in any interrelated system, with the introduction 

of solid-state fuel storage comes the need for additional new technology.  One of the most 

fundamental needs brought on by this change concerns the mass gauging devices used to 

quantify amounts of fuel remaining onboard at all times.  In current liquid based systems, 

several techniques are available such as the use of non-condensable gas injection or heat 

capacity measurements.  Unfortunately, many of these liquid based techniques are not 

applicable to solid-state measurements.  Thus, in order to deal with the challenges of a 

solid-state system a new mass gauging technique has to be developed.  In addition to 

being capable of quantifying a solid mass, other challenges include the ability to make 
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measurements in an environment ranging from micro-gravity to multiple g’s, as well as 

remaining light weight and minimally invasive to the fuel tank itself. 

 Recently Advanced Technology Group (ATG), a small research and design based 

engineering company from Stewart, FL, devised an optical mass gauging system 

(OMGS), which has exhibited promising results in tests with liquid hydrogen [2,3].  This 

device utilizes a combination of laser light, an integrating optical sphere concept, and the 

light absorbing properties of the hydrogen to determine fuel mass. In an integrating 

sphere any amount of light that irradiates part of the sphere’s internal surface will be 

reflected sufficiently to bathe the remainder of the internal surface uniformly with light. 

If the integrating sphere contains hydrogen and the spectrum of emitted light contains the 

absorption band, a fraction of the light, proportional to the mass present, will be absorbed 

by the hydrogen while the remainder of the light will be reflected onto the sphere’s 

internal surface.   By adjusting the wavelength of light to the absorption band of solid 

hydrogen this device can gauge quantities of solid mass. 

 The predominant focus of this work involves the design, fabrication, and 

instrumentation of an experimental apparatus for generating solid hydrogen to test the 

solid hydrogen optical mass gauging system (SHOMGS) developed by ATG.  To 

accomplish this task, the developed apparatus is first used to condense hydrogen gas to a 

liquid state, where it is then collected in a reservoir instrumented with multiple level 

indicating devises.  Following the condensation of an appropriate amount of liquid, a 

known quantity is then injected into the SHOMGS pseudo-integrating sphere immersed 

in a bath of liquid helium.  Upon contact with the liquid helium interface, the liquid 

hydrogen spray then solidifies into solid particles in a matter of microseconds.   In this 

manner, a known mass of solid hydrogen particles can be created within the SHOMGS 

prototype developed by ATG.  The mass measurements taken from the SHOMGS can 

then be compared and analyzed against the quantity injected. 

 In the following thesis several topics are presented.   In Chapter 2 a review of 

several mass gauging techniques, including the SHOMGS utilized in this work, is 

entertained.  In Chapter 3, the design, fabrication, and assembly of the various 

components and subsystems comprising the solid hydrogen particle generation system 

developed for this work are discussed in detail.  Furthermore, a working knowledge of 

 2



the SHOMGS hardware developed by ATG is explained.  In Chapter 4, a detailed 

account of the procedures used for operating the solid hydrogen particle generation 

system and taking data during experiments, as well as some experimental troubleshooting 

tips are given.  Chapter 5 is devoted to explaining and analyzing the data recorded during 

two typical experiments.  In addition, several issues arising from the total battery of 

conducted experiments are discussed.  Finally, in Chapter 6 a summary of the 

accomplishments and conclusions from this work, as well as suggestions for future work 

are given. 

 

1.1 Relevant Properties of Hydrogen 
 

The purpose of this section is to introduce the reader to the chemical and physical 

properties unique to hydrogen, as well as some basic precautions that should be observed 

when handling and working with this potentially flammable substance.  Also, the 

thermodynamic properties relevant to the work contained in this thesis are displayed to 

provide the reader with a basis for understanding the various processes to be discussed. 

 Two major issues exist with regard to flammability and combustion of hydrogen. 

First, it should be noted that for hydrogen to become flammable, it must be in contact 

with an oxidizer. For this reason, special care should be taken to avoid contaminating any 

space in the experimental apparatus with air before, during, or after operation. In light of 

this concern, the procedures described in Chapter 4 for operation include properly 

evacuating and purging all spaces with helium gas prior to use.  In addition, precautions 

for using manual relief valves as well as safe practices for post experimental warm-up are 

given to avoid the possibility of contamination. Secondly, in the event that the hydrogen 

is mixed with oxygen, the appropriate ignition temperature for this mixture, 

approximately 500-571
0
C, would have to be achieved. As the experiments conducted in 

this work are performed at low temperatures (< 20 K), this only becomes a concern when 

gas is vented into the room in such cases as changing the hydrogen supply cylinder, 

during manual relief, or during the post experimental session. At these times care should 

be taken to avoid any spark or fire hazards in the room such as faulty electrical devices. 

Naturally occurring hydrogen appears most often as a diatomic molecule (H2), 

with a molecular mass of 2.016 [g/mol]. Deuterium, with an atomic mass ~2 [g/mol] is 
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rare, occurring in 1:6400 natural hydrogen.  In addition, there exists the radioactive 

isotope, tritium, with an atomic mass of ~3 [g/mol].  The experiments conducted for this 

work pertain solely to the diatomic form of hydrogen, H2, and from this point forward 

any references made to hydrogen or deuterium will pertain to the diatomic molecular 

forms H2 and D2.

 One of the most interesting and unique properties possessed by hydrogen is its 

existence at two different molecular states; ortho-hydrogen and para-hydrogen.  

Equilibrium hydrogen (e-H2) contains a co-existence of these two forms in varying 

percentages dependant on temperature.  At ambient temperature, “normal” hydrogen, n-

H2, contains a mixture of 75% ortho-hydrogen and 25% para-hydrogen by volume.  As 

temperature is lowered, given enough time for equilibrium to be established, this 

percentage will change as the fraction of para-hydrogen increases.  At the normal boiling 

point of 20.4 K, e-H2 contains a mixture of 0.21% ortho-hydrogen and 99.79% para-

hydrogen.  The concept of equilibrium and the time required to achieve it are discussed 

later. 

 On a fundamental level, the terms “ortho” and “para” refer to the nuclear spin 

state of the hydrogen molecule.  Hydrogen molecules posses two protons, each having its 

own spin, which in turn gives rise to angular momentum.  When the proton spins are in 

the same direction, the hydrogen is known as ortho-hydrogen.  On the other hand, when 

the nuclear spins are in opposite directions, the hydrogen is called para-hydrogen.  It 

should be noted that deuterium molecules also posses ortho and para states, however the 

percentage of each state per volume for deuterium differs from that of hydrogen.  

Furthermore, the molecular combination known as hydrogen deuteride, HD, only exists 

in one form [12]. 

 The physical properties of hydrogen, such as vapor pressure, liquid density, and 

triple point temperature and pressure are only mildly dependant on ortho-para content.  

However, there is a considerable energy difference between the ortho and para states, 

causing such properties as specific heat and thermal conductivity to be dependant on the 

overall composition ratio [13].  Due to this difference in energy between the two states, 

where para-hydrogen is the lower energy form, some special consideration is needed 

when storing liquid hydrogen for long periods.  As the mixture ratio of ortho-para 
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hydrogen begins to equilibrate a considerable amount of energy will be released, causing 

the liquid to boil even in a well-insulated container.   For example, if n-H2 is liquefied at 

20 K, as it begins to equilibrate toward e-H2 at 99.79% para hydrogen the heat of 

conversion released is on the order of 700 [J/g], which is greater than the latent heat of  

~445 [J/g]. 

 If n-H2 is liquefied without the use of a catalyst it will retain its original ortho-

para content ratio of 75% o-H2, 25% p-H2, for a long time, taking several thousand hours 

to approach equilibrium as seen below in Figure 1.2-1.  In this graph the line labeled 

M/M0 represents the fraction of the original amount of liquid remaining in a given 

container as a result of the boil off related to conversion energy, a similar rate of 

conversion occurs in solid H2.  For this reason, due to the relatively short time under 

which the liquefaction and solidification processes are conducted in the present work, it is 

assumed that the hydrogen retains its original “normal-hydrogen” percent ratio per 

volume of 75% o-H2 25% p-H2 throughout each experiment.  Finally, as no evidence 

currently supports any optical property dependence on ortho-para content for solid 

hydrogen at or above 4.2 K, concerns over the percentage of ortho-para hydrogen content 

in the present experiments have been disregarded and all calculations and approximations 

are based on the properties of n-H2.   

 

 
Figure 1.2-1 (Time rate of ortho-para hydrogen conversion and ratio of original liquid mass remaining   

for liquefied n-H2) 
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Contained in the tables below are the relevant thermodynamic properties for n-H2 

that were utilized for the analysis of the various processes involved in this work. 

 

 

 
Figure1.2-2 (Phase diagram of a pure substance) 

 

 

 

 
Table 1.2-1 (Triple point, Critical point, and Normal boiling point property values for n-H2)   

Timmerhaus &Flynn 

Property Description Value Units 

Triple point temperature 13.957 [K] 

Triple point pressure 0.007204 [Mpa] 

Triple point density (vapor, liquid, solid) 0.130, 77.2, 86.71 [kg/m
3
] 

Normal boiling point temperature 20.39 [K] 

Normal boiling point density (vapor, liquid) 1.331, 71.0 [kg/m
3
] 

Critical temperature 33.19 [K] 

Critical pressure 1.315 [Mpa] 

Critical density (Liquid and vapor) 30.12 [kg/m
3
] 
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Table 1.2-2 (Saturated liquid properties for n-H2) 

Timmerhaus & Flynn 

Temperature 

[K] 

Saturated Pressure 

[kPa] 

Density 

[kg/m
3
] 

14 7.4 76.85 

16 20.4 75.10 

18 46.1 73.19 

20.39 101.3 70.79 

22 158.5 68.72 

24 257.9 66.01 

26 395.0 62.83 

28 577.0 58.97 

30 811.6 53.93 

32 1106.8 45.99 
 

 

Table 1.2-3  (Molar volumes for n-H2 at different temperatures) 

P. Clark Souers 

Temperature 
[K] 

n-H2 Molar Volume 
[µ(m

3
)/mol] 

2 22.787 

4 22.820 

6 22.851 

8 22.887 

10 22.939 

12 23.022 

13 23.082 

 

 
Table 1.2-4 (Total enthalpy for solid and liquid n-H2.  Numbers above the asterisk represent solid, and the 

numbers below the asterisk are liquid.) 

P. Clark Souers 

Temperature 

[K] 

Enthalpy 

[J/mol] 
4.2 10 

6 13 

8 15 

10 18 

12 23 

14 153* 

16 180 

18 210 

20 245 

22 290 

24 330 

26 380 

28 430 

30 510 

32 620 
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CHAPTER 2 

 

REVIEW OF LIQUID LEVEL AND MASS GAUGING 

TECHNIQUES 
 

 

 

 

A large variety of techniques for gauging the mass, or volume, of fuel remaining 

in a tank are available.  However, each manner of level detection comes with its own 

advantages and disadvantages, as well as varying feasibility for space flight applications.  

Many of these methods are not suitable for low gravity environments simply because 

they rely on gravitational forces to maintain a uniform distribution in the substance being 

gauged.  In addition, some techniques capable of liquid or vapor mass gauging are not 

adequate for solid mass gauging due to their in ability to discriminate between the 

presence of each from.  To succeed in properly measuring the amount of mass present in 

a system that is exposed to a variable g environment, a technique must be reliable 

independent of fluctuations in gravitational forces, changes in mass distribution, and 

changes in properties, which may be associated with changes of state or compressibility.   

In the proceeding chapter several commonly used techniques for liquid level gauging and 

mass gauging are discussed in detail. 

 

2.1 Vapor Discriminating Diode Level Gauging 
 

 One method proven useful for liquid level indication involves the use of silicon 

diodes as liquid-vapor interface discriminators.  Research has shown that by supplying 

the diode with a sufficient excitation current, a voltage difference can be easily measured 

when transitioning from liquid to vapor across the diode’s surface interface [4].  Due to 

the change in heat transfer coefficient in the liquid versus the vapor environment, the rate 

at which heat is removed from the diode is greatly reduced when it becomes exposed to 

vapor only.  Because the diode is a semi-conducting device, as the temperature of the 
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diode increases, its resistance as measured by the voltage across it at constant current 

decreases.  In this manner the diode becomes very effective as a point level indicator. 

Thus, given a symmetric tank instrumented with an array of incrementally spaced diodes, 

the liquid level and ultimately the remaining volume can be determined at any time.  

Unfortunately, this method is only applicable to liquid based measurements in 

gravitational environments where the fluid is always uniformly located in the “bottom” of 

the tank. 

 

2.2 Capacitance Probe Level Gauging 
 

 Utilizing the two plates of a capacitor, most commonly pieces of concentric 

tubing, presents yet another method commonly used for continuous fluid level indication. 

In practice, the annulus formed between the tubes is filled with some percentage of liquid 

and vapor each possessing its own dielectric constant. As the levels of liquid and vapor 

change, the capacitance measured across the gauge will change accordingly [5].  

Therefore, the height of the liquid in the gauge, and thus the level of the liquid in a given 

container, can be determined from the measured capacitance through the use of the 

following relationships given for a cylindrical capacitor [6]. 
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Where C represents the total measured capacitance across the gauge, Cl, Hl, and kl, 

represent the capacitance, height, and dielectric constant respectively of the liquid within 

the gauge, Cv, Hv, and kv, represent the given vapor properties respectively, 0 is the 

permittivity constant, ri and ro represent the corresponding inner and outer radiuses of the 

annulus between the tubes, and H represents the total length of the capacitor (H = Hl + 

Hv).     
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   Several issues should be taken into consideration concerning the use of 

capacitance level gauging. The sensitivity of such a gauge can be increased by reducing 

the gap between the plates, which in turn reduces the “fringing” effect near the ends of 

the plates [5] that could compromise the overall effective length of the gauge.  Secondly, 

depending on the distance between the plates, a capillary effect can occur causing the 

liquid in the gauge to creep above the actual free surface in the bath. Thus, the desired 

separation of the plates is an object of optimization.  Fortunately, as can be seen from the 

relationships above, the liquid level as a function of capacitance takes on a linear form 

and by observing a few measurements at known points most undesirable effects can be 

factored out as offsets.  Previous research has shown this technique to be very reliable 

and accurate [2,3,4,6,7] for liquid and vapor measurements in a gravitational environment 

where the fluid tends to settle uniformly in one direction, however it is not capable of 

solid-state measurements, as solid materials would not be uniformly distributed either in 

bulk or when suspended in a liquid bath.  

 

2.3 Compressibility Mass Gauging 
 

 Compressibility gauging, also known as the PVT method, utilizes changes in gas 

pressure to determine the remaining volume and mass of fuel in a given tank with a 

known temperature.  This technique has been achieved in a variety of ways.  One method 

is to simply compress the ullage in the tank by some mechanical means such as a bellows 

or piston assembly [7,8,9].  Another approach, which can be used in conjunction with a 

mechanical actuator, or solely by the use of a separate higher-pressure reservoir, is 

known as the foreign mass injection method (FMIM) [9], which entails injecting a known 

mass of a non-condensing non-mixing foreign gas such as helium into the fuel tank.  

Regardless of the initial approach, ultimately the resulting change in gas pressure due to a 

decrease in fuel volume can be used to predict the present fuel mass given that the bath 

temperature and density are known. In general theory the pressure and volume 

relationship can be determined from an equation of state, or by a difference expression as 

follows [8]: 

 
P

V
PV

∆
∆

−= γ  (2-3) 
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where γ represents the specific heat ratio for an adiabatic process, P represents the total 

tank pressure, ∆P represents the change in tank pressure, and ∆V represents the change in 

volume of the tank contents [8]. 

 This technique is very appealing because in theory it is independent of fuel 

orientation, thus making it applicable to the micro-gravity environments experienced in 

space. In practice, however, many aspects including liquid compressibility, tank 

elasticity, heat mass and momentum effects involved with boundary layer formations at 

tank walls, and density and gas stratifications due to loss of gravitational buoyancy forces 

to name a few, must be taken into close consideration and modeled into the expression 

above [8].  Despite the complexity of such mathematical relationships, ground based as 

well as some space testing conducted in prior research has shown promising results with 

reliable accuracy [7,8,9].  Unfortunately, some obstacles are faced when trying to apply 

this technique to fuels such as solid or slush (liquid + solid at the triple point) hydrogen. 

Predominantly, while the decreasing fuel volume would still result in a change in gas 

pressure, it would be nearly impossible to determine the mass of some liquid / solid 

mixture, where fuel densities would be greatly different.     

 

2.4 Calorimetric Mass Gauging  
 

 Calorimetric gauging is based on knowledge of thermal properties, as well as the 

corresponding change in temperature that results from a known heat pulse, to determine 

the amount of mass present in a system.  Upon inspection of the energy balance equation, 

it can be seen that heat applied to a system becomes directly proportional to a change in 

enthalpy for the substance being gauged.  For cases where the substance is 

incompressible, such as liquid or solid, this change in enthalpy can be further reduced to 

a change in internal energy given by the product of the mass present, the specific heat, 

and the total change in temperature. 

  (2-5) ∫= F

i

T

T
applied CdTmQ

Thus, with sufficient instrumentation to provide an accurate temperature profile and 

knowledge of the specific heat as a function of temperature, the amount of mass in a 

given container can be obtained.  It should also be noted that with sufficient 
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instrumentation this technique requires no knowledge of the orientation of fuel and thus 

is excellent for space flight applications.  However, while excellent results have been 

achieved using this technique with superfluid helium [10], several obstacles are presented 

when faced with the task of gauging hydrogen in liquid or solid state 

 In the case of liquid hydrogen, for example, the thermal diffusivity is some four 

orders of magnitude lower in comparison to superfluid helium, which results in a much 

slower response to a heat pulse. Thus, as it would take much longer to reach an 

equilibrating bath temperature, time between mass measurements would be extensive. 

While this problem may be addressed by means of increasing the number of 

thermometers and the size of heaters, or by introducing some highly conductive thermal 

matrix to the bath, these solutions come at a great cost of weight and complexity to the 

system.  Furthermore, as little is known about some of its key thermal properties, 

applying this technique to the gauging of solid hydrogen would be even more complex.      

 

2.5 Optical Mass Gauging 
 

 When a spectrum of light is emitted onto an object, some light will be reflected 

from the surface, some light will be absorbed, and some light will be transmitted through 

the object, where the relative fraction of reflected, absorbed, and transmitted light is 

generally a function of wavelength.  For any particular material, the transmission or 

absorption spectrum is unique.  Thus, a full spectrum forms an optical “fingerprint” for a 

particular material that can be used to detect its existence.  Figure 2.5-1 is a transmission 

spectra plot for wavelengths transmitted and absorbed by solid and liquid hydrogen, 

where the dips in the graph represent different bands of absorption wavelengths due to 

molecular excitations. 
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Figure 2.5-1 (Transmission spectra for liquid and solid hydrogen) 

 

 

 

 This concept of every substance having its own optical fingerprint can be used in 

conjunction with a tunable light source, an integration sphere, and a spectrometer, to 

ultimately gauge the amount of mass present for a given substance.  An integrating 

sphere is a hollow sphere with a reflective, optically diffuse coating on its inner surface.  

In this configuration any amount of light that irradiates even the smallest point on the 

sphere’s internal surface will undergo multiple reflections over the entire surface until it 

is uniformly bathed in light.  Therefore, if a narrow spectrum of light including the 

absorption band for a particular substance is emitted at some given intensity into an 

integrating sphere containing that substance, a fraction of the light emitted will be 

absorbed and the remainder will be uniformly reflected about the sphere’s internal 

surface. 
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Figure 2.5-2 (Model integrating sphere containing some mass of fuel) 

 

 

 

 Following this integration of light about the internal surface, the intensity of the 

absorption wavelength being reflected can be measured and compared with the original 

intensity of emission, whereby, the amount of attenuation from the signal’s original 

intensity will be proportional to the amount of mass present.  In practice, however, a 

perfect integration sphere is unattainable.  For this reason, some additional signal 

attenuation will occur due to imperfections in the sphere or non-uniformities in the 

environment enclosed by sphere, including surface deterioration over time and 

obstructions or additions to the surface, which may impede continuous reflection.  In 

light of this fact, a ratiometric approach can be taken to approximate the signal 

attenuation due to mass. 

While a wavelength contained in the absorption-band will see attenuation due to 

the mass present as well as the imperfections in the system, a non-absorption-band 

wavelength will only experience attenuation induced by the system.  This is depicted in 

Figure 2.5-3 and the corresponding example given in equations (2.6) below. 
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Figure 2.5-3 (Relative changes in intensity for the absorption band wavelength, 797.4 [nm], as well as a 

wavelength outside the absorption band.  Curve 1 represents the given intensities prior to a mass injection, 

and curve 2 represents the given intensities after a mass injection)  
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Equations (2.6) show how the ratio of the changes in intensity for an absorption band 

wavelength and a non-absorption band wavelength being reflected onto the internal 

surface a pseudo-integrating sphere is proportional to the change in mass present. Where 

∆I797.4 represents the change in reflected intensity of the absorption wavelength, ∆I0 

represents the change in reflected intensity of the non-absorption band wavelength, ∆Asys 

represents the signal attenuation due to system imperfections, ∆Amass represents the signal 

attenuation due to mass present, and ∆Minjected represents the increase in mass present due 

to an injection.  This ratiometric analysis of the light being received from the internal 

surface of a pseudo-integrating sphere is ultimately used in an Optical Mass Gauging 
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System (OMGS) to determine the amount of mass present in a given container.  

Furthermore, the response from an OMGS can be calibrated when it is used in 

conjunction with an alternate method of mass gauging such as a continuous capacitance 

probe or a rake of vapor discriminating diodes.   

 Advanced Technologies Group (ATG), a small research and design based 

engineering company from Stewart, FL, has developed such an OMGS, which 

demonstrated promising results using this ratiometric approach to determine the amount 

of liquid hydrogen present in a ground based storage tank.  The OMGS developed by 

ATG utilizes a temperature controlled tunable laser diode to produce a light source with a 

spectral line width of 2-3 nm tuned to overlap the primary absorption band wavelength of 

hydrogen at ~797 nm. This system utilized the liquid hydrogen storage tank as a pseudo-

integrating sphere, and a spectrometer to scan and plot the varying wavelength intensities 

being reflected onto the tank’s internal surface.   The ratiometric analysis of this system’s 

response to varying liquid hydrogen fill levels is plotted in Figure 2.5.4 against 

measurements taken from the tank’s own continuous capacitance level gauging probe, 

which had been pre-calibrated in-situ using instrumentation rakes of vapor discriminating 

diodes.   

 

 
Figure 2.5-4 (Ratiometric response curve from ground based liquid hydrogen test) 
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CHAPTER 3 

 

EXPERIMENTAL APPARATUS 
 

 

 

 

 Once the need to test a Solid Hydrogen Optical Mass Gauging System prototype 

was defined, the next step was to design and fabricate an appropriate testing apparatus.  

The main objective for this apparatus was that it be capable of placing a known mass of 

solid hydrogen into a container equipped with SHOMGS instrumentation, for the purpose 

of quantifying the accuracy of such equipment currently being developed.  To further 

define the concept for the testing apparatus, it was known that the hydrogen would be 

supplied to the testing rig from a room temperature gas cylinder and a liquid helium bath 

at 4.2 K would be used to solidify the hydrogen within the SHOMGS container.  Due to 

the cost of liquid helium and its low latent heat, it was desirable for the apparatus to first 

condense the hydrogen from a gaseous to a liquid-state, bringing it as close as possible to 

the solid-state temperature, before depositing it into the SHOMGS in the form of a fine 

spray, where it would be in direct contact with the liquid helium bath and solidify into 

small particles. Finally, some mechanism for controlling and quantifying the mass of 

hydrogen transferred to the SHOMGS was required. 

 These concepts were combined to form a multi-component system for solid 

hydrogen particle generation as depicted in Figure 3-1.  In this schematic, an 

encapsulated reservoir is partially submerged in a bath of liquid helium.  Pre-cooled 

hydrogen gas is transferred to this reservoir, which utilizes the latent heat of the liquid 

helium bath as well as the heat capacity of the helium vapor to condense the hydrogen 

gas to liquid.  The ullage space above the liquid hydrogen is then pressurized with helium 

gas to create a suitable pressure gradient for injection.  Following this, a valve between 

the liquid hydrogen reservoir and the related SHOMGS instrumented sphere is opened to 
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inject a spray of liquid hydrogen.  The liquid helium bath contained within this sphere 

solidifies the liquid hydrogen droplets into solid particles. 

 

 

 
Figure 3-1(Generalized solid hydrogen particle generation schematic.) 

 

 

 

The present solid hydrogen particle generator is based on a modified design 

concept from a previously tested particle generation system [15]. The liquid hydrogen 

condensation and injection apparatus that was ultimately developed can be divided into 

two major subsystems; 1) the mechanical apparatus and related valves and plumbing 

loops responsible for condensing and injecting liquid hydrogen into the liquid helium 

bath, and 2) the electrical and instrumentation components responsible for continuously 

monitoring and maintaining temperatures as well as quantifying the amounts of hydrogen 
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mass injected.  In the following subsections the major components of the final system 

developed will be discussed, as well as some explanation regarding their special design 

features. 

 

3.1 Mechanical Apparatus  

 

The mechanical components of the solid hydrogen generation system can be 

further broken down into three major subsystems consisting of: 1) Liquid Hydrogen 

Condensation Loop; 2) Vacuum / Heat Exchange Jacket; and 3) Injection system. In 

addition all of the volumes contained in the various chambers of this system are 

interconnected through multiple valves and plumbing loops, as mentioned previously, for 

the purpose of operation and fluid management. 

 

 

 
Fig. 3.1-1 (Mechanical Schematic) 

 

 

 19



3.1.1 Liquid Hydrogen Condensation Loop 

 

The liquid hydrogen condensation loop utilized in this system is composed of a 

liquid-nitrogen heat-exchange pre-cooler, and a liquid hydrogen condensation and 

collection reservoir, which are directly connected by means of a vacuum-jacketed transfer 

line.  Working together in series, these components are ultimately responsible for the 

liquefaction of hydrogen gas from a room temperature supply cylinder at regulated 

pressure, down to the liquid state with a temperature of 15-19 K. 

In the following section the physical construction of the pre-cooler and its 

connection to the condensation reservoir are discussed.  Furthermore, a brief comparison 

of the changes in enthalpy corresponding to hydrogen liquefaction with and without a 

pre-cooler are reviewed to demonstrate the benefit of including this component in the 

final system.  Finally, in the subsequent section, the condensation reservoir and its design 

features are discussed. 

 

3.1.1-1 Liquid Nitrogen Pre-Cooler 

 

 

 
Figure 3.1.1-1 (Copper coil heat exchanger in liquid nitrogen flask with transfer line and supply valve) 

 

 

The heat exchanger utilized in this system is constructed of standard 3/8” soft 

copper tubing, which has been wrapped by hand around a mandrel into the free-standing 

coil configuration seen above in Figure 3.1.1-1.  The coil was then connected through a 
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series of compression fittings to the vacuum jacketed transfer line, which protrudes down 

through the center of the coil to receive the pre-cooled gas exiting from the heat 

exchanger.  As seen in the figure above, room-temperature gas from a supply cylinder is 

introduced directly to the top of the coil through the use of an in-line supply valve. 

During operation, the flask pictured above is filled with liquid nitrogen so that the coil is 

completely submerged. 

From its connection with the pre-cooler, the vacuum-jacketed transfer line 

extends down through the top-flange of the experimental cryostat to the condensation 

reservoir at the heart of the liquid hydrogen injection system.  As discussed in detail later, 

special measures were taken to maintain a proper seal around the transfer line as is first 

penetrates the reservoirs heat-exchange jacket before interfacing with the condensation 

reservoir.  In order to ensure the flow path of the pre-cooled gas and a sound connection 

with the reservoir, a specially machined bayonet-type transfer socket was welded directly 

to the condensation reservoir’s top flange and used to engage the transfer line.  Once the 

transfer line was inserted into this socket a solder joint was used to ensure a leak tight 

flow circuit. This transfer socket can be seen below in Figure 3.2.1-2. 

A major concern in any cryogenic experiment is reducing the parasitic heat leak 

to the cryogen.  Due to its high cost and low latent heat, this concern becomes even more 

relevant in experiments involving liquid helium.   It was for this reason that the concept 

of a pre-cooler was implemented into the condensation loop for the particle injector 

design.  While the given pressures throughout the actual process are not known, a brief 

theoretical illustration using the data from Tables 3.1.1-1, 2 below lends some 

appreciation to the use of a liquid-nitrogen pre-cooler.  Without this stage, the hydrogen 

gas would be introduced into the system directly from a supply cylinder at 300 K.  Thus, 

the liquid helium bath inside the cryostat would be solely responsible for removing the 

internal energy of the hydrogen and lowering its temperature to 18 K. However, with the 

aid of this pre-cooler, the hydrogen gas can now be considered to enter the system at 

approximately 80 K. Therefore, by comparing the differences in enthalpies for each 

scenario, it can be seen that the pre-cooling stage serves to remove roughly 80 percent of 

the energy required for liquefaction at 18 K. 
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Table 3.1.1-1(Enthalpy of hydrogen at constant pressure) 

 
 
 

 

Table 3.1.1-2 (Properties of saturated liquid helium) 

Property Symbol Value Units 

Temperature T 4.2 [K] 

Latent Heat of Vaporization hfg 20.6 [kJ/kg] 

Liquid Density ρ 125 [kg/m
3
] 

 

 

 

 The impact of this exercise can be taken a step further by calculating the amount 

of helium saved through the addition of this stage. By design, approximately 50 grams of 

hydrogen are required to fill the condensation reservoir with liquid. Furthermore, due to 

this experiment utilizing a helium bath at 4.2 K and the reservoir being maintained at 18 

K, it is primarily the latent heat of the helium that is responsible for the energy extracted. 

Thus, by once again considering the corresponding differences in enthalpy between the 

two scenarios, the amount of liquid helium required for the liquefaction of this quantity 

of hydrogen can be evaluated from the expressions below.  

 

 
Table 3.1.1-3 (Approximation of the liquid helium required for hydrogen liquefaction with and without a pre-cooler) 
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While this exercise is an approximation, it can be seen that it would require roughly 

seven times the liquid helium per unit volume to condense the same amount of hydrogen 

without the use of liquid nitrogen pre-cooling.  

 

3.1.1-2 Hydrogen Condensation and Collection Reservoir 

 

The condensation reservoir, located in the heart of the injection system, is 

fabricated of three major components, each of which is machined from 304L stainless 

steel. 

 

 

 
Figure 3.1.1-2 (Liquid H2 condensation /collection reservoir)  

 

 

The top flange of the condensation reservoir serves multiple purposes, and as such 

is the most intricately machined component.  In addition to closing off the top of the 

reservoir, this flange provides mechanical support as well as a sealing interface for the 

multiple penetrations into the canister below.  To facilitate the mounting of such things as 

the capacitance level gauge assembly and internal bath heater, to be discussed in detail 

later, the top of this flange is machined with two independent tapped bolt hole circles.  

Furthermore, to avoid compromising the vacuum-tight seal in the reservoir, each of these 

mounting surfaces is equipped with an indium o-ring groove.  Aside from facilitating the 

passage of instrumentation, this flange also provides an interface for the main injection 

valve housing, which is welded directly into the top center of the flange.  Subsequently, 
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the reverse side of this flange is machined with valve-guides to assist in maintaining the 

alignment of the valve needle during injection.  Finally, to assist in normalizing the 

temperature of the reservoir the side of the flange is utilized as a heat sink, and is 

implemented with a wire-wrap heater as discussed in further detail in section   3.2.1-2. 

Ultimately, the top flange is recessed into the top of the canister, which makes up 

the mid-section of the reservoir, and welded in place using specially machined weld 

reliefs.  The cylindrical canister section of the reservoir is approximately 5 inches long, as 

seen in Figure 3.1.1-2, and combines with the rounded bottom section to provide a 

volume of liquid hydrogen sufficient for filling the affiliated SHOMGS equipped sphere 

with solid particles.  The rounded bottom section was machined from a standard butt-

weld end-cap, and serves to funnel the collected liquid toward the combination injection-

nozzle housing / valve-seat, which is welded directly into the caps bottom center.  

Finally, as will be discussed later, the condensation reservoir penetrates through, and is 

welded directly to the vacuum canister bottom flange utilized in sealing the bottom of the 

entire injection system assembly. 

 

3.1.2 Vacuum Insulation / Heat Exchange Jacket 
 

 

 
Figure 3.1.2-1 (Vacuum insulation / Heat exchange jacket) 
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 The vacuum / heat-exchange jacket was included in this design as a means of 

more easily controlling the desired temperature of the liquid-hydrogen condensation 

reservoir and its contents, which must be maintained some 10-15 K above the 

temperature of the surrounding liquid helium bath.  With the aid of this jacket, the liquid 

hydrogen reservoir can either be nearly totally insulated from the helium bath, by pulling 

a vacuum in the space between the two concentric canisters, or alternatively, the heat 

transfer rate from the reservoir’s contents can be increased by filling the jacket with low-

pressure helium gas. 

 Several things had to be taken into consideration while designing the vacuum 

jacket.  The primary constraints placed on this component were due to given space 

requirements and limitations.  First, the six-inch inner diameter of the cryostat limited the 

outer diameter of the jacket. However, sufficient space was required inside the jacket to 

allow clearance for the instrumentation feedthroughs mounted on top of the condensation 

reservoir.  Secondly, the exchange jacket / condensation reservoir assembly would have 

to be easily disassembled in the event that the instrumentation components required 

service.  Finally, it was imperative that the vacuum tight seal be maintained in this jacket. 

Therefore special consideration was required to account for the multiple penetrations 

through the jacket, as well as the main jacket / reservoir mounting interface.  

 To ensure a vacuum tight seal around the incoming hydrogen transfer line, some 

adaptations were implemented on the top flange of the heat exchange jacket. First a short 

section of stainless-steel tubing was welded to a pre-machined hole through which the 

transfer line would pass.  Ultimately, upon assembly, this section of tubing would form a 

flush sleeve around the bayonet-type engaging socket that would was used to introduce 

the hydrogen transfer line to the condensation reservoir. Once the heat exchange jacket 

and condensation reservoir were assembled and the transfer line was in place, a solder 

joint was formed between the transfer-line, the transfer-socket, and the external sleeve 

tubing. In this manner the seal between the jacket and the condensation reservoir, as well 

as the jacket and the cryostat helium bath were maintained.  Furthermore, in the event 

that the transfer line or the condensation reservoir needed to be serviced, the soft solder 

joint could be easily separated.  
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 The primary concern of ensuring the vacuum seal of this chamber, however, 

involved the bottom of the jacket, which had to not only accommodate the removal of the 

entire condensation reservoir in case of service, but also allow for the protrusion of the 

liquid hydrogen injection nozzle. This was accomplished through the use of two specially 

machined flanges. The first of these two flanges is a bolt flange, which is welded directly 

to the bottom of the exchange jacket about its circumference. The second flange, which 

was machined for multiple purposes, is welded directly to the Injector-Nozzle housing 

and contains a matching thru-hole bolt pattern.  In addition, on the reverse or underside of 

this flange, a tapped bolt circle was added to accommodate the mounting of the 

SHOMGS pseudo-integrating sphere to be discussed in more detail later.  Furthermore, 

this flange is equipped with a large diameter indium o-ring and matching o-ring groove to 

form a seal with the corresponding Vacuum Canister bolt flange upon assembly and 

compression.  In this manner, both the nozzle housing and the vacuum canister / 

exchange jacket itself maintain a vacuum tight seal.  Finally, in the event that 

disassembly is required these bolts can simply be removed and the entire bottom flange 

can be pulled with the condensation reservoir in tow.  To overcome the seal formed due 

to the compression of the o-ring, three additional tapped holes were included on the 

bottom flange. These holes do not have matching thru-holes on the corresponding bolt 

flange and are to be used for jackscrews to pry the assembly apart.  As will be discussed 

later, wire-wrap heaters were installed prior to assembly in places where protrusions from 

the reservoir breeched the exchange jacket and thus created a direct conduction path with 

the liquid helium bath outside.  
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Figure 3.1.2-2 (Vacuum insulation / Heat exchange jacket and related assembly flanges) 

 

 

 The Vacuum Canister / heat exchange jacket as well as the three flanges pictured 

above are each machined from 304L stainless steel. 

 

3.1.3 Injection System 

 

 Following the condensation of a desired amount of liquid hydrogen, as 

determined by a continuous capacitance probe level gauge to be discussed in detail later, 

incremental quantities can be injected into the SHOMGS vessel attached directly below 

the condensation reservoir.  To achieve injection, first the liquid hydrogen bath is 

pressurized with helium gas, and then the main valve assembly is actuated, thus allowing 

the liquid to pass through the injection nozzle.  Once inside the SHOMGS vessel, the 

liquid hydrogen comes in contact with a liquid helium bath and solidifies in a matter of 

microseconds.  The major components comprising the injection system, as well as some 

special design features are discussed below. 
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3.1.3-1 Valve Actuation 

 

 

 
Figure 3.1.3-1(A: AC Solenoid toggle switch, B: AC Solenoid, C: Pre-loaded valve spring assembly) 

 

 

Actuation of the valve stem, or the opening and closing of the valve, is 

accomplished through an electronic solenoid used in conjunction with a pre-loaded valve 

spring assembly. The 12 volt AC solenoid is equipped with an on /off toggle switch and 

upon activation serves as a linear actuator to open the valve. The solenoid is connected to 

the very top of the valve stem with a double pivoting clevis joint, which serves several 

purposes. This type of joint allows for any misalignments that may occur between the 

valve stem and the solenoid throughout their range of motion, as well as reduces the 

likelihood of pin failure and tear out by offering double shear connections.  Once the 

solenoid is deactivated, spring tension from the valve spring assembly serves to return the 

valve to its closed position. 

In addition to providing a closing mechanism for the injection valve, the pre-

loaded valve spring assembly ensures that proper valve seating is maintained. Upon 

inspection of Figure 3.1.3-1C above it can be seen that the valve spring is retained 

between a relief in the upper plate of the spring box housing itself, and a spring retainer 

cup which rides directly on the valve stem. The spring retainer cup utilizes double 

setscrews to secure its position on the valve stem, and as such allows for adjustable 
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preloading on the valve.  As stated previously, the pre-load on the valve spring serves 

double duty. Thus, having this feature be adjustable is a desirable luxury.  While 

increasing the pre-load enhances the seating of the valve and reduces the likelihood of 

liquid hydrogen bypass, it also increases the work required from the solenoid upon 

opening the valve and may reduce the life of that device.  Therefore, through adjustability 

some optimization is attainable in this subsystem. 

 

3.1.3-2 Main Valve Stem 

 

 

 
Figure 3.1.3-2 (Main injection valve) 

 

 

The main valve stem, constructed of 0.25” diameter G-10 epoxy fiberglass rod, 

runs through the exact center and down almost the entire length of the solid hydrogen 

generation system; terminating into a brass valve needle just above the liquid hydrogen 

collection reservoir.  G-10 was selected for the main valve stem for several reasons.  Due 

to the stem being in direct contact with both the ambient room temperature at one end and 

cryogenic temperatures at the opposing end, a material possessing low thermal 

conductivity was a necessity for this component to reduce parasitic heat leak.  In addition, 
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with the continual cyclic and dynamic impact loading that the stem is subjected to during 

injection, the material selected required modest yield strength.  Furthermore, to account 

for any misalignments that may have occurred during the fabrication of the many 

concentric fittings and tubing that make up the system; the valve stem must be somewhat 

flexible. From Table 3.1.3-1 below, it can be seen that in comparison to other commonly 

used cryogenic engineering materials G-10 possesses exceptional values for both 

conductivity and yield strength over a range of temperatures.  In addition, this small 

diameter rod demonstrates notable flexibility. 

 

 
Table 3.1.3-1 (Thermal conductivity and yield stress for common materials at different temperatures.) 

(300K) (80K) (4K)  

Material: 

 
k  

⎥⎦
⎤

⎢⎣
⎡

⋅ Km

W σy [ ]MPa k  
⎥⎦
⎤

⎢⎣
⎡

⋅ Km

W σy [ ]MPa k  
⎥⎦
⎤

⎢⎣
⎡

⋅ Km

W  σy [ ]MPa

G-10 0.82 414 0.43 703 0.06 758 

304L Stainless Steel 14.9 406 8.26 460 0.23 547 

6061-T6 Aluminum 160 282 118 332 9.53 345 

Brass 116 420 55 473 3.59 506 

 

 

To further maintain alignment of the valve throughout its range of motion, valve 

guides were fabricated from G-10 and secured incrementally along the length of the valve 

stem with Stycast-2850 epoxy.  Primarily, these guides act to center the valve stem and 

possess an outer diameter that is a few thousandths of an inch less than the inner diameter 

of the stainless steel tubing which houses the valve. This tubing runs from the top of the 

rig to the top of the liquid hydrogen collection reservoir.  Subsequently, because this 

tubing is also used as a conduit to pressurize the liquid hydrogen bath with helium gas 

prior to injection, the guides must be gas permeable.  For this reason, semi-circular 

notches were cut around the perimeter of each guide, allowing gas to pass through them.  

One such guide is pictured below in Figure 3.1.3-3. 
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Figure 3.1.3-3 (Gas permeable valve guide on main valve stem) 

 

 

3.1.3-3 Valve Needle 

 

 

 
Figure 3.1.3-4 (Brass valve needle and shot seating in injector housing) 

 31



The brass valve needle is inserted into the end of the G-10 valve stem and secured 

in place with epoxy.  In addition, the brass valve needle has a conical relief machined into 

its opposing end, and is terminated with a 0.25” diameter piece of brass shot.   The 

configuration and material for these components was selected for several reasons.  

Alignment of the valve needle is maintained through guides that are machined into the 

top flange of the liquid hydrogen reservoir as well as the top of the valve seat / nozzle 

housing that is welded into the bottom of the reservoir.  Due to their close proximity, the 

needle rides in direct contact with these guides and for this reason brass was a desirable 

material.  While brass is soft enough to allow the needle to wear into the stainless steel 

guides, the chafing that occurs during actuation will not lead to the risk of fracture as it 

would for G-10 over time.  In addition, because the needle is largely unsupported along 

the length of the reservoir, a more rigid material was sought-after as it minimizes the 

possibility of deflection. Finally, the spherical brass shot, which is soldered into the end 

of the valve needle serves to enhance the sealing of the valve. This configuration in 

conjunction with a conical valve seat was chosen to minimize the likelihood of the valve 

seal being compromised in the event of any lateral deflection in the valve stem. 

Furthermore the softer brass shot is capable of wearing into the stainless steel valve seat; 

thus enhancing the seal and overcoming any imperfections in the surface of the seat. 

 

3.1.3-4 Injector Body: Valve Seat / Nozzle Housing, Removable Nozzle 

 

 

 
Figure 3.1.3-5(Injector Body: Valve seat / Nozzle housing) 
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The Injector Body, which serves as both the valve seat and removable-nozzle 

housing, is constructed of 304L stainless steel and welded directly into the bottom of the 

liquid hydrogen reservoir. The concept for a conical valve seat was selected because, 

when used in combination with the spring-preloaded valve stem, this feature allows for 

differences in thermal contraction that may occur between the brass valve shot and the 

stainless steel seat.  In addition to providing a seat for the valve, the injector body also 

serves as a heat sink for the nozzle. An external heater, which will be discussed in detail 

later, is attached to the injector body for the purpose of maintaining liquid temperatures 

in the hydrogen throughout injection.  In this manner, the hydrogen will not prematurely 

solidify and clog the small orifice in the injector nozzle. 

 

Removable Injection Nozzle 

 
Figure 3.1.3-6(Brass injector nozzle) 

 

 

The injector nozzle, responsible for creating the fine spray of hydrogen as it is 

injected into the SHOMGS vessel, is constructed of brass and threads directly into the 

injector body, bottoming out against the base of the conical valve seat.  This component 

was designed to be removable so that additional nozzle sets could be installed if desired.  

In the case of the present research, the characteristics of the particles that are injected into 

the solid-hydrogen mass gauging apparatus are of little importance, so long as the amount 
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injected can be quantified.  However, should particle size become important in other 

research, new nozzle sets can easily be machined and interchanged to suit the 

researcher’s needs.  

 

3.2 Electrical Instrumentation 
 

 

 
Figure 3.2-1(Condensation /Injection rig electrical schematic) 

 

 

 The instrumentation and related electronic devices utilized during the operation of 

the solid hydrogen particle generation system can be divided into two major categories: 

those responsible for continuously monitoring and controlling the temperatures at various 

points in the rig, and those for monitoring the levels of liquid hydrogen within the 
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condensation reservoir before and after injections.  In the following subsections, the 

purpose and functionality of these components are described in detail.  

 

3.2.1 Temperature Controlling Apparatus 

 

 

 
Figure 3.2.1-1(Lakeshore® model 340 temperature controller) 

 

 

3.2.1-1 Thermometers 

 

Three Lake Shore® DT-470-SD-13 silicon diode type thermometers were utilized 

in the solid hydrogen particle generation system.  These thermometers were selected for 

several reasons.  In addition to being proven reliable and durable in previous 

experiments, silicon diodes are relatively inexpensive.  Furthermore the selected diodes 

supersede the required sensitivity of ~ ± 0.5 K.  As seen above in Figure 3.2-1, two of the 

thermometers are mounted on an instrumentation rake attached to the capacitance level 

gauge.  Under experimental conditions these thermometers are submerged in the liquid 

hydrogen bath and as such can be used to directly monitor the bath temperature during 

liquefaction and injection. One of these thermometers is used during the running of the 

experiment and the other serves as a backup. Also from the figure above, it can be seen 

that the third thermometer is located on the outside of the hydrogen reservoir toward the 

bottom.  Primarily this thermometer is used to monitor the temperature close to the 

nozzle.  As previously mentioned, it is important to maintain liquid range temperatures 

within the nozzle to avoid premature freezing during injection, which could clog the 

nozzle’s tiny orifice. 

The thermometers used in this experiment are individually powered and 

continuously monitored through the use of a Lake Shore model-340 temperature 
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controller seen above in Figure 3.2.1-1.  Each thermometer is connected in a “four-wire” 

configuration utilizing a twisted-pair of manganin voltage taps and a twisted-pair of 

copper current leads. Manganin wire was selected for voltage taps because it has a lower 

thermal conductivity than copper and reduces the overall parasitic heat leak into the rig.  

As an aside, it should be noted that twisted-pair wiring was used for instrumentation 

leads and heaters, discussed below, as a precaution against electrical noise. Magnetic 

fields, which are induced by current flowing through a lead wire, can show up as “noise” 

in sensitive instrumentation. Thus, by using a twisted configuration for signal wiring, the 

magnetic field induced in one lead will be canceled by that of the second lead thereby 

reducing the occurrence of noise [11].  

 

3.2.1-2 Wire Wrap Heaters 

 

 

 
Figure 3.2.1-2 (Locations of wire wrap heaters on actual hardware) 
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Figure 3.2.1-3 (Internal hydrogen bath heater) 

 

 

California Fine Wire® manganin-290 wire, possessing an electrical resistance of 

5 ohms per foot, was used to form the twisted-pair wire wrap heaters at several locations 

in the rig as seen above in Figures 3.2-1, 3.2.1-2, & 3.2.1-3.  The hydrogen transfer 

socket heater and the condensation reservoir flange heater are connected in series and 

have a total resistance of approximately 100 ohms.  This combination heater is powered 

and manually controlled by an external power supply during experimental procedures and 

serves several purposes.  Due to the transfer socket being in direct thermal contact with 

the liquid helium bath of the cryostat at 4.2 K, the function of the transfer socket heater is 

two-fold.  In addition to reducing the thermal loading seen by other heaters used in 

maintaining the temperature of the reservoir, this heater serves as a safeguard against 

premature hydrogen freezing which could block the flow of gas from the vacuum 

jacketed transfer line.  The reservoir flange heater works in conjunction with the nozzle-

housing heater to help stabilize and control the temperature of the condensation reservoir 

during hydrogen liquefaction and injection.  

As mentioned previously one of the goals of the nozzle-housing heater is 

maintaining liquid-range hydrogen temperatures throughout the nozzle to avoid clogging. 

However, this heater also serves as the primary means of controlling the overall reservoir 

temperature.  The nozzle-housing heater is approximately 50 ohms, and is directly 

connected to the Lakeshore model-340 temperature controller.  Through the use of this 

temperature controller, the external reservoir thermometer closest to the nozzle, labeled F 
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in Figure 3.2-1 above, is continuously monitored and compared to a pre-programmable 

set point temperature.  Simultaneously, varying amounts of power are supplied to the 

nozzle-housing heater, and thus the temperature of the reservoir and the liquid hydrogen 

bath is maintained.  It should be noted that while the liquid hydrogen condensation rig is 

equipped with a 43 ohm internal bath heater, labeled 1 in Figure 3.2-1, desirable 

temperatures in and around the reservoir have been easily stabilized and controllable with 

out the use of this heater, and thus far it has not been used during operation. 

 

3.2.2 Liquid Level Indicating Apparatus 

 

It should be noted that while this solid hydrogen particle generation system is 

equipped with vapor discriminating diodes, as depicted in Figure 3.2-1, these devices 

were not used during experimental procedures and therefore this section deals 

predominantly with the fabrication and operation of the continuous capacitance probe 

level gauge, which was the primary liquid level indicating device.  

 

3.2.2-2 Continuous Capacitance Probe Level Gauge 

 

 
Figure 3.2.2-1 (Capacitance level gauge and electronic feedthrough flange) 
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 A concentric tubing capacitor can be used as a liquid level indicating-device 

taking advantage of the differences in dielectric constants between the liquid and vapor 

phases of a substance.  This concept was utilized as the primary method of liquid level 

indication within the liquid hydrogen reservoir.  A cross section of the final capacitance 

level gauge assembly used is depicted above in Figure 3.2.2-1. 

 

Design and Fabrication 

 

One of the key factors in the design and fabrication of a capacitance level gauge is 

maintaining the alignment of the plates.  For the purpose of accuracy, it is critical that the 

plates be completely parallel at all points.  In order to ensure this configuration and the 

annulus between the tubes, several features were combined in the final concept.  The first 

major component used in the assembly of this gauge includes the two G-10 tubing-

spacers located at the top and bottom of the tubes themselves. Due to being machined for 

a close fit with the inner wall of the inside tube and the outer wall of the outside tube, 

these spacers aid in aligning the tubing as well as serve as a means of assembly to hold 

the tubes together. These spacers are secured in place with a thin layer of epoxy.  In 

addition to the use of specially machined spacers, in further effort to insure proper 

alignment a single strand of 0.0135” dia. fishing line was wrapped around the inner tube 

in a spiral fashion prior to assembly and secured in place with GE varnish.  

Once the proper alignment is established between the concentric tubes, it is 

important for the fluid being gauged to flow easily in and out of the plates.  This is 

essential for reducing the response time of the gauge to changes of liquid level height in 

the reservoir bath.  To accomplish this task a series of small holes were pre-drilled along 

the length of the outer tube and in addition, as represented in Figure3.2.2-2 below, both 

of the tubing-spacers are also equipped with multiple holes. This approach was 

successful, as during experimental operation the response of the gauge was limited by the 

time constant of the capacitance measuring system with each injection, and thus adequate 

flow through the gauge is established. 
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Figure 3.2.2-2 (Bottom G-10 tubing spacer) 

 

 

Finally, following the complete assembly of the capacitance gauge, this device is 

attached to a brass feedthrough flange using a series of G-10 adapters, as depicted above 

in Figure 3.2.2-1, which are secured in place with Emerson-Cuming® 2850FT Stycast-

Epoxy. As an aside, it should be noted that this epoxy was used in conjunction with 24LV 

catalyst in all places where the use of epoxy is referenced. The design, development, and 

implementation of the brass feedthrough flange are discussed further in section 3.2.3 

below. 

 

Activation and Measurement 

 

Figure 3.2.2-3 (AH2550A Ultra Precision 1 kHz Capacitance Bridge) 

 
 

Measurement of the capacitance level gauge was accomplished using an Andeen 

Hagerling AH 2550A Ultra Precision 1 kHz Capacitance Bridge.  Due to the precision of 

this bridge and for the sake of measurement accuracy, guarding against electronic “noise” 

is critical for this device and as such several precautionary steps were taken.  The primary 

concern in guarding against noise was ensuring that the signal leads were shielded along 

there entire length. This was accomplished using a series of co-axial cables.  Initially, 

short pieces of copper wire are soldered directly from the stainless steel tubes which 

make up the capacitor, one wire on the outside tube and one wire on the inside tube, to 

separate pins on the Detoronics® electronic feedthrough discussed further in section 
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3.2.3.  From the opposite side of the feedthrough, the signal wires are attached to the 

center leads of separate co-axial cables.  At this point the shielding wire from each of the 

two coaxial cables was soldered together in a spade and anchored directly to the outside 

of the condensation reservoir with one of the feedthrough flange bolts as seen in Figure 

3.2.2-4. In essence, this serves to ground the shielding along the length of each co-axial 

cable to the metal of the solid particle generation system itself. Following the connection 

to the Detoronics® feedthrough, the co-axial cables are routed in the annulus between the 

main injector valve-stem housing and the vacuum jacket tubing until they exit the rig 

through the use of an additional electronic pin connector feedthrough.  From this final 

electronic feedthrough, seen in Figure 3.2.2-5, an additional set of co-axial cables are 

utilized using BNC type connectors to interface directly with the capacitance bridge. In 

this manner the ground shielding of the signal leads were also grounded directly to the 

bridge, and the leads were considered shielded from the gauge all the way to the bridge. It 

should be noted that the use of multiple electronic connectors is necessary due to the 

importance of not compromising the vacuum-tight seal in each of the different spaces 

through which these leads pass to link the instrumentation in the reservoir with the 

capacitance.  To further minimize external noise, the AC power from a common house 

electrical receptacle was first passed through an isolation transformer, connected in series 

with the capacitance bridge itself.  This configuration proved successful at guarding this 

measurement against noise.  

 

 
Figure 3.2.2-4 (Brass feedthrough flange, Detoronics® connector, and co-axial capacitor signal wiring) 
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Figure 3.2.2-5 (Final electrical feedthrough for external capacitance leads) 

 

 

Review of Theory 

 

It is known that for any given fill level between absolute full and absolute empty 

within the hydrogen condensation reservoir there will be some portion of vapor and some 

portion of liquid present in the gauge. Thus, it can be stated that at any time the gauge is 

seen as a system of capacitors in parallel. Recalling from Chapter 2, the expression for 

parallel cylindrical capacitors becomes: 
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Where C represents the total measured capacitance across the gauge, Cl, Hl, and kl, 

represent the capacitance, height, and dielectric constant respectively of the liquid within 

the gauge, Cv, Hv, and kv, represent the given vapor properties respectively, 0 represents 

the permittivity constant, ri and ro are the corresponding inner and outer radiuses of the 

annulus between the tubes, and Htot represents the total length of the capacitor (Htot = Hl 

+ Hv). 

 As mentioned in Chapter 2, there are several factors that can effect the 

measurement of capacitance such as fringing at the ends of the gauge, stray capacitance 

from signal leads, or capillary effects from surface tension and annulus geometry. 

However, due to the nature of the desired measurement it can be shown that all of these 

effects will cancel and can be ignored.   The focus of the experiment is to place a known 

quantity of mass into a given container for the purpose of comparing measurements with 

a conceptual gauging device. Due to this desire to quantify an amount injected, it is the 

difference between liquid level heights in the reservoir, before and after injection, which 

becomes important.  Through manipulation of equation (3-2), and by considering the 

liquid level height to be given by H1 before an injection and H2 after an injection, it can 

be shown that the change in capacitance between each liquid level is given by: 
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Due to the effects from any fringing or stray capacitance being the same at liquid 

level positions 1 and 2, these effects would be considered constants when added to 

equation (3-2), and once again would cancel. Likewise, because the factors involved in 

capillarity are properties of gauge geometry and the fluid in question, and because time is 

taken to allow the gauge to stabilize between recorded measurements this effect would 

also remain constant between measurements and once again subtracts out of the given 

equations. 

 43



Correlation to Mass Injected 

 

A correlation for the amount of mass injected can easily be developed once the 

change in bath height within the reservoir is known as a function of capacitance.  The 

surface area of the liquid interface can be defined through the cross sectional areas of the 

condensation reservoir itself as well as the multiple penetrations into the bath. When 

multiplied by the change in bath height, this surface area translates directly to the volume 

of liquid injected.  Finally, the liquid density is known through the monitored bath 

temperature, and from the given change in volume the amount of mass injected is readily 

quantified.  Mathematically this can be expressed as follows: 
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Where Minjected represents the mass of hydrogen injected, ρl represents the density of the 

liquid hydrogen inside the condensation reservoir, ∆V represents the change in volume of 

the bath or the volume of liquid injected, Asurf represents the surface area of the liquid 

vapor interface, ∆Hl represents the change in height of the bath within the reservoir, and 

C1 and C2 represent the capacitance across the gauge before and after injections 

respectively.  Based on the geometry of the gauge in question, and the properties of liquid 

hydrogen, the values for the constants in equations 3-5 are given below in Table 3.2.2-1. 
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Table 3.2.2-1 (Property values for given geometry and fluid) 

Quantity Symbol Value Units 
Liquid Density 

 
lρ   72.5   (T=19K) 

⎥⎦
⎤

⎢⎣
⎡

3m

kg  

Annulus Outer Radius R0 5.11 ± 0.03 [mm] 
Annulus Inner Radius Ri 4.76 ± 0.03 [mm] 
Vapor Dielectric Constant  

vκ  1.0003 - 

Liquid Dielectric Constant  
lκ  1.2792  - 

Permittivity of Free Space 
0ε  8.85 x 10-12

⎥⎦
⎤

⎢⎣
⎡
m

F  

 

 

 

As mentioned above, the surface area of the liquid interface is derived from the 

cross-sectional area of the reservoir and the cross-sectional areas of the devices 

protruding through the bath. From the depiction in Figures 3.2-1 and 3.2.2-6, it can be 

seen that the primary contributing factors to calculating this value are the cross-sectional 

areas of the level gauge itself, the instrumentation rake attached to the gauge to be 

discussed later, the valve needle, and the internal bath heater.  Fortunately, each of these 

devices has a very small representative cross-section in reference to the reservoir and 

subtract very little from the total surface area of the liquid interface.  Due to the fact that 

each of these objects is cylindrical, the final expression for Asurf is simply derived as 

follows: 
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Table 3.2.2-2 (Given Radii from equations 3-7and related surface area from equation 3-6) 

Quantity Symbol Value Units Value Units 
Inner Reservoir Radius 

resr  1.685 ± 0.005 [in] 42.8 ± 0.1 [mm] 

Outer Radius of Outer 

Gauge Tube 
( )

tubeouter
r −0

0.25 ± 0.005 [in] 6.4 ± 0.1 [mm] 

Inner Radius of Outer 

Gauge Tube 
( )

tubeouterir −  0.201 ± 0.001 [in] 5.11 ± 0.03 [mm] 

Outer Radius of Inner 

Gauge Tube 
( )

tubeinner
r −0

0.188 ± 0.001 [in] 4.76 ± 0.03 [mm] 

Inner Radius of Inner 

Gauge Tube 
( )

tubeinnerir −  0.139 ± 0.001 [in] 3.52 ± 0.03 [mm] 

Instrumentation Rake 

Radius 
raker  0.0625 ± 2.5E-4 [in] 1.59 ± 0.01 [mm] 

Injection Valve-Needle 

Radius 
valver  0.125 ± 0.0025 [in] 3.18 ± 0.06 [mm] 

Internal Bath Heater 

Rake Radius 
Heaterr  0.0625 ± 2.5E-4 [in] 1.59 ± 0.01 [mm] 

Liquid Interface Surface 

Area 
surfA  (5.63 ± 0.03) x 10

-3
[m

2
] 

 

 

 

 
Figure 3.2.2-6 (Cross-section of condensation reservoir with heater rake, instrument rake, valve needle, 

and capacitance level gauge) 

 46



 From equation 3-5 the semi-empirical plot seen in Figure 3.2.2-7 was generated.  

Several things should be noted concerning this plot and the use of equation 3-5.  This plot 

is considered “semi-empirical” because the x-intercept represents the empirically 

determined “empty” value.  While there was a discrepancy, the empirical values for 

“full” and “empty” fell within less than ten percent of the theoretically predicted values.  

One of the key factors suspected of contributing to this discrepancy is the fishing line 

used to maintain alignment in the gauge.  Due to the manner in which this line is wrapped 

amount the inner tube in the annulus of the gauge, it serves to reduce the active length of 

the gauge by some fraction.  However, because differences in measured values for 

capacitance are used in the final experiment, the effect of the fishing line is thought to 

cancel from the calculation of mass injected. 

 

 

 
Figure 3.2.2-7(Semi-empirical plot of mass remaining as a function of capacitance from equation 3-5)  

 

 

In the discussion of experimental results found in Chapter 5, the plots relating changes in 

capacitance for each mass injection, including error bars, are based solely on 

experimentally recorded values.  The complete error analysis for the mass transfer 
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function given in equation (3-5) can be found in the appropriately labeled appendices 

located at the end of this thesis.  

 

3.2.2 Miscellaneous Electrical Connections 

 

 

3.2.3-1 Detoronics multi-pin connector 

 

As previously mentioned, the capacitance gauge is equipped with an 

instrumentation rake that supports multiple thermometers and vapor discriminating 

diodes, each connected with four signal wires.  Due to the differential pressures 

experienced between the condensation reservoir and the heat exchange jacket during 

operation, it was crucial that a vacuum-tight seal be achieved within the reservoir.  Thus, 

for the purpose of completing the connection to the instrumentation inside, a special 

feedthrough was necessary.  After failing to obtain a vacuum tight seal with a homemade 

epoxy-plug type feed through, pictured in Figure 3.2.3-1, it was determined that a 

commercially available electronic feedthrough would be required. However, because of 

the unique environment in which this device would be located, close considerations 

would have to be taken in selecting a product for several reasons. In addition to surviving 

variable pressure differences across it, the feedthrough would also need to be capable of 

withstanding the extreme temperatures present under experimental conditions.  Finally, 

the overall size and capacity were a concern due to the confined mounting space and 

considerable number of signal wires to be connected. 

 

 

 
Figure 3.2.3-1 (Original capacitance gauge prototype with instrumentation rake) 
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Once a list of criteria had been deduced, a wide variety of feedthroughs were 

considered. However, following a review of currently available electronic connectors that 

were rated for cryogenic temperatures, some complications were discovered.  While 

many connectors were available, one was not found that possessed a sufficient number of 

connection points and still maintained overall dimensions small enough to meet given 

space requirements.  From this point some consideration was given to a line of 

hermetically sealed glass-to-metal connectors offered by Detoronics.  Although these 

connectors were not rated for temperatures as low as those seen in the condensation 

reservoir, configurations were available matching both quantitative and size 

requirements.  Furthermore these connectors had an outstanding reputation for being 

reliable and dependable as seen through use in many other experiments, and were 

considerably less expensive than their cryogenic counter part. Finally, based on their 

availability, size, capacity, and reputation, the decision was made to purchase and test 

this connector for survivability under simulated experimental conditions. 

The two major criteria for survivability were pressure differential and cryogenic 

temperature tests. In addition, it was important that this testing be cyclic in nature to 

replicate usage over several experimental runs, in between which time the rig would be 

warmed up to standard temperature and pressure.  From this, a battery of tests was 

deduced and a connector, such as the one seen in Figure 3.2.3-2, was soldered into a 

mounting flange in a similar manner to what would later be used on the condensation 

reservoir.  Initially pressure differential testing was performed at room temperature to 

determine if the glass in the connector would catastrophically fail. To accomplish this, 

one side of the connector was sustained at 45[psig] while the opposite side was held at 

atmospheric pressure.  Following repeated cycles of this test, the connector flange 

assembly showed no visible signs of cracking and furthermore successfully passed 

helium leak rate tests, which utilize a high vacuum background helium molecule 

detection device.  After the initial pressure testing was complete, the next step was to 

thermally shock the assembly in a liquid nitrogen bath at 77 K and then rapidly warming 

it up with the use of a heat gun.  Concluding each cycle of this temperature testing the 

connector-glass and flange assembly remained intact. Once again, after several cycles the 

connector flange assembly was helium mass spectrometer leak tested with no measurable 

 49



leak rate at room temperature.  Finally, a combination test was performed where the 

connector assembly was simultaneously submerged in liquid nitrogen and pressurized 

from one side up to 45 [psig], then warmed up using a heat gun. In addition to this 

combination testing, the connector assembly was further cold shocked with liquid helium.  

Concluding several cycles of this testing the connector flange assembly was inspected for 

signs of failure and subjected to helium leak rate tests.  After this whole battery of testing, 

the connector glass as well as the solder joint between the connector and the mounting 

flange remained intact and leak tight. Thus, the Detoronics 24-pin hermetically sealed 

glass feedthrough was selected for use on the liquid hydrogen condensation reservoir.  It 

should be noted that a pressure of 45 [psig] was selected because initial experiment 

planning called for pressurization of the condensation reservoir up to 30 psig while 

pulling a vacuum in the outer jacket surrounding the reservoir. However, in future 

experiments the reservoir was actually only pressurized from 5 to 10 [psig]. Thus, in 

reality this survivability testing implemented a considerable factor of safety, which is 

further testament to the quality of this feedthrough. 

 

 

 
Figure 3.2.3-2 (Detoronics® glass-to-metal hermetically sealed electronic pin connector) 
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Once the proper feedthrough was selected, the next stage of implementation was 

to design a suitable mounting platform.  In order to develop a viable concept for this 

component its multiple functions had to be considered.  In addition to providing 

mechanical support for the capacitance level gauge and an interface for mounting the 

Detoronics connector, it was also imperative that the vacuum seal between the reservoir 

and outer jacket be maintained.  Furthermore, in the event that the instrumentation rake or 

the capacitance gauge required service, this adapter must be easily disassembled.  Finally, 

the limited space on and around the top of the condensation reservoir had to be taken into 

consideration for geometric dimensioning. Adequate clearance between the top of the 

connector and the top of the heat exchange jacket was important for allowing the proper 

electronic connections to be made without crimping or damaging instrumentation wiring 

once the rig was assembled.  Ultimately, the final concept that was implemented is the 

two part brass flange assembly pictured in Figures 3.2.2-4, 3.2.3-3, & 3.2.3-4. 

 

 

 
Figure 3.2.3-3 (A: Detoronics® mounting flange. B: Capacitance level gauge mounting flange with plenum) 

 

 

The brass flange assembly consists of a thin top flange, into which the Detoronics 

connector is recessed and directly soldered, and a large bottom section that is machined 

form a single piece of brass and comprised of two flanges with a cylindrical plenum.  The 

thicker, smaller-diameter bottom flange of the component depicted in Figure 3.2.3-3B 

serves as an interface for mounting the capacitance level gauge and bolts directly to the 

top of the condensation reservoir.  The mating surface of the reservoir in turn, is equipped 

with an indium o-ring which seals the flange upon compression, and a matching tapped 

hole-pattern.  Due to being located on the extreme edge of the reservoir top-flange and 
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the required diameter of the indium o-ring underneath, the use of a complete bolt circle 

was not possible. For these reasons, this oddly shaped brass flange was made thicker to 

be capable of providing enough pressure for ensuring a proper o-ring seal while 

simultaneously avoiding the possibility of warping, which could deform the flange and 

once again compromise its seal.  The unique curvature demonstrated in this flange was 

utilized to accommodate the valve-stem housing tubing welded in the center of the 

reservoir, and to provide an aesthetic finish to the reservoir’s edge as seen in Figure 

3.2.2-4. 

The cylindrical plenum, located between the opposing mounting flanges, was 

included to serve dual purposes.  Due to the soldering terminals of the Detoronics 

feedthrough extending below the bottom surface of the glass, ample space was required 

to avoid damaging or electrically shorting the signal wires or there individual 

connections.  Furthermore, this space serves to accommodate the superfluous length of 

wire used to connect the respective instrumentation to the glass feedthrough. Additional 

length was incorporated in the signal wiring at this point to allow the glass feedthrough 

and mounting flange to be pulled away from the assembly without disconnecting the 

wiring in the event that access was necessary. Finally, the thinner top flange in Figure 

3.2.3-3B serves as a mounting surface for the Detoronics feedthrough flange in Figure 

3.2.3-3A and is equipped with a matching tapped thru-hole pattern and additional indium 

o-ring.  Once the feedthrough flange and assembly are secured in place on the reservoir, 

as seen in Figures 3.2.2-4 & 3.2.3-4, the reservoir is adequately sealed from the heat 

exchange space.  It should be noted that the plenum beneath the connector is left open to 

the reservoir bath to prevent vapor from being trapped under experimental conditions, 

which could over pressurize and rupture the glass due to thermal expansion upon post-

experimental warm-up. 
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Figure 3.2.3-4 (Detoronics® connector mounted in brass flange on hydrogen condensation reservoir) 

 

 

3.2.3-2   32 pin feedthrough and main instrumentation rack connections 

 

Once the Detoronics feedthrough was installed, all of the respective signal wires 

were properly labeled, secured, and placed inside a nylon sock running their entire length 

to protect against abrasion.  In addition, the signal wiring from the nozzle-housing heater 

and thermometer, as well as the internal bath heater, were properly secured with tape and 

gathered together inside of a separate nylon sock. Finally, all of the signal wiring was 

routed through the annulus between the vacuum jacket and valve-stem-housing tubing to 

the top of the rig where it was terminated into the back of another Detoronics 

hermetically sealed glass-to-metal 32-pin electronic connector.  The respective wire 

routing and 32-pin connector can be seen below in Figures 3.2.3-5, 6.  
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Figure 3.2.3-5 (Signal wiring encased in a nylon sheath and routed along the inside of the rig.) 

 

 

 

 

 
Figure 3.2.3-6 (Detoronics® 32- pin primary instrumentation feedthrough) 

 

 

From the 32-pin connector mounted on the rig, special cabling with matching pin 

connectors was used to route the signal wiring to an instrumentation rack in the lab.  The 

multiple instrumentation rack seen in Figure 3.2.3-7 serves to split all of the pins from 

the electronic feedthrough on the rig down into individual access terminals, whereby each 

of the signal wires can be routed to their respective power supplies, volt meters, and 

controllers.  In addition, the instrumentation rack provides the option of running each 

channel through a pre-amplifier prior to its connection with a respective controller. 

However, this option was not required, and thereby not used during experimental testing. 
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Figure 3.2.3-7 (Primary instrumentation rack) 

 

 

For the purpose of clarity, from their interface with the rack the signal leads for 

the combination reservoir-top-flange / transfer-socket heater, as well as the internal bath 

heater were routed to individual power supplies seen at the top of the rack to the far left.  

Furthermore, the current leads for the vapor discriminating diodes were routed through a 

series connection box to a current source seen at the top middle of the rack, and the 

voltage taps for each of these diodes were routed to separate volt meters seen stacked at 

the top of the rack on the far right. Finally, as previously mentioned, the signal leads for 

the two thermometers used in this experiment, as well as the leads for the nozzle-housing 

heater were routed to the Lake Shore model 340 Temperature Controller seen in the 

middle of the rack. It should be noted that while the vapor diodes were connected, they 

were not used during the course of this experiment.  Wiring schematic tables, including 

the pin-outs for the rack interface, the 32-pin connector, and the 24-pin reservoir 
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feedthrough can be found in the appropriately labeled appendix located at the end of this 

thesis. 

 

3.3 Optical Mass Gauging Hardware 

 

The solid-hydrogen optical mass gauging system utilized in this experiment was 

developed by Advanced Technologies Group of Stewart, FL., and consists of a pseudo 

integrating sphere, a pair of fiber optic cables, a temperature controlled laser diode and 

controller, a spectrometer, and a laptop PC equipped with specially developed software.  

In the following subsections, a brief explanation of each of these components, as well as 

their interface with the hydrogen injection system are discussed.  It should be noted that 

these sections are intended only to give the reader completeness in understanding the 

experimental setup and testing procedures used.  A detailed understanding of this 

equipment and related software is proprietary to Advanced Technologies Group. 

 

3.3.1 Pseudo Integrating Sphere and Fiber-Optic Cabling 

 

 
Figure 3.3.1-1(Pseudo integrating sphere and fiber-optic support tubing) 

 

 

The Pseudo Integrating Sphere used for this experiment is comprised of two 

aluminum hemi-spheres, which assemble utilizing a bolt circle and a tapped retaining 

ring about the spheres circumference.  This specially made sphere has several unique 

features and mounts directly to the base of the hydrogen injection system.  Mounting is 

accomplished through the use of two mounting studs and a tapped bolt circle machined 
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on the Vacuum Canister bottom flange.  In this configuration, the previously mentioned 

brass injector nozzle protrudes directly through a hole in the top-center of the sphere and 

is aligned with a specially machined close-fit G-10 collar. For the purpose of visualizing 

the injection process, the sphere is equipped with three small optical windows at 0, 90, 

and 180 degrees about its equator.  These windows align with those of the optical cryostat 

in which the injection system is mounted for experiments, and are used in conjunction 

with a digital camera to display real-time images on a corresponding desktop computer in 

the lab.   For the purpose of allowing liquid helium to flow through the sphere, and as a 

precaution against over pressurization, the bottom of the sphere is equipped with a 

screened port. Furthermore, the fine-mesh metal screen serves to retain solidified 

hydrogen while preventing foreign matter from entering the sphere against foreign 

matter.  In addition to the screened port, two fiber-optic ports are located at the base of 

the sphere. These ports are symmetrically offset from the spheres vertical axis and utilize 

Swagelok® fittings to introduce and secure the tubing that houses the fiber-optic cables.  

Finally, for the purpose of enhancing the number of laser light reflections, the inside of 

the sphere is painted with a white diffuse coating. 

 

Fiber-Optic Cabling 

 

Two fiber-optic cables are used in the SHOMGS. A 200 [µm] core emitter cable 

is responsible for transmitting light from a laser diode mounted in related hardware 

outside of the cryogenic environment to the sphere in the cryostat, where some of the 

light is absorbed by the solid hydrogen suspended inside and the remainder is reflected 

about the sphere’s internal surface. A second 600 [µm] core receiver cable receives the 

reflected light from the internal surface of the sphere and transmits it back to a 

spectrometer for analysis.  To protect the optical fibers against fracturing, 0.25” O.D. 

stainless steel tubing is used to house the cables as they pass through the cryostat top-

flange and down along the length of the injection system to the sphere below. 

Furthermore, due to the confined space in the cryostat, and the angle at which these 

cables enter the sphere, the stainless tubing provides support and guides the cables as 

they cross beneath the sphere and curve up to interface with their respective ports. 
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3.3.2 Temperature Controlled Laser Diode and Spectrometer 

 

The laser light transmitting and receiving system utilized in this experiment is 

comprised of three major components, a SDL Laser Diode, a Newport Laser Diode 

Temperature Controller, and an Ocean Optics HR2000 USB Spectrometer.  Each of these 

components is housed together in a commercially available case, as seen below in Figure 

3.3.2-1 with specially fabricated “rack-type” mounting faceplates, and were selected for 

their compatibility with being run via a portable computer as well as the sensitivity 

requirements of the experiment. The selected laser provides a maximum of one watt of 

optical flux and possesses a spectral width on the order of 2-3 [nm], while the chosen 

spectrometer resolves differences in wavelength of 0.09 [nm] [2].   The Newport laser 

diode temperature controller and associated laser diode provide a tuned laser light source 

capable of overlapping the spectral absorption band of solid hydrogen at approximately 

797 [nm]. When tuned to this wavelength, the emitted laser light ranges from 

approximately 795 [nm] to 798 [nm].  By adjusting the temperature of the diode, the 

median wavelength of light emitted can be changed by approximately 1nm per 3
0
C. Once 

the light has been transmitted to the sphere and picked up by the receiving fiber-optics, 

the spectrometer is used to scan the reflected light and provide a plot of intensity vs. 

wavelength.  Theoretically, the related light intensity is affected by the existence of solid 

hydrogen within the integrating sphere.  Thus, the intensity of the light within the 

absorption band that is reflected onto the surface can be determined, and then compared 

by the computer with the intensity of the light transmitted to quantify mass. 

 

 

 
Figure 3.3.2-1 (Temperature controlled laser transmitting and receiving system with fiber-optic cables) 
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3.3.3 Notebook Computer and Associated Software 

 

 

 
Figure 3.3.3-1 (Notebook Computer with SHOMGS software running, where the bell-curve display 

represents received light intensity as a function of wavelength) 

 

 

Each of these components is interfaced and controlled by a standard notebook 

computer and an associated Visual C
++

 based program.  In this manner the user controls 

the system during an experiment through the use of buttons and given fields on a 

Labview-type interface control panel.  In the following section, a basic overview of 

initializing and operating this system through its interface, as well as brief explanations of 

the major fields and buttons that are manipulated, and the method for storing data during 

the course of an experiment are discussed. 

 

3.4 Optical Mass Gauging System Operation Procedures 

 

In order to properly initialize the Advanced Technologies
®

 Solid Hydrogen 

Optical Mass Gauging System, SHOMGS, follow a few simple steps. With the fiber optic 

cables properly connected to their respective terminals on the front of the system, first 

turn the laser temperature-controller toggle power-switch and the laser enabling key to 

their on positions, then boot up the laptop, which should be connected to the system via 
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its USB ports.  It should be noted that it is important activate the system before booting 

up the laptop in order to ensure proper response from the associated SHOMGS software.  

After the laptop has properly booted up, double click the SHOMGS icon on the desktop 

to fully activate the SHOMGS software and system. Once the system has been activated 

and the software has booted up, the users interaction with the system will be solely 

through the use of the various options available on the software interface control panel. 

 

 

 
Figure 3.4-1 (SHOMGS software interface user control panel) 

 

 

With the system and software up and running, the user can click on the “Start” 

button located at the bottom left of the SHOMGS software interface control panel to 

begin making mass measurements. It should be noted that once this button is selected it 

reads “Standby” and may be used to pause the program and data acquisition at any point. 

After “Start” has been selected, the small colored boxes next to “Run:”, “TEC:”, and 

“Laser:” should be green, signifying that the system is continually taking data and that 

the temperature controller and laser diode have been properly initialized.  If either of 

these boxes is red then an error has occurred and the software manual should be 

consulted, or the laptop and/or the software should be rebooted. Once the software is 
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successfully taking data, the “Spectrometer Data” plot will continually update as long as 

the program is running. 

The plot in Figure 3.4-1 represents the intensity of the light being reflected on the 

internal surface of the sphere and is indicative of the mass present. The top of the bell-

shaped curve is located over the wavelength that the spectrometer is set to scan and as 

more mass becomes present in the sphere, the intensity of the reflected light in general 

decreases due to an increase in absorption. The various parameters of this curve such as 

the domain, range and tick increments can be manipulated or rescaled by clicking on the 

respective axis. In this manner different areas of the plot can either be zoomed in or 

zoomed out accordingly. Furthermore, several attributes of the waveform may be 

manipulated by double clicking on the curve itself.  It should be noted that these changes 

may be made while the program is running allowing the user to finesse the curve as 

needed throughout a given experiment.  It should also be noted that throughout the 

duration of the experiments performed for this thesis, the “Solid Hydrogen Mass” bar 

graph located to the right of the “Spectrometer Data” plot was not calibrated, and while it 

did register some response it was not taken into consideration.  Once calibrated, this bar 

should increase as mass increases and the percentage of mass present in the sphere will 

be displayed in numerical form beneath the graph 

The multiple fields located beneath the graphs on the control panel including 

“Integration Time:”, “Delay Between Scans:”, “Moving Average:”, and “Average:”, may 

be manipulated as desired by the user to change the manner in which the software takes 

and updates data from the system.  Integration Time represents the amount of time over 

which the spectrometer collects light from the internal surface of the sphere in each 

interval before updating the plot. The “Delay Between Scans” field relates to the amount 

of time that the system pauses between each interval of reading the spectrometer. This 

value can be increased if the system seems unresponsive or decreased to make the system 

update more rapidly. The “Moving Average” pertains to the number of data sets that are 

averaged together before the first plot is displayed. Once this number is averaged, the 

next additional data set is averaged in and the oldest data set is dropped out when the plot 

is updated again. This function aids in smoothing the curve over extended data 

acquisition periods. Finally, the “Average” field relates to the number of spectrometer 
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scans that are averaged before the plot is updated each time. If the “Average” function is 

used, a set number of scans will be averaged and then the plot is updated, as opposed to 

averaging each additional scan and neglecting the oldest scan when using “Moving 

Average”.  It should be noted that during the course of the work here in, the “Average” 

field was set to one and the “Moving Average” was varied to smooth the curve during 

extended experiments. Typical settings for Integration Time were on the order of 1000 

milliseconds and no particular value was used for “Delay Between Scans” over 

consecutive experiments.  Finally, the “Correct Dark” option can be used as a precaution 

against “noise” in the data curve and when selected acts to zero the trace outside of the 

primary bell-curve. 

Throughout the course of an experiment, the user may decide to save a particular 

data set at any given time. This can be accomplished by simply clicking on the “Save” 

button located on the bottom of the control panel.  Upon clicking the save button, the 

system saves a set number of sequential waveforms, as determined by the “Number to 

Save” field located just below “Correct Dark”, with a given month-day-year-hour-

minute-second-millisecond and wave number, 1-N, stamp. The user can save as many 

times as desired during the course of an experiment and then retrieve these spreadsheet–

type data files at a later time.  Finally, following completion of an experimental session, 

the system can be shutdown by clicking on the “Shutdown” button located at the bottom 

of the control panel. Once this button has been selected the program is terminated and the 

laser diode as well as the laser temperature controller are turned off. At this point, if 

further measurements are desired the program must be rebooted, which can be done by 

double-clicking the SHOMGS icon located on the computer desktop.  It should be noted 

that the “Status” button, located at the bottom of the software interface control panel 

accesses a window pertaining to individual settings for the laser diode and laser 

temperature controller. Manipulation of these fields was not required during the course of 

the work here in, and for more information concerning these features or any of the 

features discussed above the Software User’s Manual should be consulted. 
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CHAPTER 4 

 

EXPERIMENTAL PROCEDURES 

 

 

 

 

In the following chapter the general procedures used during the operation of the 

solid hydrogen particle generation system are discussed.  To begin, the basic steps taken 

in preparation for an experiment are outlined.  Following this discussion, a step-by-step 

account of the procedures for pre-cooling, initial cool-down, condensation, injection, and 

data acquisition are laid out.  Finally, the chapter concludes with a basic post-

experimental warm-up routine.  In its entirety this chapter is written as a guide for the 

user, and as such, is intended to be thorough enough to fully execute a battery of 

experiments with the system.  However, it should be noted that some general level of 

mechanical skill, as well as some familiarity with the facilities at the F.S.U.-N.H.M.F.L. 

Cryogenics Laboratory is assumed. 

 

4.1 Installation and Initial Connections 

 

 The following two subsections outline the steps required to properly mount and 

interface the solid hydrogen particle generation system for experiments. 

 

4.1.1 Mechanical Connections 

 

 In the following section, the procedures pertaining to the mechanical connections 

required to properly interface the liquid hydrogen injection system for experimental 

usage are summarized out including the installation of the system into the optical 

cryostat. 
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Figure 4.1.1-1 (Mechanical interfacing schematic for the solid hydrogen particle generation system) 
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Table 4.1.1-1 (Mechanical interfacing schematic legend) 

Description Alpha - Numeric Symbol 

Fluid Management Ball Valve     1, 2, 3, 4, 5, 6, 7  

Manual Relief Ball Valve 8  

House Vacuum Interface Valve 9 
 

House Recovery Interface Valve 10 
 

Spring-Loaded Safety Valve   
Electric Solenoid   
Pre-Loaded Valve Spring   
 

Rig-Mounted Pressure Gauge 

 

I  

Cryostat Barocel & Pressure Controller 

 

II 
 

Roughing Pump Thermo-Couple Pressure 

Gauge 

III  

Roughing Pump 

 

IV 

 

House Vacuum Pump 

 

V 

 
House Recovery System 

 

VI 
 

 

High-Pressure UHP Helium Cylinder 

 

A 
 

Low-Pressure UHP Helium Cylinder 

 

B 
 

UHP Hydrogen Gas Supply Cylinder 

 

C 
 

 

Heat Exchange Jacket Space a. 

Liquid Hydrogen Condensation Reservoir b. 

Solenoid Operated Spring-Loaded 

Injection Valve Assembly 

c. 

S.H.O.M.G.S. Pseudo Integrating Sphere d. 
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♦ Ensure that the o-ring in the top of the cryostat is intact and properly in place. 

 

♦ With the SHOMGS sphere and associated fiber-optic cabling, as well as the liquid 

helium level indicator properly mounted and secured, carefully lower the liquid 

hydrogen injection system into the optical cryostat. 

 

♦ Ensure that the optical windows of the SHOMGS are properly aligned with those 

of the optical cryostat. 

 

♦ Secure the cryostat top-flange / mounting flange to the top of the cryostat using 

multiple clamps about the flanges perimeter.  

 

♦ Using common black rubber hose, connect the low-pressure UHP helium gas 

supply cylinder to the hose barbs of valve (1) and valve (7) and secure in place 

with suitable hose clamps. 

 

♦ Using common pressure-rated reinforced black hose, connect the high-pressure 

UHP helium gas supply cylinder to the hose barbed branch-tee located between 

valves (3) and (4), and secure in place with suitable hose clamps.   

 

♦ Connect a small roughing pump, equipped with a thermo-couple pressure gauge, 

to the conical reducer attached to valve (5) utilizing not smaller than a KF-25 

flexible metal hose. 

 

♦ If the cryostat is not already connected to the house vacuum and recovery system, 

do so utilizing the KF-flanged port on the side of the cryostat as shown in the 

figure above. 

 

♦ Secure the copper-coil heat-exchanger in a standard nitrogen flask. 
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♦ Place the flask in a stable and secure location, such that the associated transfer-

line attached to the coil properly aligns with the corresponding transfer-line 

protruding from the cryostat top-flange. 

 

♦ Properly connect and secure the two parts of the vacuum-jacketed transfer-line 

using the associated bayonet connection socket and threaded collar. 

 

♦ Properly connect the pre-cooler copper heat-exchange coil to the regulator of a 

UHP hydrogen supply cylinder utilizing a 3/8” copper line with ¼” NPT-Female 

Swagelok® fittings. 

 

♦ Insert the 1000 Torr Barocel® Capacative pressure transducer into the desired 

quick-connect fitting on the cryostat top-flange.  

 

4.1.2 Electrical Connections 

 

Once the liquid hydrogen injection system is secured in the optical-cryostat and 

all of the mechanical system interface connections have been made, several electrical 

connections will be required to properly interface the various pieces of instrumentation 

used for monitoring the system and data acquisition throughout the course of the 

experiment.  In the following section, these connections are laid out in no particular 

order. 
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Figure 4.1.2-1 (Electrical and instrumentation interfacing schematic for the solid hydrogen particle 

generation system) 
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Table 4.1.2-1 (Electrical interfacing schematic legend) 

Description Alpha - Numeric Symbol 

SHOMGS System Interface I 
 

SHOMGS Fiber-Optic Cabling II 
 

SHOMGS Pseudo Integrating Sphere  

 

III 

 
AH2550A Capacitance Bridge IV 

 

Main Instrumentation Interface Rack 

 

V 

 
32-pin rack Cabling VI 

 
Injection System mounted 32-pin connector 

 

VII 

 
Timed Relay Control Box 

 

VIII 

 
Solenoid Power Toggle-Switch 

 

IX 

 
Solenoid 

 

X 

 
MKS Pressure Controller XI 

 
Pressure Barocel and cable 

 

XII 
 

Liquid Helium Level Indicator XIII  

Liquid Helium Level Indicator digital display box 

 

XIV  

Digital Camera affiliated desktop computer XV 

 
Digital Camera XVI 

 
   

Exchange Space / Nozzle-Housing Thermometer A  
Liquid Hydrogen Bath Thermometer B  
Secondary Backup Thermometer C  
Liquid / Vapor Discriminator Diode D  
Liquid / Vapor Discriminator Diode E  
Liquid / Vapor Discriminator Diode F  
   

Capacitor Level Gauging Probe G 
 

   

Exchange Space Heater  (~52Ω) 1  
Top-Flange / Transfer Socket Heater (~100Ω) 2  
Internal Bath Heater (~43Ω) 3  
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♦ With the injection system properly installed and secured, use an appropriate 32-

pin instrumentation-rack interface cable (VI) to connect the 32-pin 

instrumentation feed thru (VII) to the main instrumentation rack (V).  As this 

cable is comprised of two rack-interface terminals, special care should be taken to 

verify the pin-out configuration before this connection is made. (Pin-out tables for 

the 32-pin instrumentation feed-thru as well as the related rack cable can be 

found in the appropriately labeled appendix located at the end of this thesis.) 

 

♦ Once the 32-pin instrumentation feed thru has been properly interfaced with the 

main rack, the individual instrumentation components may be connected to their 

respective controllers through the use of appropriate rack cabling. Thermometers 

(A) and (B) and nozzle-housing heater (1) should be connected to a Lake Shore 

340 Temperature Controller, and combination top-flange / transfer-socket heater 

(2) should be connected to an appropriate manual power supply. (A series of pin-

out tables for instrumentation interfacing may be found in the appropriately 

labeled appendix located at the end of this thesis.) 

 

♦  Connect the SHOMGS Fiber-Optic cables (II) to their respective terminals at the 

front of the SHOMGS System Interface (I). One cable connects directly to the 

spectrometer terminal while the other connects directly to the laser emitter 

terminal. Each of these terminals is unique and connection is straightforward. 

 

♦ As the core of each cable is a glass fiber, special care is required to secure the 

fiber-optic cabling in a manner that will protect it from being damaged during the 

course of the experiment. 

 

♦ Utilizing the BNC type coaxial cables protruding from the associated independent 

system mounted feed thru, connect the capacitance level gauging probe (G) to the 

appropriate terminals located at the back of the AH2550A Capacitance Bridge 

(IV). 
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♦ It should be noted that the order in which each of these BNC cables is attached to 

the two terminals at the back of the bridge is non-specific. The associated level 

gauge (G) will be properly powered and measured regardless. (It should be noted 

that while this order is irrelevant initially, there is a small chance it may need to 

be changed during the course of the experiment. Information regarding this may 

be found in section 4.9 Trouble Shooting, under the subsection “Noise”) 

 

♦ The capacitance bridge should be plugged into an isolation transformer, which in 

turn is connected to a house power receptacle. 

 

♦ Using an appropriate interface cable, attach the system-mounted liquid helium 

level indicator (XIII) to a liquid helium level indicator digital display box (XIV). 

 

♦ Using an appropriate interface cable, connect the cryostat-mounted pressure 

barocel® (XII) to an appropriately configured digital MKS Type 651 Pressure 

Controller (XI). 

 

♦ Connect the solenoid (X) and solenoid power toggle-switch (IX) to the timed 

relay control box (VIII) in series, by plugging the toggle-switch power cord into 

the back of the timed relay control box (VIII). 

 

♦ Once the timed relay is set to the desired delay setting, the solenoid power toggle 

switch may be left in the on position, and the solenoid may be activated with the 

trigger button located on the front of the timed relay control box. 

 

♦ Always take special care during the series connection of the solenoid to the timed 

relay control box, as the solenoid may be spontaneously activated upon initially 

plugging the relay control box into a standard power receptacle. 
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The solid hydrogen particle generation system should now be properly interfaced 

with the various mechanical and electrical components required for experimental 

operation. 

 

4.2 Purging and Pre-cooling 

 

Prior to any cryogenic experiment it is crucial to properly purge the system being 

utilized. This process is done to ensure that the associated spaces contained in the system 

are free of any contaminants or air, which could freeze when exposed to cryogenic 

temperatures and block or damage the system.  With the system in place and fully 

connected both mechanically and electrically as described in the previous subsections, it 

is recommended to prepare to purge and pre-cool the liquid hydrogen injection system 

and its affiliated plumbing the evening prior to the day of experiments as described 

below. 

 

♦ To begin the purging process, first ensure that the outer vacuum jacket of the 

optical cryostat has been fully evacuated and the associated turbo pump is allowed 

to pump continuously throughout the duration of experiments the following day. 

 

♦ With the outer jacket of the cryostat fully evacuated, open valves (2), (3), (4) and 

(6) on the rig, so that the entire system and related plumbing are seen as one 

interconnected vessel.  Furthermore, ensure that each of the three gas supply 

cylinders is closed at their respective regulators, and that the respective valves (9) 

and (10) interfacing the system with the house vacuum pump and the house 

helium recovery system are closed. At this time valves (1), (5), (7) and (8) should 

be closed.  

 

♦ With the injection system seen as one interconnected space, simultaneously begin 

pumping on both the injection system and the cryostat. This can be done by 

starting the roughing pump and opening valve (5) on the rig, while simultaneously 

starting the house vacuum pump and opening valve (9) at the system’s house-
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interface.  Continue pumping on both spaces until the roughing pump 

thermocouple gauge registers approximately 30-40 milli-Torr. 

 

♦ Once a sufficient vacuum (30-40 milli-Torr) has been achieved on the injection 

system, close valve (5) and continue to allow the house vacuum to pump on the 

cryostat space. 

 

♦ With the House Vacuum continuing to pump and the roughing pump valved off, 

open and regulate the low-pressure helium supply cylinder to 2-3 [psig]. Open 

valve (1) and allow the entire system to back-fill with helium gas until the 

pressure stabilizes. The level of vacuum within the injection system can be 

monitored through the pressure gauge located just above valve (4). Once the 

pressure according to this gauge has stabilized, close valve (1) to stop the flow of 

helium gas, and open valve (5) to repeat the process of evacuating of the system. 

 

♦ During this initial re-evacuation process, slowly open the regulators to each of the 

additional gas supply cylinders independently. Allow gas to flow at 

approximately 1-2 [psig] from each cylinder for about three seconds before 

closing them off again. This step is important for ensuring that no dead spaces in 

the gas supply system are left un-purged prior to cool down. This step is only 

required once during the purging of the system. 

 

♦ While continuously pulling a vacuum on the cryostat space with the house 

vacuum, repeat the process of purging the system space. Complete at least three 

cycles of : 1) Pumping the system down to approximately 30-40 milli-Torr, 2) 

Closing valve (5) to the rouging pump and opening valve (1) to allow the system 

to back fill and stabilize with 2-3 [psig] helium gas, and 3) Closing valve (1) and 

opening valve (5) to purge the system. 

 

♦ Once the injection system has been back-filled and purged at least three 

consecutive times, close valve (5), turn off the roughing pump, and finally vent 
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the pump to atmosphere. Secondly, open valve (1) to allow the system to backfill 

with approximately 2 [psig] a final time, and leave valve (1) open. Finally, 

manually open the main injection valve for approximately three seconds to allow 

helium gas to pass through the injection nozzle and into the cryostat. . This final 

step is to ensure that no dead space within the main injection valve/valve-seat 

assembly is left un-purged.  At this time the cryostat should still be under the 

continuous vacuum being supplied by the house vacuum pump.  At this point the 

injection system and its related plumbing have been successfully purged. 

 

♦ Close of valve (9) to the House Vacuum pump at the system-house interface.  It 

should be noted at this time that the low-pressure safety valves located on the top-

flange of the cryostat and the house / system interface may need to be restrained 

to properly purge the cryostat space. 

 

♦ Open valve (7), to allow low-pressure helium gas to backfill the cryostat until the 

pressure has stabilized, according to the Barocel® pressure-controller gauge, 

which is in contact with this space through the top flange of the cryostat. 

 

♦ Once the cryostat is completely back-filled with helium gas, close valve (7) to the 

low-pressure helium supply and open valve (9) to the House Vacuum Pump to 

evacuate the system. 

 

♦ Repeat the process of purging and back filling the cryostat at least three 

consecutive times. 

 

♦ Once the cryostat has been successfully purged three times, close valve (9) to the 

House Vacuum. At this time the House Vacuum Pump can be shut down. 

 

♦ Finally open valve (7) to allow the cryostat to backfill with low-pressure helium 

gas (2-3 psig).  At this time the injection system, its related plumbing, and the 

cryostat should be backfilled with low-pressure helium gas. Be sure to leave 
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valves (1) and (7) open, so that the combined cryostat system can be continuously 

supplied with low-pressure helium gas from this point until the initial cool-down / 

liquid-helium transfer takes place prior to experiments. 

 

♦ At this time both the cryostat and the injection system have been successfully 

purged and are ready for pre-cooling. 

 

♦ To begin pre-cooling, ensure that the two valves pertaining to the nitrogen-jacket 

on the side of the cryostat are open. One of these valves should be equipped with 

a liquid nitrogen transfer line, and the other simply opens the nitrogen-jacket to 

the free space in the lab.  This second valve will be used as a vent to the 

atmosphere. 

 

♦ Connect a 160L liquid nitrogen storage dewar to the transfer line on the nitrogen-

jacket valve.  Slowly open the supply valve at the top of the liquid nitrogen dewar 

to establish flow through the transfer line. Continue to transfer liquid nitrogen into 

the cryostat’s nitrogen-jacket until liquid nitrogen issues from the second 

nitrogen-jacket valve.  Close the supply valve at the top of the liquid nitrogen 

storage dewar but do not disconnect it, this process will be repeated at least once 

prior to running experiments.  Leave the two nitrogen-jacket valves on the side of 

the cryostat open. 

 

♦ At this time the cryostat and injection system will begin pre-cooling. It is 

recommended to carry out these procedures the evening prior to the day of 

experiments to allow sufficient time for pre-cooling. Furthermore, it is crucial that 

the low-pressure helium gas supply cylinder, and related system interface valves, 

be left open to ensure that the system and the cryostat remain with a positive 

pressure of helium gas during the pre-cooling stage.  This is done to prevent air 

from being drawn into the system through any leaks, which may exist in the 

system or its related plumbing. 
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4.3 Initial Helium Transfer 

 

 Once the injection system and cryostat have been sufficiently purged and pre-

cooled, the user can begin transferring liquid helium into the cryostat following the given 

steps below. 

 

♦ To begin preparation for liquid helium transfer, start by refilling the liquid 

nitrogen jacket of the cryostat. Once this jacket it full, shut the liquid nitrogen 

Dewar main supply valve and disconnect the liquid nitrogen Dewar from its 

transfer line.  Leave both nitrogen-jacket valves open. 

 

♦ Fill the hydrogen pre-cooler flask with liquid nitrogen. 

 

♦ Seal off the condensation reservoir’s heat exchange jacket by closing valve (2). 

This is done to retain only a small amount of low-pressure helium gas (~1-2 psi) 

in the heat exchange jacket, for aid in the condensation process to be discussed 

later. This valve will stay closed throughout the experiment and will not be 

reopened until post experimental warm-up procedure concluding the experiment. 

 

♦ Stop the flow of low-pressure helium gas to the cryostat by closing valve (7). 

 

♦ The low-pressure helium gas supply to the rest of the injection rig can be shut off 

by closing valve (1), however this valve should remain open during liquid helium 

transfer until just before the hydrogen condensation process is initialized, unless 

desired temperatures within the condensation reservoir are unachievable prior to 

that point. 

 

♦ Select an appropriate liquid Helium Transfer Line, properly clean both bayonets, 

and slowly insert it into the Liquid Helium Dewar.   Once enough helium gas has 

passed through the transfer line to sufficiently purge it, the line can then be slowly 

inserted into the cryostat utilizing the appropriate quick-connect fitting on the 
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cryostat’s top flange. (It should be noted that less than 100L of liquid helium were 

required in previous experiments, which ran continuously over several hours. 

However, usually 250L of liquid helium were on hand in the event that 

experiments on consecutive days were planned. Regardless of the quantity or 

Dewar size ordered, ensure that the Dewar is equipped with an internal-

pressurization heater to assist in the transfer process.) 

 

♦ Once liquid helium transfer has begun, close the two nitrogen-jacket valves 

located on the side of the cryostat.  This is done to ensure that air is not drawn 

into the jacket during cool-down which could ice and clog the jacket later, 

resulting in over pressurization. 

 

♦ Open valve (10) to the helium recovery system. 

 

♦ Turn on the band wrap heaters located around the mid-section of the cryostat. 

This is done to prevent the cryostat’s o-rings from freezing thus spoiling the 

insulation vacuum. 

 

♦ At this time un-restrain any safety valves on the cryostat top-flange or system-

house interface that may have been restrained during the purging process earlier. 

 

♦ Begin monitoring the temperatures of thermometers A and B on the Lake Shore 

340 Temperature controller. Thermometer A should represent the external nozzle-

housing / heat exchange-jacket space temperature, and thermometer B should 

represent the temperature inside the free space of the condensation reservoir. 

 

♦ Begin monitoring the amount of liquid helium transferred according to the Lake 

Shore liquid helium level indicator digital read-out box.  The level indicator is 

mounted to the side of the hydrogen injection system and stops at the base of the 

heat-exchange jacket. It should be noted that the condensation process is usually 
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initialized and carried out with 3-6 inches of helium registering on this gauge at 

the given location. 

 

♦ Pressurize the liquid helium Dewar with its associated internal heater, in 2-3 

second intervals as needed to maintain liquid helium transfer. Typical pressure 

varies between 1-3 psig. 

 

♦ Continue to monitor liquid helium level gauge display and the temperatures 

displayed on the Lake Shore 340 Temperature Controller.  For the time being, the 

programmable set point temperature can be set at 14-18 K, however this setting is 

not important until just prior to the hydrogen condensation process. 

 

♦ Once temperatures between 12-15 K are sustainable in and around the 

condensation reservoir, as denoted by thermometers A & B, and between 3-6 

inches of liquid helium register on the liquid helium level gauge display box, 

preparation for hydrogen condensation can begin. 

 

♦ The liquid helium transfer-line should remain in place throughout the 

condensation process, as additional transfer will be required periodically. In 

previous experiments this transfer line was only removed for brief intervals 

during the injection process as will be discussed later. 

 

4.4 Hydrogen Condensation 

 

 While several steps are required to initialize the process of hydrogen 

condensation, once condensation stabilizes the user need only monitor and tweak the 

system as necessary to maintain the condensation temperature and pressure. It should be 

noted that this is the longest portion of the experimental process.  Once condensation 

stabilizes and the reservoir begins to fill with liquid hydrogen, the user may wait for 

several hours before it is time to prepare for hydrogen injection and data acquisition. 
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♦ In preparation to begin the hydrogen condensation process, top off the hydrogen 

pre-cooler flask with liquid nitrogen if necessary. 

 

♦ If the low-pressure helium gas supply valve (1) has not already been closed, close 

this valve now. 

 

♦  Turn on the roughing pump, which is connected to the rig through valve (5). 

 

♦ Open valve (5), and pump on the interconnected reservoir / pre-cooler space to 

remove any helium vapor still inside.  It should be noted that valve (2) on the heat 

exchange space should still be closed, and should remain closed throughout the 

remainder of the experiment. DO NOT EVACUATE the exchange gas from this 

space. 

 

♦ Continue pumping on the reservoir space for several seconds until both the rig 

pressure gauge and the roughing pump’s TC pressure gauge stabilize. The rig 

mounted pressure gauge will typically stabalize between  –25 & -30 inHg.  

 

♦ Close valve (5) to retain the vacuum in this space. 

 

♦ Close valve (3) and valve (4) to isolate the high-pressure helium supply cylinder 

and the rest of the system from the condensation reservoir. 

 

♦ Monitor the temperature and capacitance bridge for initial values. 

 

♦ Slowly open the hydrogen supply cylinder to a regulated pressure of 

approximately 2 [psig], allowing hydrogen gas to flow through the pre-cooler and 

into the reservoir. 

 

♦ Continue to monitor the temperatures and the reservoir pressure according to the 

rig-mounted pressure gauge. 
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♦ Record an initial capacitance bridge measurement for “Empty /with hydrogen-

vapor” status. 

 

♦ Turn on the combination transfer-socket / reservoir top-flange heater using the 

affiliated external manual power supply. This associated series heater has a total 

resistance of 100 ohms at room temperature. Voltage settings used in previous 

experiments for this device have ranged from approximately 5V to approximately 

20V (0.25 to 4 Watts).  The use of this heater is important for guarding against 

premature hydrogen freezing in the transfer socket, which could block the flow of 

gas to the reservoir. In addition this heater will work in conjunction with the 

nozzle-housing heater, being controlled by the Lake Shore 340 Temperature 

Controller, to help normalize and maintain the desired temperature of the 

condensation reservoir. 

 

♦ Set the Temperature Controller “set-point temperature” at 14-18 K.  For injection 

purposes later, a set point of 18 K is desirable. However, in previous experiments, 

lower temperatures were used to freeze the valve /valve-seat, and guard against 

premature valve leakage.  Furthermore, lowering the temperature at which the 

reservoir is maintained will reduce the amount of energy being dumped into the 

cryostat helium bath and help conserve liquid helium by avoiding additional boil-

off. 

 

♦ Continue to monitor the temperature in and around the reservoir, and the vapor 

pressure of the reservoir via the rig pressure gauge. 

 

♦ From this point monitor the system for stabilization.  The rig pressure gauge (I) 

should be somewhat constant. If for some reason the pressure begins to climb 

rapidly at any point during the experiment, slightly open the manual relief valve, 

valve (8). In the event that this is done, pay careful attention to the pressure 

gauge so as not to allow air to be drawn into the system. 
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♦ The temperature in and around the reservoir should slowly drop and eventually 

stabilize around the set-point temperature (18 K). If the temperature does not 

seem to be dropping continually, try lowering the regulated pressure from the 

hydrogen supply-cylinder, the power to the socket heater, or the set point 

temperature. 

 

♦ The percentage of heater power being provided from the Lake Shore 340 

Temperature Controller will vary, cycling on and off as needed to maintain the set 

point. 

 

♦ Continue to monitor the Capacitance Bridge.  Typical values for “Empty 

w/vapor” were approximately 87-88 [pF].  In the experiments described within 

this thesis, values of approximately 95-105 [pF] were generally achieved prior to 

injection, signifying that the reservoir was somewhere between “Half-Full” and 

“Full” of liquid hydrogen.  Overall, the desired amount of condensation prior to 

injection is solely up to the user. 

 

♦ Continue to transfer liquid helium into the cryostat as needed throughout the 

condensation process. (Typically 3-6 in. of helium were recorded on the liquid 

helium level indicator digital display box (XIV). In this manner, the latent heat of 

the liquid helium as well as the heat capacity of the helium vapor are used to cool 

the condensation reservoir and extract the internal energy of the hydrogen 

required for liquefaction) 

 

4.5 SHOMGS and Digital Camera Initialization 

 

During the condensation process initialize the SHOMGS software on the affiliated 

notebook computer, as well as the digital camera (XVI) and related software on its 

affiliated desktop computer (XV) as described at the end of Chapter 3.  While no data 

saving is necessary at this point, initializing the SHOMGS system now gives it time to 

normalize before data acquisition is required.  Furthermore, by simultaneously initializing 

the digital camera and related desktop computer display, the environment in and around 
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the sphere can be seen in real-time.  The laser light being emitted from the SHOMGS is 

sufficient to fully illuminate the sphere.  The digital camera and related software are only 

used to visualize the injection process, and the environment in and around the sphere in 

real-time. 

 

♦ To initialize the SHOMGS, turn on the temperature controller power switch and 

laser enable key, followed by the affiliated notebook computer and related 

software as described in the end of Chapter 3. 

 

♦ The digital camera (XVI) is directly operated by software loaded on an affiliated 

desktop computer (XV). To initialize this camera and display real-time images, 

simply initialize the software by double-clicking the designated icon on the 

computer’s windows based desktop.  

 

♦ Saving images from the digital camera can be accomplished directly through the 

software interface, which saves images in a designated folder on the computer’s 

main hard-drive. 

 

4.6 Initial Injection Preparation 

 

 Once the desired amount of liquid hydrogen has been collected in the 

condensation reservoir as denoted by the capacitance bridge display, several steps should 

be taken in preparation for the injection and data acquisition process. In this section the 

steps leading up to and including the first injection are discussed. 

 

♦ When the desired amount of liquid is collected, according to the digital readout 

from the capacitance bridge, close the main valve on the hydrogen cylinder. After 

allowing the remaining gas to bleed from the regulator, close the regulator on the 

hydrogen cylinder to completely stop the flow of hydrogen gas to the pre-cooler. 

 

♦ With valve (3) and valve (4) still closed, open the high-pressure helium supply 

cylinder to a regulated pressure of approximately 5 [psig]. (The value of 5 [psig] 
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was most commonly used in previous experiments, however the actual value used 

is left for the user to decide based on his individual test plan.) 

 

♦ Adjust the set-point temperature on the Lake Shore 340 Temperature Controller to 

18-19 K, and allow the temperature to increase and stabilize in and around the 

reservoir as denoted by thermometers A & B. 

 

♦ Slowly Open valve (4) and monitor the rig pressure-gauge (I), to pressurize the 

condensation reservoir and its contents to the desired pressure. (If the desired 

pressure is not achieved initially, the user may readjust the regulator on the 

supply-cylinder and relieve some pressure by slowly cracking the manual safety 

valve (8), then closing it immediately after some pressure has been relieved. It 

should be noted that caution needs to be taken in this procedure to avoid drawing 

air into the system.) 

 

♦ Set the duration time on the solenoid timed-relay box according to the length of 

injection time desired. (Typically in previous experiments times of ~0.5 sec. were 

used with a bath pressure of 5psig, according pressure gauge (I) and a bath 

temperature of 18-19 K). 

 

♦ Adjust the SHOMGS data acquisition settings as desired and save an initial 

“Empty-Sphere” data file as previously described in the end of Chapter 3. (This 

saved file will signify the beginning of a series of injections, which will be saved 

in individual files throughout the course of the experiment and reviewed at a later 

date.) 

 

The following two bullets describe the process for lowering the level of liquid 

helium remaining within the cryostat prior to injection.  In previous experiments, the 

liquid helium level was lowered to just above the spheres equator. As the liquid 

helium level-indicator terminates at the base of the injection system, the level was 

visually monitored the helium level on the digital camera real-time display. It should 
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be noted that his practice is not required for a successful injection sequence, however, 

and should be exercised based solely on the discretion of the user and in accordance 

with their individual test plan. If lowering the liquid helium level within the cryostat 

is not desired prior to injection, the following two bullets may be skipped. 

 

♦ To lower the level of liquid helium currently in the cryostat, simply stop the liquid 

helium transfer and wait for the desired amount of excess helium to boil off.  

Monitor the level of liquid helium remaining within the cryostat, via the digital 

camera real-time display, for the appropriate injection window. 

 

♦ Once the condensation reservoir temperature and pressure are stabilized, the 

solenoid relay is set, and the desired amount of liquid helium is present in the 

cryostat, the liquid hydrogen injection system is ready. 

 

♦ Record a few initial capacitance lead measurements and monitor the bridge for 

stability. 

 

♦ Record the temperatures as denoted by thermometers A & B on the Lake Shore 

340-temperature controller. 

 

♦ Ensure that the SHOMGS software is currently taking data. 

 

♦ Make an initial injection by triggering the timed relay to activate the solenoid and 

open the main injection-valve for the desired duration. Simultaneously monitor 

the injection in real time on the digital camera desktop display. 

 

♦ Quickly record the initial and final stable values displayed on the capacitance-

bridge. (The amount of mass injected can be calculated later through the use of 

the mass transfer function derived in chapter 3. In previous experiments, a change 

in capacitance of 0.10 [pF] corresponded to 0.2 [g] of mass injected.) 

 84



♦ When the Spectrometer Data curve, displayed on the SHOMGS software interface 

begins to stabilize, save a set of data files as outlined in the end of Chapter 3. 

 

♦ Save pictures of the injection process and solidified hydrogen mass using the 

digital camera software as desired. 

 

4.7 Continuation of the Experiment: Further Injections and Data 

Acquisition. 
 

 Once the initial injection process has been completed, as outlined in the previous 

section, the remainder of the experiment and data acquisition is primarily straightforward 

and may be continued at the user’s discretion.  In this section several points of interest 

pertaining to the continuation of the experiment are addressed. 

 In the event that additional liquid helium is required within the cryostat, and the 

transfer line was removed prior to the first injection as described in the previous section, 

helium may be added following a few steps. 

 

♦ Wipe down both bayonets on the transfer line and slowly insert one bayonet into 

the liquid helium supply Dewar. Continue to insert the bayonet until it comes into 

contact with the liquid helium inside. 

 

♦ Allow liquid helium to boil off through the transfer line until a small white plume 

of liquid helium issues from the apposing bayonet. 

 

♦ At this time, remove the brass plug from the appropriate quick-connect fitting on 

the cryostat’s top flange and quickly insert the bayonet into the cryostat. With 

both bayonets inserted, slowly continue to increase the depth of the transfer line 

into the cryostat as well as the supply Dewar until the desired depth is reached. 

 

♦ Monitor the level of liquid helium in the cryostat via the liquid helium level-

indicator digital display. Pressurize the supply Dewar with its associated internal 

bath heater as needed to increase the transfer of liquid helium. 
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Through out the continuation of this experiment, removing and reinserting the liquid 

helium transfer line as a means of controlling the level of the liquid helium bath within 

the cryostat may be desired. This can be successfully accomplished by repeating the 

procedure outlined in the previous section for removing the transfer line, and following 

the above procedure for reinserting the transfer line as many times as may be desired by 

the individual user.  So long as the liquid hydrogen bath temperature and the temperature 

in the space around the reservoir are stabilized at the desired set point, and enough helium 

remains in the cryostat to solidify further injections, the amount of liquid helium present 

is of little concern. 

Following the initial injection sequence detailed in the previous section, further 

injections and data acquisition may be executed following the steps outlined below. 

 

♦ Once the desired amount of data acquisition has been completed following the 

previous injection, namely the recording or saving of capacitance readings, 

temperatures, pressures, SHOMGS data files, real-time digital images, or any 

additional notes the user may want to make, the system is ready for further 

injection sequences providing a sufficient quantity of liquid helium remains in 

the cryostat. 

 

♦ To execute further injections, the user simply needs to re-trigger the timed 

relay to activate the solenoid and open the main injection-valve for the desired 

duration. 

 

♦ Following each injection, the user should at least record the initial and final 

stable capacitance readings pertaining to the injection and, if desired, an 

associated SHOMGS data file set. 

 

♦ Continue to monitor and maintain the vapor pressure above the liquid 

hydrogen bath, as denoted by the pressure gauge (I), at the desired injection 

pressure. If the reservoir begins to warm up the vapor pressure will climb and 
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may need to be vented through the manual relief valve (8), in accordance with 

the procedure previously described for the use of this valve. 

 

♦ As long as a sufficient level of liquid helium remains in the cryostat and the 

temperatures in and around the condensation reservoir are within the desired 

range, further injection and data acquisition sequences may be continued at 

will by the user until the set goal of the given experiment is met. 

 

♦ For as long as the experiment is to be continued, monitor and maintain the 

vapor pressure above the liquid hydrogen bath, the temperature in and around 

the condensation reservoir, and monitor the capacitance bridge for initial and 

final injection readings as well as stability. 

 

♦ So long as the desired temperatures are stable, further manipulation of the 

Lake Shore 340 temperature set points or the manually operated transfer-

socket / reservoir top-flange heater is not required. Should temperatures begin 

to slowly drift upward, turn off the manually operated heater. If the 

temperature continues to rise, consider adding liquid helium to the cryostat. 

The set-point temperatures should remain at 18-19 K throughout the duration 

of injection sequences. 

 

4.8  Post-Experimental Warm-up Procedures 

 

 Following successful execution of the planned experimental exercises, several 

steps should be taken to ensure that the injection system and its contents are properly 

deactivated and prepared for a safe post-experimental warm-up phase.  In this section the 

procedures previously used for this process are laid out. Typically, following the 

completion of this procedure, the warm-up phase may last for two days. 

 

♦ Close the house helium recovery system valve at the system / house interface. 
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♦ Fully inject the remaining liquid hydrogen from the condensation reservoir.  This 

should be accomplished by first disconnecting the timed solenoid relay, and then 

manually holding the valve open while the system is still being supplied with 

high-pressure helium gas.  This final injection may be witnessed on the PIV real-

time display. 

 

♦ Following successful injection of the remaining hydrogen, continue to hold the 

valve open for a few seconds to purge the reservoir with the high-pressure helium 

gas supply, and then close the main injection valve.  (If desired, the regulated 

pressure of the high-pressure helium gas supply cylinder may be slightly 

increased for this final injection and purge process.) 

 

♦ Following the final injection and purge sequence, close the main supply valve on 

the high-pressure helium gas supply cylinder. After the remaining gas has been 

bled from the regulator, close the regulator. 

 

♦ Close the main supply valve on the low-pressure helium gas supply-cylinder, and 

after properly bleeding the regulator, close the regulator. If residual pressure in 

the line prevents bleeding from the low-pressure supply cylinder, open valve (1) 

to vent into the injection system. Once this line has been successfully vented, 

close valve (1). 

 

♦ Slowly open valve (2) and valve (3) to re-open the reservoir space and the heat 

exchange space as one interconnected space. 

 

♦ At this point all of the gas supply cylinders should be closed, valves (1), (5), (7), 

(8), (9), (10) should be closed, and valves (2), (3), (4), (6) should be open.  The 

injection system, including the pre-cooler, should now be as one interconnected 

space and only contain some residual helium vapor. 

 

♦ Turn off the digital-camera-affiliated desktop computer (XV). 
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♦ Turn off the SHOMGS by closing the related software, turning off the affiliated 

notebook computer, and turning the laser enable key and temperature controller 

power switch to the off position. 

 

♦ Turn off the liquid helium level indicator display box. 

 

♦ Turn off the capacitance bridge. 

 

♦ If the manual power supply for the combination transfer-socket / reservoir top-

flange heater is still on, turn it off at this time. 

 

For a quick post-experimental warm-up, follow the next 4 bullets 

 

♦ Temporarily turn off the Lake Shore 340 Temperature Controller. 

 

♦ At their interface with the Main Instrumentation rack, switch the cables from the 

transfer-socket / reservoir top-flange heater and the external nozzle-housing 

heater.  Following this, the supply leads from the transfer-socket / reservoir top-

flange heater should be connected to the Lake Shore 340 Temperature Controller, 

and the supply leads from the nozzle-housing heater should be connected to the 

manual power supply. 

 

♦ Turn the Lake Shore 340 Temperature Controller back on and adjust the set point 

temperature to approximately 280 K. 

 

♦ Reset the resistance of the heater from 52 to 100 ohms and adjust the power 

output, now connected to the transfer-socket / reservoir top-flange heater, to 

approximately 10W. Leave the manual power supply, now connected to the 

nozzle-housing heater, off. 

 

♦ Restrain any safety valves on the system / house interface, and make sure the 

main valves to the house vacuum and house recovery system are closed. 
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♦ Place a common KF-25 elbow over the low-pressure safety relief valve on the top 

flange of the cryostat. Route the black ventilation duct, which runs through the air 

handling system to the outside, across the injection system and encapsulate the 

KF elbow with it.  By doing this, all helium and hydrogen boil-off from the 

cryostat will be routed to this duct, and pass safely to the outside. A small amount 

of suction should be felt on this duct. 

 

♦ In the event that this system is operated at a different location in the lab, or newer 

venting installations have been made, repeat the above procedure in accordance 

with that ventilation installation to ensure that all of the contents from the cryostat 

are properly and safely vented to the outside. 

 

♦ At this point double-check all of the valves to ensure they are properly opened, 

closed or restrained in accordance with the procedures detailed above. Double 

check all gas supply cylinders to ensure they are properly closed both at their 

main supply and regulator. 

 

♦ At this point, with the injection system properly interconnected and vented to the 

outside, and the Lake Shore 340 set-point temperature and power setting properly 

set, the injection system is prepared for post experimental warm up. 

 

♦ Ensure that the main solenoid power supply toggle switch is off, and that the 

associated electrical cord is unplugged.  

 

♦ Ensure that any unnecessary electronic devices used during the course of the 

experiment are turned off. 

 

♦ Properly connect the liquid helium supply Dewar to the house recovery system. 
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♦ It may take approximately 1 to 2 days for this system to warm up to room 

temperature.  Periodically check the system throughout the course of this time.  

As the system begins to warm up the residual helium vapor trapped in 

condensation reservoir and interconnected heat exchange space may begin to 

pressurize. This can be denoted by monitoring the rig-mounted pressure gauge (I). 

In the event that pressurization occurs, temporarily crack manual safety valve (8) 

until some pressure has been relieved, then re-close this valve. 

 

4.9 Trouble Shooting 

 

As with any applied research experiment, regardless of how simple or routine a 

given procedure may become, there is always a possibility that something unexpected 

will occur.  In this section some basic trouble shooting tips for facing previously 

experienced problems are described. 

 

4.9.1 Main Injection Valve Freezing 

 

During the course of previous experiments, there have been several occurrences 

of the main injection valve / valve-seat interface freezing preventing further injections.  

This problem is denoted by a lack of up and down motion in the valve-stem upon 

activating the solenoid.  There are several techniques that have been successful at 

alleviating this problem in previous experiments. 

 

♦ Rapidly cycle the valve several times either using the timed relay trigger, or by 

disconnecting the timed relay control box and using the solenoid power toggle 

switch directly. When using the power toggle switch directly, activate the 

solenoid for 1-2 seconds, deactivate, then repeat. 

 

♦ Temporarily increase the temperature set point on the Lakeshore 340 Temperature 

Controller and allow the nozzle-housing heater to warm the system over several 

minutes. 
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♦ Manually open the valve by carefully lifting up on the bottom plate of the 

solenoid where the valve stem clevis and solenoid interface. 

 

4.9.2 “Electronic Noise” 

 

In experiments conducted prior to implementing the isolation transformer with the 

capacitance bridge, some problems with electronic noise were experienced with this 

device.  These problems were usually denoted by one of several messages, which are 

displayed in lieu of a capacitance measurement.  In particular, the message “Busy” and 

“AC on Low” have occured.  While solving the problem of electronic noise is still largely 

considered to be a black art, in the event that an error should occur the following 

techniques have been previously successful.  

 

If an “AC on Low” or “Busy” error message occurs:  

♦ Switch the positions of the two BNC type connectors, used to interface the 

capacitor level gauge, at the back of the bridge.  If necessary, reset the bridge. 

 

If the problem persists, or a similar error message occurs: 

♦  Ensure the connection between the Capacitance Bridge and the isolation 

transformer. 

 

♦ Ensure no unnecessary electrical devises are running or, furthermore, are 

connected in the vicinity to system. 

 

♦ Ensure that all of the amplifiers located in the main instrumentation rack are off 

and disconnected. 

 

♦ Temporarily disconnect the main instrumentation rack-interface cable from the 

system-mounted 32-pin connector, try resetting the bridge, and reconnect this 

cable. 
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

 

 

 

 Utilizing the procedures outlined in Chapter 4, seven experiments were 

conducted. During each of these experiments 10-20 mass injections were made in an 

attempt to better understand the characteristic response of the Solid Hydrogen Optical 

Mass Gauging System, as well as our ability to control the solid hydrogen particle 

generation system and provide reproducible results.  In the proceeding chapter several 

things culminating from this battery of experiments are described. Initially typical results 

from two sets of experiments are presented and discussed. After an understanding of 

these results is achieved, correlations between the sequence of mass injections and the 

consequent response of the SHOMGS for each data set are individually entertained.  

Following this discussion and comparison of typical results, some of the major issues that 

arose during the course of experiments are introduced. Finally, some recommendations 

for possible solutions to these problems, as well as corresponding limitations inherent to 

the components involved are presented. 

 Throughout the course of each experiment and before and after each injection, the 

temperature and pressure were continuously recorded to monitor the state of the liquid 

hydrogen within the condensation reservoir.  In addition, capacitance measurements were 

recorded during the experiment, especially before and after each injection.  From these 

recorded values, the mass transfer function developed in Chapter 3 was then used to 

derive the amount of mass and associated error corresponding to each injection. 
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5.1 Data Analysis and Discussion 02/28/04 

 

Contained in Table 5.1-1 below is a compilation of these experimentally recorded 

and derived values for a series of two injections performed during an experiment on 

2/28/2004.  

 

 
Table 5.1-1 (Experimental data corresponding to the liquid hydrogen bath temperature and pressure at 

each injection, as well as the change in capacitance and corresponding mass and mass error from each of 

2 injections performed in an experiment conducted 02/28/2004. M represents the calculated error in 

mass.) 

Injection 

[#] 

T 

[K] 

P 

[psig] 

∆C 

[pF] 

∆M 

[g] 

δM 

[g] 

1 19 10 1.713 3.2 ± 0.4 

Bypass 19 10 0.374 0.7 ± 0.09 

2 19.8 10 2.3 4.3 ± 0.5 

 

 

 Although only the first two injections of the complete data set for this experiment 

are presented and examined, this unique sequence of data is valuable for introducing 

several very important concepts.  One of the first points of interest is the “Bypass” row 

of data located below the first injection.  As will be discussed in detail later, this refers to 

leakage which occurred between injections due to a compromise in the valve-needle / 

valve-seat interface.  In essence, this leakage added mass to the SHOMGS between actual 

injections into the pseudo-integrating sphere.  Another key point worth noting pertains to 

the percentage of mass error stemming from the reported values for ∆M and δM for each 

sequence of mass transfer.  It can be seen that the percentage error in this data set runs 

from 11.6-12.9 % between each case, and has been higher in other data sets.  It should be 

pointed out however, that this percentage is largely dominated by the error related to 

capacitance measurement.  While a detailed analysis of error propagation through the 

developed mass transfer function is contained in the appropriately labeled appendices, it 

is known, for example, that mass injections translating to a difference in capacitance on 

the order of 0.1 [pF] induce a free standing error of approximately 10 %. The smaller the 

corresponding difference in capacitance, the larger the induced error from this 

measurement will be. 
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 In addition to the information tabulated in Table 5.1-1, raw-data files were saved 

following each mass injection from the associated software on the SHOMGS notebook 

computer, as detailed in Chapter 4, for the purpose of analyzing the overall response of 

this instrument.  Plotted below in Figure 5.1-1 are the raw-data response curves 

corresponding to the mass injections tabulated in Table 5.1-1. 

 

 

 

 
Figure 5.1-1 (Signal intensity of scanned wavelengths received by the SHOMGS. Response incurred 

following two mass injections in an experiment conducted 02/28/2004) 
 

 

 

This plot represents the intensity of light received by the SHOMGS before and after two 

injections.  Of particular interest are the changes in intensity registering for the 

wavelength of approximately 797 [nm], over which the plot is roughly centered.  This 

wavelength represents the primary absorption band of solid hydrogen, and as such it is 

expected that the intensity at this wavelength, being reflected about the sphere’s internal 

surface, will decrease as more mass is added to the system and more light is absorbed.  

With this in mind, two important concepts should be noted in Figure 5.1-1.  First, it can 
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be clearly seen that the intensity at this wavelength decreases following each injection, 

and more importantly, an almost total loss of signal occurs following the second 

injection.  It is believed that this loss of signal occurs due to an agglomerate of solid 

hydrogen becoming lodged in and around the fiber-optic interface ports.  Although the 

sphere was not completely filled with solid mass in this instance, the total flattening of 

the intensity curve is expected upon achieving the “full” condition.  While this series of 

data has been primarily included due to its clarity in exhibiting desired and expected 

trends, further analysis was conducted for completeness.  In addition, this analysis will 

serve as a point of comparison following the discussion of the data series exerted and 

analyzed from an experiment conducted on 4/07/2004 to be presented later. 

 As described in Chapter 2, a ratio-metric approach can be taken to analyze, 

compare, and calibrate the attenuation due to mass as a function of total mass present.  

For the implementation of this approach with the current data, the two wavelengths 

selected were 797.4 [nm], the primary absorption band of solid hydrogen, and 796 [nm], 

a wavelength just outside this band.  While a full table of the data plotted in Figure 5.1-1 

is contained in the appendix, the intensities corresponding to each injection at these 

wavelengths are presented in Table 5.1-2 below for ratio-metric analysis. 

 

 
Table 5.1-2 (Signal Intensities used for Ratio-metric mass analysis of 2 injections made in an experiment conducted 

02/28/2004. 797.4 represents the absorption wavelength while 796 is just outside the absorption band) 

Spectrometer Signal Intensity Wavelength 

[nm] No Mass Injection  

1 

Injection 

 2 

797.381 621.7 433.3 22.4 

796.037 398 250.7 8.7 

Ratio 1.56 1.728 2.6 
 

 

From the data presented in Table 5.1-2 and Table 5.1-1 above, the values in Table 5.1-3 

and the corresponding plot shown in Figure 5.1-2 were derived for the total mass, total 

mass error, and related intensity signal ratios, which were normalized against the initial 

intensity recorded for the case when no mass was present. 
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Figure 5.1-2 (Normalized spectrometer signal intensity ratio plotted as a function of total mass injected. 

Typical response incurred from an experiment conducted on 02/28/2004) 
 

 

 
Table 5.1-3 (Normalized signal intensity ratios corresponding to the total mass injected following 2 

injections in and experiment conducted on 02/28/2004)  

Injection  

[#] 

Total Mass 

[g] 

δM 

[±] 

Normalized Signal 

Ratio 

0 0 0 1 

1 3.2 0.4 1.108 

2 8.2 0.6 1.7 

 

 

Several important points should be noted in regard to the values contained in 

Table 5.1-3 and plotted in Figure 5.1-2 above.  First, the total mass used includes the 

direct sum of the mass injected, as well as the mass introduced due to valve bypass 

leakage.  Secondly, the related error presented is the total error associated with each 

point.  This total error was calculated using the independent errors for each mass transfer 

listed in Table 5.1-1 above, and a root mean square approach for summation.  This root 

mean square approach was utilized and considered valid for finding total error because 

the amount of error associated with each individual injection can be considered 
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independent of that associated with previous or subsequent injections. Furthermore, the 

actual percentage of error present in each individual mass transfer can be considered 

largely random and based on such things as fluctuations in the duration of valve opening 

and bath pressures. 

 Upon inspection of the data plotted in Figure 5.1-2, it can be seen that following 

the first injection the desired increase in signal attenuation due to mass is seen.  

Furthermore, this trend continues after the second mass injection is made.  By 

comparison, the trend that appears in this ratiometric analysis of the mass contained in 

the sphere supports the raw data response of a decrease in reflected light intensity as seen 

in Figure 5.1-1.  While only three data points have been analyzed for this experiment, the 

trends represented exemplify the desired response from the SHOMGS to changes in 

mass. 

 

5.2 Data Analysis and Discussion 04/07/04 

 

Following the previous example, experimentally recorded and derived values for 

a series of injections from an experiment conducted on 4/07/2004 are compiled in Table 

5.2-1 below.  Of the 22 total mass injections made during the course of this experiment, 

the data set below pertains to the first 5 injections. 

 

 
Table 5.2-1 ( Experimental Data Corresponding to the liquid hydrogen bath temperature and pressure at 

each injection, as well as the change in capacitance and corresponding mass and mass error from each of 

5 injections performed in an experiment conducted 04/07/2004 M represents the calculated error in 

mass.) 

Injection 

[#] 

T 

[K] 

P 

[psig] 

∆C 

[pF] 

∆M 

[g] 

δM 

[g] 

1 19.8 5 0.08 0.15 ± 0.03 

Bypass - - - - - 

2 19.3 5 0.06 0.11 ± 0.02 

Bypass 19.3 5 0.08 0.15 ± 0.03 

3 19.2 5 0.08 0.15 ± 0.03 

Bypass 19.2 5 0.03 0.06 ± 0.02 

4 19.3 5 0.08 0.15 ± 0.03 

Bypass 19.3 5 0.03 0.06 ± 0.02 

5 19.3 5 0.10 0.19 ± 0.03 
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Several differences from the previous experimental data set can be noted upon inspection 

of the table above.  While the problem with premature valve bypass persisted, there was 

no reported sign of bypass between the first and second injections.  Secondly, in effort to 

reduce the amount of valve bypass between injections, the vapor pressure maintained 

above the liquid hydrogen bath was reduced from 10 [psig] to 5 [psig].  The success of 

this effort can be further verified by inspection of the changes in capacitance associated 

with each valve-bypass row.  In the current data set the values for ∆C are approximately 

one order of magnitude less than those reported for the experiment conducted on 

2/28/2004.  As a final note, it can be seen that the percentage of error associated with 

each injection is much higher than in the previous data set, ranging from 15.8-20%.  Once 

again this is due to smaller mass injections being made, which translate to smaller 

differences in capacitance and in turn larger error. 

The SHOMGS data files relating to the varying intensities of a series of 

wavelengths being reflected onto the internal surface of the sphere were saved following 

each mass injection from the data set above.  Each of these raw-data response curves is 

plotted below in Figure 5.2-1. 

 

 

 

Figure 5.2-1 (Signal intensity of scanned wavelengths received by the SHOMGS. Response incurred 

following five mass injections in an experiment conducted 04/07/2004) 
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 Several things should be noted from this series of curves as well as observations 

made during the course of the experiment.  While five separate injections were made, it 

can be seen that the corresponding response curves oscillate between two families, which 

vary slightly in amplitude.  This trend is due to some hydrogen leaving the sphere 

between subsequent injections.  As discussed in detail later, this event is caused by a 

combination of effects.  Primarily the sphere is thought to become pressurized during the 

solidification process, whereby a portion of the contents of the sphere are allowed to 

escape through small leaks present at the injector-system / sphere mounting interface.  

However, while this problem persisted throughout the course of the experiment, the data 

holds some relevance in gauging the overall response of the instrument.  While 

oscillation did occur between subsequent data curves, an overall trend of decrease in the 

intensity of the signal was observed. 

 Following inspection of the trends contained in the Figure 5.2-1, ratio-metric 

analysis was performed to further visualize the attenuation of the absorption wavelength 

due to the mass present in the sphere.  While it is important to note that the actual 

quantity of mass remaining in the sphere is unknown at any given point, it is thought to 

have increased overall with the number of injections and this exercise is useful for 

comparison with expected trends.  For ratio-metric analysis the wavelengths of 797.4 

[nm] and 796 [nm] were once again selected.  The values for the intensity of light at each 

of these wavelengths corresponding to each injection are tabulated below in Table 5.2-2.  

A full table of the data plotted in Figure 5.2-1 is contained in the appendix. 

 

 
Table 5.2-2 (Signal Intensities used for Ratio-metric mass analysis of 5 injections made in an experiment conducted 

04/07/2004. 797.4 represents the absorption wavelength while 796 is just outside the absorption band) 

Spectrometer Signal Intensity Wavelength 

[nm] No Mass Injection 

1 

Injection 

2 

Injection 

3 

Injection 

4 

Injection 

5 

797.381 2963 1586.4 2892.8 1679.2 2739.2 1535.6 

796.037 816.2 414.4 808 431.2 552.2 321.6 

Ratio 3.630 3.828 3.58 3.894 4.961 4.775 

 

 

From the data presented in Table 5.2-2 and Table 5.2-1 above, the values in Table 

5.2-3 and the corresponding plot shown in Figure 5.2-2 were derived for the total mass, 
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total mass error, and related intensity signal ratios, which were normalized against the 

initial intensity recorded for the case when no mass was present. 

 

 

 
Figure 5.2-2 (Normalized spectrometer signal intensity ratio plotted as a function of total mass injected. 

Typical response incurred from an experiment conducted on 04/07/2004) 

 

 

 
Table 5.2-3 (Normalized signal intensity ratios corresponding to the total mass injected following 5 

injections in and experiment conducted on 04/07/2004)  

Injection  

[#] 

Total Mass 

[g] 

δM 

[±] 

Normalized Signal 

Ratio 

0 0 0 1 

1 0.15 0.03 1.0545 

2 0.26 0.04 0.986 

3 0.56 0.06 1.0727 

4 0.77 0.07 1.367 

5 1.02 0.08 1.315 

 

 

 

Following suit with the procedures for analysis used on the data set from 2/28/2004, the 

total mass values tabulated in table 5.2-3 include the mass introduced through bypass, 
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and the values for total error in mass present were found using the root mean square 

approach for summation and the independent errors tabulated in Table 5.2-1.  By 

inspection of the plot in Figure 5.2-2, the trend of hydrogen mass leaving the system 

between injections is further supported by the variations in ratiometric response found 

between the first four and last two data points.  However, it is apparent that while some 

mass is leaving the sphere, the total quantity of mass in the sphere continues to increase.  

This trend is denoted by the overall increase in slope of the plot in Figure 5.2-2, which 

translates to a continuing increase in the attenuation of the absorption wavelength due to 

mass.  Furthermore, this general increase in mass is supported by inspection of the plot in 

Figure 5.2-1, where the overall amplitude of subsequent sets of injection response curves 

tends to decrease. 

 Note that both data sets support the concept of an increase in attenuation of the 

absorption wavelength due to an increase in total mass within the system. However, the 

sensitivity of the instrument in each experiment appears to be different. This is denoted 

by a slope of ~ 0.37 [/g] in Figure 5.2-2 and a slope of ~0.08 in Figure 5.1-2. Although 

different quantities of mass were present in each experiment, the slope and thus the 

sensitivity is expected to be the same.  While problems inherent in the current 

experimental test configuration inhibit the generation of a reliable calibration curve for 

this solid hydrogen optical mass gauging system, the overall desired and expected trends 

have been exhibited.  Thus, on a whole, these results have been instrumental in not only 

investigating the feasibility of this system, but have also served to lay the groundwork 

and provide direction for future work. 

 

5.3 Summary 

 

Throughout the battery of experiments, three major issues evolved pertaining to 

the performance of the solid hydrogen particle generation system, the SHOMGS, and the 

general configuration under which these components were performed. First, following 

preliminary tests, it was determined that the main injection valve had a tendency to leak 

after an initial mass injection had been made. This problem first became apparent during 

a pre-experimental purging session when previously achieved levels of vacuum were 

unattainable.  Suspicions were later confirmed upon careful observation of capacitance 
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bridge measurements and the environment inside the sphere during subsequent 

experiments. 

 Once confirmation of valve bypass had been made, corrective measures were 

taken, including coating the tip of the valve needle with indium, and leak-rate tests were 

performed to quantify a leak dimension as detailed in the appropriately labeled appendix. 

Finally, concluding this analysis, the overall effect of this leak on future experiments was 

deemed negligible for several reasons.  Due to the small projected size of the leak, and 

the configuration of the valve / valve-seat interface, a completely new concept would 

need to be implemented to surpass the current design.  Secondly, future experiments 

revealed no sign of leakage during the pre-injection condensation process.  Furthermore, 

because capacitance measurements are taken prior to the first injection, and then before 

and after each additional injection, the total mass transferred can always be calculated. 

 The second major issue involved hydrogen escaping the sphere during the 

experiments. While initially, efforts were made to seal all of the sphere’s interfacing 

holes, and a specially made baffle was implemented over the screened bottom port, this 

problem still persisted.  At this point a closer investigation of the injection and 

solidification process within the sphere ensued. Though little is currently known about 

the dynamic environment that exists inside the sphere upon injection, calculations have 

shown that an injection of 0.2 grams of hydrogen could boil off almost 1 gram (~7 ml) of 

helium at 4.2 K.  As the amount of helium vapor produced by this process corresponds to 

approximately 10 percent of the total sphere volume, a pressure spike would be expected 

to occur within the sphere upon injection and solidification.  Subsequently, as equilibrium 

is regained this temporary build up of pressure leads to some of the spheres contents 

being pushed out through any available opening. 

 In answer to this dilemma several suggestions have been made, each one 

possessing its own limitations.  An initial thought was to reduce the amount of mass 

injected, per injection, thereby reducing the amount of helium sacrificed for solidification 

and in turn the corresponding rise in pressure. However, as using small differences in 

measured capacitance to calculate mass is already a predominant source of error, further 

reduction of the mass injected would lead to data that is largely irrelevant. An alternative 

to reducing the amount of mass injected would be to increase the overall volume of the 
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sphere which would allow for a larger internal helium bath and experience less 

fluctuation in pressure. However, as the inner diameter of the optical cryostat is 6 inches, 

little room is available for a sphere larger than the one currently being used, which 

possesses an outer diameter of 4 inches.  Furthermore, as the stainless steel tubes used for 

housing the fiber-optic cables currently pass between the sphere and the wall of the 

cryostat, an alternate means of interfacing the optical mass gauging equipment in the lab 

would become necessary.  In response to these current constraints, some thought has been 

given to altering the sphere for providing better ventilation to the outside cryostat bath. 

While some precaution will be necessary to avoid compromising the light integrating 

capabilities of the sphere in this venture, one idea would be to replace two of the spheres 

three optical windows with finely meshed screens. Under the current configuration, only 

one of these windows is required for visualization, and furthermore replacing the 

transparent windows with a metallic screen should only serve to increase the number of 

internal light reflections achieved.  A final alternative to this problem would be to either 

conduct the solidification process in a superfluid bath of liquid helium, where the heat 

capacity of the bath is larger, or attempt to completely reconfigure the sphere component. 

 The third major issue concerned variations in the signal received by the 

SHOMGS.  In a couple of experiments, where an adequate seal was achieved about the 

sphere interfacing holes and minimal leakage was observed, there were some instances 

where total signal loss occurred following a sequence of injections. While, this initially 

pointed to some from of SHOMGS saturation, the sphere was not completely filled with 

solid mass. One possible cause for this loss was thought to be the lodging of a solid mass 

about the fiber-optic entrance ports at the base of the sphere.  For obvious reasons, this 

event raised several questions. By design, the system should be capable of taking mass 

measurements with the sphere completely filled, as it would simulate a “full” fuel tank.  

Upon this realization, the wavelength being scanned by the spectrometer was investigated 

and thought to be too close to the total absorption peak for solid hydrogen. This being the 

case, a lodged agglomerate of solid mass would totally absorb the light emitted and loss 

of spectrometer signal could occur. 

 In light of this situation, two solutions were sought out.  Initially, an attempt was 

made to change the wavelength being emitted by the laser light diode.  If a slightly less-
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absorptive wavelength could be used, then total loss of light would not occur and the 

present mass could still be gauged.  However, while the wavelength emitted by the laser 

diode is controlled by the diode’s temperature, the current system configuration does not 

include a cooling fan, and as such the temperature of the diode could not be reduced 

enough to maintain the next available absorption peak.   In efforts to avoid this 

occurrence in future experiments, an alternative solution was utilized.  Ultimately, the 

fiber-optic cores of the respective cables were allowed to protrude into the sphere, thus 

avoiding the possibility of being completely covered. It should be noted that while this 

approach seemed successful in subsequent experiments, its validity has not yet been 

thoroughly tested. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 

 

 

 Advanced Technologies Group has developed a prototype Solid Hydrogen 

Optical Mass Gauging System to quantify the solid-state fuel storage on future space 

flight platforms.  A test facility was designed and fabricated consisting of a small-scale 

pseudo-integrating sphere, and a solid hydrogen particle generation system. For the 

purpose of testing the feasibility of this device and calibrating its response to changes in 

the quantity of solid hydrogen, the test facility needed to be capable of supplying a 

known mass of solid hydrogen to the associated SHOMGS pseudo-integrating sphere, 

and sustaining it inside for the purpose of measurement and calibration.  Furthermore, it 

was desirable that the testing system be capable of continually adding a controlled 

quantity of mass to this optical gauging system. 

 The solid hydrogen generation system included multiple components.  First, 

hydrogen gas was pre-cooled through the use of a liquid nitrogen cold-trap pre-cooler.  

Following this pre-cooling stage, the gas was transferred to a temperature controlled 

reservoir suspended in a bath of liquid helium at 4.2 K.  Utilizing the sensible heat of the 

liquid and vapor helium surrounding this reservoir, the remaining heat of liquefaction 

was removed from the hydrogen, causing it to condense and collect in the reservoir.  For 

the purpose of quantifying the amount of liquid condensed, and ultimately the amount of 

mass transferred to the SHOMGS sphere, a continuous capacitance level gauging probe 

was mounted within the liquid hydrogen reservoir.  Through the use of this internal level 

gauge, and a solenoid operated injection valve assembly, known quantities of liquid 

hydrogen could be transferred to the SHOMGS sphere suspended outside the reservoir in 

the liquid helium bath.  Finally, utilizing the spheres internal helium bath, the known 
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mass of liquid hydrogen could be solidified and maintained for the purpose of gauging 

the SHOMGS response. 

 Through the conducting of multiple experiments and a series of analyses, two 

things have been concluded about this technology.  First, the solid hydrogen particle 

generation system designed and fabricated for providing known quantities of solid 

hydrogen mass has been proven reliable, and is furthermore capable of supplying 

repeatable results with a calculated error in mass of 10-20% dependant upon the 

individual quantity of mass injected and its corresponding capacitance measurement 

difference.  Second, through the use of this testing platform, it has been experimentally 

determined that the Solid Hydrogen Optical Mass Gauging System supplied by Advanced 

Technologies Group exhibits response to changes in the quantity of mass present within 

the related simulated fuel cell.  However, from the battery of tests conducted, a reliable 

calibration curve for this instrument was not achieved.  In support of these findings, new 

direction and a scope for future work and further testing are recommended in an effort to 

meet the goal of reliable and repeatable calibration. 

Due to the problems experienced during testing, several issues should be 

addressed in future work.  Issues concerning over-pressurization and leakage encountered 

with the sphere during and after solidification could be alleviated through at least two 

approaches.  First, in an attempt to provide better ventilation, two of the spheres three 

optical windows could be replaced with fine mesh screens.  Second, to provide additional 

heat capacity within the spheres liquid helium bath, for the purpose of hydrogen 

solidification without helium vaporization, experiments could be conducted with a 

superfluid helium bath around 1.8 K.  Once the issues of sphere leakage and possible 

over-pressurization have been properly addressed, some suggestions may be fielded 

concerning the stability and sensitivity of the current SHOMGS configuration.  In an 

effort to avoid future signal loss steps should be taken to investigate alternate absorption 

bands.  This may be accomplished through the implementation of a cooling fan into the 

current thermoelectric laser diode cooler and related laser diode system, or by 

investigating new components to replace the current configuration.  Although problems 

with laser stability and overall instrument sensitivity need to be addressed, it should be 

noted that resolving this issue is ultimately the responsibility of ATG. 
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 After the present issues with sphere leakage, laser stability, and possibly injection 

accuracy have been properly resolved, further experimentation is required to accurately 

calibrate this Solid Hydrogen Optical Mass Gauging System.  However, due to the 

promising results observed in this preliminary testing, it is believed that following 

adequate calibration this prototype SHOMGS could be modified to develop mass gauging 

hardware for fluid management onboard future space flight platforms. 
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APPENDIX A 

 

MASS TRANSFER FUNCTION ERROR PROPAGATION 
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Where :

ρ L
= Liquid Hydrogen Density

Asurf
= Bath Liquid / Vapor Interface Surface Area

κL
= Dielectric Constant of Liquid Hydrogen

κv
= Dielectric Constant of Vapor Hydrogen

ε0
= Permittivity of Free Space

r0
= Capacitance Gauge Annulus Outer Radius

ri
= Capacitance Gauge Annulus Inner Radius

∆C = Difference in Capacitance Measurement Before and After Injections, (C1
- C2

)

Bath Liquid / Vapor Interface Surface Area: Asurf

Asurf Ares Agauge Arake+ Avalve+ Aheater+( )−

Where :

Ares
= Internal Cross-Sectional Area of Hydrogen Reservoir

Agauge
 = Cross-Sectional Area of Capacitance Level Gauge Tubing

Arake
= Cross-Sectional Area of Instrumentation Rake

Avalve
= Cross-Sectional Area of Injection Valve

Aheater
= Cross-Sectional Area of Internal-Bath-Heater Rake

Ares πrres
2

Aheater πrheater
2

Arake πrrake
2

Avalve πrvalve
2

Agauge π r0
2

ri
2−( )

Outer Tube−
π r0

2
ri

2−( )
Inner Tube−

+
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dARoOT 2− π r0OT⋅:= , δrres 0.1mm:= δr0OT 0.1mm:=

dARrake 2− π rrake⋅:= dARiOT 2π riOT⋅:= , δrrake 0.01mm:= δriOT 0.03mm:=

dARvalve 2− π rvalve⋅:= dARoIT 2− π r0IT⋅:= , δrvalve 0.06mm:= δr0IT 0.03mm:=

dARheater 2− π rheater⋅:= dARiIT 2π riIT⋅:= , δrheater 0.01mm:= δriIT 0.03mm:=

δAsurf dARresδrres( )2
dARoOTδr0OT( )2+ dARiOTδriOT( )2+ dARoITδr0IT( )2+ dARiITδriIT( )2+ dARrakeδrrake( )2+ dARvalveδrvalve( )2+ dARheaterδrheater( )2+⎡⎣ ⎤⎦

1

2

:=

δAsurf 2.726 10
5−× m

2=

rres 42.8mm:= rvalve 3.18mm:= r0OT 6.4mm:= r0IT 4.76mm:=

rrake 1.59mm:= rheater 1.59mm:= riOT 5.11mm:= riIT 3.52mm:=

Asurf πrres
2 π r0OT

2
riOT

2−( ) π r0IT
2

riIT
2−( )+ πrrake

2+ πrvalve
2+ πrheater

2+⎡⎣ ⎤⎦−:=

Asurf 5.628 10
3−× m

2=

Surface Area Uncertainty:   δAsurf

δAsurf

dAsurf

drres

δrres

⎛
⎜
⎝

⎞

⎠

2
dAsurf

dr0OT

δr0OT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

driOT

δriOT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr0IT

δr0IT

⎛
⎜
⎝

⎞

⎠

2

+
dAsurf

driIT

δriIT

⎛
⎜
⎝

⎞

⎠

2

+
dAsurf

drrake

δrrake

⎛
⎜
⎝

⎞

⎠

2

+
dAsurf

drvalve

δrvalve

⎛
⎜
⎝

⎞

⎠

2

+
dAsurf

drheater

δrheater

⎛
⎜
⎝

⎞

⎠

2

+
⎡
⎢
⎣

⎤
⎥
⎦

1

2

Let: 

dAsurf

dr0OT

dARoOT

dAsurf

driOT

dARiOT

dAsurf

dr0IT

dARoIT

dAsurf

driIT

dARiIT

dAsurf

drres

dARres

dAsurf

drrake

dARrake

dAsurf

drvalve

dARvalve

dAsurf

drheater

dARheater

dARres 2π rres⋅:=
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δAsurf 2.726 10
5−× m

2=,

dMκL ρ L− Asurf⋅
1

κL κv−( )2
⋅

1

2π ε0

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅:= δκL 2.597 10

3−×:=,

dMκv ρ L Asurf⋅
1

κL κv−( )2
⋅

1

2π ε0

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅:= δkv 1.326 10

4−×:=,

dMRo ρ L Asurf⋅
1

κL κv−
⋅

1

2π ε0

⋅
1

r0

⋅ ∆C⋅:= , δr0 0.03mm:=

dMRi ρ L− Asurf⋅
1

κL κv−
⋅

1

2π ε0

⋅
1

ri

⋅ ∆C⋅:= , δri 0.03mm:=
δC1 0.005pF:=

δC2 0.005pF:=

dM∆C ρ L Asurf⋅
1

κL κv−
⋅

1

2 π⋅ ε0⋅
⋅ ln

r0

ri

⎛
⎜
⎝

⎞

⎠
⋅:= δ∆C δC1 δC2+:=,

δMinjected dMρ δρL⋅( )2
dMAsurfδAsurf( )2

+ dMκLδκL( )2
+ dMκvδkv( )2

+ dMRoδr0( )2
+ dMRiδri( )2

+ dM∆Cδ∆C( )2
+⎡⎣ ⎤⎦

1

2

:=

δMinjected 2.946 10
5−× kg=

Uncertainty in Injected Mass: δMinjected

δMinjected

dM

dρL

δρL⋅⎛
⎜
⎝

⎞
⎠

2
dM

dA surf

δAsurf
⎛
⎜
⎝

⎞
⎠

2

+
dM

dκL

δκL
⎛
⎜
⎝

⎞
⎠

2

+
dM

dkv

δkv
⎛
⎜
⎝

⎞
⎠

2

+
dM

dr0

δr0
⎛
⎜
⎝

⎞
⎠

2

+
dM

dri

δri
⎛
⎜
⎝

⎞
⎠

2

+
dM

d∆C
δ∆C

⎛⎜
⎝

⎞
⎠

2

+
⎡
⎢
⎣

⎤
⎥
⎦

1

2

Let:

dM

dρL

dMρ
dM

dA surf

dMAsurf

dM

dκL

dMκL

dM

dkv

dMκv

dM

dr0

dMRo

dM

dri

dMRi

dM

d∆C
dM∆C

Asurf 5.628 10
3−× m

2= ε0 8.85 10
12−×

F

m
:= r0 riOT:= κL 1.2792:=

ρ L 72.5
kg

m
3

:= ∆C 0.1pF:= ri r0IT:= κv 1.0003:=

dMρ Asurf

1

κL κv−
⋅

1

2π ε0

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅:= , δρL 0.531

kg

m
3

⋅:=

dMAsurf ρ L

1

κL κv−
⋅

1

2π ε0

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅:=

 
 

Minjected ρ L Asurf

1

κL κv−
⎛
⎜
⎝

⎞
⎠

1

2π ε0

⎛
⎜
⎝

⎞
⎠

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅:=

Minjected 1.867 10
4−× kg=

  

DMTotal_Percent 100
δMinjected

Minjected

⋅:=

DMTotal_Percent 15.78=
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APPENDIX B 

 

INVESTIGATION OF INDEPENDENT MASS TRANSFER 

FUNCTION ERRORS 
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riIT 3.52mm:=riOT 5.11mm:=rheater 1.59mm:=rrake 1.59mm:=

r0IT 4.76mm:=r0OT 6.4mm:=rvalve 3.18mm:=rres 42.8mm:=

Agauge π r0
2

ri
2−( )

Outer Tube−
π r0

2
ri

2−( )
Inner Tube−

+

Avalve πrvalve
2

Arake πrrake
2

Aheater πrheater
2

Ares πrres
2

Where :

Ares
= Internal Cross-Sectional Area of Hydrogen Reservoir

Agauge
 = Cross-Sectional Area of Capacitance Level Gauge Tubing

Arake
= Cross-Sectional Area of Instrumentation Rake

Avalve
= Cross-Sectional Area of Injection Valve

Aheater
= Cross-Sectional Area of Internal-Bath-Heater Rake

Asurf Ares Agauge Arake+ Avalve+ Aheater+( )−

Bath Liquid / Vapor Interface Surface Area: Asurf

δM

M

⎛⎜
⎝

⎞
⎠sys

δAsurf

Asurf

δr0

r0

+
δri

ri

+

Systematic Uncertainty in Injected Mass

D∆Cpercent 10=

D∆Cpercent 100
δ∆C

∆C
:=

δ∆C δC1 δC2+:= ∆C 0.1pF:=

δC2 0.005pF:=
δM

M

⎛⎜
⎝

⎞
⎠ random

δ∆C

∆C

δC1 0.005pF:=

Random Uncertainty in Injected Mass

Minjected ρ L Asurf

1

κL κv−
⎛
⎜
⎝

⎞
⎠

1

2π ε0

⎛
⎜
⎝

⎞
⎠

⋅ ln
r0

ri

⎛
⎜
⎝

⎞

⎠
⋅ ∆C⋅
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Asurf πrres
2 π r0OT

2
riOT

2−( ) π r0IT
2

riIT
2−( )+ πrrake

2+ πrvalve
2+ πrheater

2+⎡⎣ ⎤⎦−:=

Asurf 5.628 10
3−× m

2=

Surface Area Uncertainty:   δAsurf  

δA surf

dA surf

dr res

δr res

⎛
⎜
⎝

⎞

⎠

2
dA surf

dr 0OT

δr 0OT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr iOT

δr iOT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr 0IT

δr 0IT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr iIT

δr iIT

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr rake

δr rake

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr valve

δr valve

⎛
⎜
⎝

⎞

⎠

2

+
dA surf

dr heater

δr heater

⎛
⎜
⎝

⎞

⎠

2

+
⎡
⎢
⎣

⎤
⎥
⎦

1

2

 
 

δriIT 0.03mm:=δrheater 0.01mm:=,dARiIT 2π riIT⋅:=dARheater 2− π rheater⋅:=

δr0IT 0.03mm:=δrvalve 0.06mm:=,dARoIT 2− π r0IT⋅:=dARvalve 2− π rvalve⋅:=

δriOT 0.03mm:=δrrake 0.01mm:=,dARiOT 2π riOT⋅:=dARrake 2− π rrake⋅:=

δr0OT 0.1mm:=δrres 0.1mm:=,dARoOT 2− π r0OT⋅:=dARres 2π rres⋅:=

dAsurf

drheater

dARheater

dAsurf

drvalve

dARvalve

dAsurf

drrake

dARrake

dAsurf

drres

dARres

dAsurf

driIT

dARiIT

dAsurf

dr0IT

dARoIT

dAsurf

driOT

dARiOT

dAsurf

dr0OT

dARoOT

Let: 

 
 

δA surf dA Rresδr res( )2
dA RoOTδr 0OT( )2

+ dA RiOTδr iOT( )2
+ dA RoITδr 0IT( )2

+ dA RiITδr iIT( )2
+ dA Rrakeδr rake( )2

+ dA Rvalveδr valve( )2
+ dA Rheaterδr heater( )2

+⎡⎣ ⎤⎦

1

2

:=  
 

δAsurf 2.726 10
5−× m

2=

DAsurfpercent 100
δAsurf

Asurf

:=

DAsurfpercent 0.484=  
Uncertainty in Injected Mass Due to Capacitance Gauge Anulus r0 and ri

δriOT 0.03mm:=
r0 riOT:= ri r0IT:=

δr0IT 0.03mm:=

DR0percent 100
δriOT

riOT

⋅:= DRipercent 100
δr0IT

r0IT

⋅:=

DR0percent 0.587= DRipercent 0.63=
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pp

Dρm_percent 0.753=
δρ 0.531

kg

m
3

=

Dρm_percent 100
δρm

ρ m

:=δρ mH2 δρm⋅:=

δρm 263.5
mol

m
3

=

δρm

dρT

dT
δT⋅

dρp

dP
δP⋅+:=

dP 0.1 atm⋅:=dT 1K:=
δP 0.07 atm⋅:=mH2 2.016 10

3−×
kg

mol
:=

δT 0.5 K⋅:=
dρp 5

mol

m
3

⋅:=dρT 520
mol

m
3

⋅:=
ρ m 35000

mol

m
3

⋅:=

Let : 

δρm

dρ

dT
δT⋅⎛⎜

⎝
⎞
⎠P_const

dρ

dP
δP⋅⎛⎜

⎝
⎞
⎠T_const

+

Percent Uncertainty in Density:

δM

M

⎛⎜
⎝

⎞
⎠T P,

δρ

ρ

δκv

κv

+
δκL

κL

+

Uncertainty in Injected Mass Due to Temperature and Pressure Variations
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dκvP 3.988 10
8−×

ms
2

kg
=

dκvP

2 Ψ⋅

1 P Ψ⋅−

Ψ 2 P⋅ Ψ
2

⋅+

1 P Ψ⋅−( )2
+

⎡⎢
⎢⎣

⎤⎥
⎥⎦

:=

dκv

dP

⎛
⎜
⎝

⎞
⎠T_const

dκvPκv

1 2P Ψ⋅+

1 P Ψ⋅−

Ψ
4 π⋅ N⋅ α⋅

3 mH2⋅ R⋅ T⋅
:=

Let: 

κv 1.0003:=δT 0.5K:=T 18.5K:=R 4120
Pa m

3⋅

kg K⋅
⋅:=α 8.067 10

31−× m
3⋅:=

δP 7000 Pa⋅:=P 136000Pa⋅:=N 6.023 10
23⋅

1

mol
⋅:=mH2 2.016 10

3−×
kg

mol
:=

Where :

κv
= Dielectric Constant of Vapor Hydroge

P =  Hydrogen Bath Pressure

R = Ideal Gas Constant

T= Vapor Temperature

N= Avogadro's Number

α = molecular polarizability

m = molecular weight of H2

κv

1
P

RT

8πN α⋅

3 mH2⋅
⎛
⎜
⎝

⎞
⎠

+

1
P

RT

4 π⋅ N⋅ α⋅

3 mH2⋅
⎛
⎜
⎝

⎞
⎠

⋅−

ρ ρ m m⋅ m
κv 1−

κL 2+

⎛
⎜
⎝

⎞

⎠
⋅

3

4πN α⋅
⎛⎜
⎝

⎞
⎠

⋅
P

R T⋅

δκv

dκv

dT
δT⋅

⎛
⎜
⎝

⎞
⎠P_const

dκv

dP
δP⋅

⎛
⎜
⎝

⎞
⎠T_const

+

Percent Uncertainty in Hydrogen Vapor Dielectric Constant:
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Percent Uncertainty in Hydrogen Vapor Dielectric Constant: ( Continued)

Let: 

Φ
4π P⋅ N⋅ α⋅

3 mH2⋅ R⋅
:=

κv

1 2
1

T
Φ⋅+

1
1

T
Φ⋅−

dκv

dT

⎛
⎜
⎝

⎞
⎠P_const

dκvT

dκvT

2 Φ⋅

T
2 Φ T⋅−( )−

Φ 2
Φ

2

T
⋅+

⎛
⎜
⎝

⎞

⎠

T
2

1
Φ

T
−⎛⎜

⎝
⎞
⎠

2

⋅

−:=

dκvT 2.932− 10
4−×

1

K
=

δκv dκvP δP⋅ dκvT δT⋅+:=

δκv 1.326 10
4−×=

Dκvpercent 100
δκv

κv

:=

Dκvpercent 0.013=
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DMass percent 12.678=

DMass percent D∆Cpercent DAsurfpercent+ DR0percent+ DRipercent+ Dρm_percent+ Dκvpercent+ DκLpercent+:=

DκLpercent 0.21=DRipercent 0.63=

Dκvpercent 0.013=DR0percent 0.587=

Dρm_percent 0.753=DAsurfpercent 0.484=D∆Cpercent 10=

δM

M

⎛⎜
⎝

⎞
⎠Total_Percent

δM

M

⎛⎜
⎝

⎞
⎠ random_percent

δM

M

⎛⎜
⎝

⎞
⎠sys_percent

+
δM

M

⎛⎜
⎝

⎞
⎠ T P,( )_percent

+

Total Percent Uncertainty in Hydrogen Mass Injected:

 (Sum of Independant Errors, not total Error Propagaition)

DκLpercent 0.21=

DκLpercent 100
δκL

κL

:=

δκL 2.597 10
3−×=

δκL dκLT δT⋅:=

dκLT 5.195 10
3−×

1

K
=

dκLT b:=

dκL

dT
dκLT

κL 1.237=

κL a b T⋅+( ):=

b 0.51946− 10
2−×

1

K
⋅:=a 1.3327:=

δκL

dκL

dT
δT⋅

⎛
⎜
⎝

⎞
⎠P_const

Percent Uncertainty in Hydrogen Liquid Dielectric Constant:
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APPENDIX C 

 

INSTRUMENTATION WIRING PIN-OUT SCHEMATIC TABLE 
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 Reservoir Mounted 

Detoronics® 24-Pin Connector

Primary Rig Interface           

32-Pin Connector 

Manganin Copper 

 

Manganin Copper  

Device 

 

Wire 

# 

Pin 

Letter 

Wire 

# 

Pin 

Letter 
 

±

Wire 

# 

Pin 

Letter 

Wire 

 # 

Pin 

Letter 

Vapor Discriminating Diodes    

7 y 7 g + 7 f 7 h  

I 6 z 6 f - 6 g 6 j 

3 v 3 U + 3 Z 3 b  

II 2 w 2 e - 2 a 2 c 

4 h 4 c + 4 X 4 V  

III 5 i 5 d - 5 Y 5 W 

Silicon Diode 

Thermometers 

   

 Manganin Manganin 

9 D 9 F + 9 d 9 T 
IV 

(AuxiliaryH2 Bath)  

9,0 C 9,0 E - 9,0 e 9,0 U 

Copper Copper Copper 

8 R 8 A + 8 N 8 R 

         V    (B) 

 

(H2 Bath) 
8,0 S 8,0 B - 8,0 P 8,0 S 

 Manganin Manganin 

    + 12 J 12 L 
        VI   (A) 

(External H2 Can Bottom) 

    - 12,0 K 12,0 M 
Wire Wrap Heaters     

       Copper 

    +   10 G 

VII 

(Injection Nozzle) 

    -   10 H 

    +   11 E VIII 
(H2 Can Top Flange / Transfer-

Socket) 
    -   11 F 

    +   13 C IX 

(Internal H2 Bath)     -   13 D 

Capacitance Level 

Gauge 

   

Capacitance Bridge Feedthrough Co-Axial  

X 

(Inner Tube) 

 

14  

Sheath 

 

Center 

B A XI 

(Outer Tube) 
 15 

 

F G 
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APPENDIX D 

 

MAIN INSTRUMENTATION RACK INTERFACE-CABLE WIRE  

PIN-OUT TABLE 
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Secondary Rack Interface 

24-pin Connector 
 

Polarity 

 

Primary Rig Interface 

32-pin Connector 
# 1 

 

Corresponding 

Rack Terminal 

+ A B 

- B C 

1 

 

+ C E 

- D F 

2 

+ E H 

- F J 

3 

+ G L 

- H M 

4 

+ J P 

- K Q 

5 

+ L R 

- M S 

6 

+ N U 

- P V 

7 

+ R X 

- S Y 

8 

  # 2  

+ T B 

- U C 

9 

+ V E 

- W F 

10 

+ X H 

- Y J 

11 

+ Z L 

- a M 

12 

+ b P 

- c Q 

13 

+ d R 

- e S 

14 

+ f U 

- g V 

15 

+ h X 

- j Y 

16 
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APPENDIX E 

 

RAW SPECTROMETER DATA PLOTTED FROM EXPERIMENT: 

02/28/2004 
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APPENDIX F 

 

RAW SPECTROMETER DATA PLOTTED FROM EXPERIMENT: 

04/07/2004 
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APPENDIX G 

 

MAIN INJECTION VALVE LEAK RATE AND BYPASS AREA  

DERIVATION 
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To determine the size of the leak between the main injection valve needle and the 

conical valve-seat, changes in capacitance were recorded as a function of time after an 

experimental test run, until the capacitance value corresponding to the empty condition 

was achieved.  Using the constant pressure difference between the liquid hydrogen 

reservoir and the experimental cryostat, a simplified Bernoulli equation can be used with 

the calculated mass flow rate to determine a characteristic dimension for the leak. 

 

 

mDot 5.56 10
6−⋅

kg

s
⋅:=

Pres 135826.7 Pa⋅:=

ρ liq 72.5
kg

m
3

⋅:= Pcryostat 122037.2 Pa⋅:=

V1 0:=

Pres

ρ liq

V1
2

2
+

Pcryostat

ρ liq

V2
2

2
+ mDot ρ liq A2⋅ V2⋅

            

V2

2

ρ liq

Pres Pcryostat−( )⋅⎡
⎢
⎣

⎤
⎥
⎦

1

2

:=

V2 19.504ms
-1=

A2

mDot

ρ liq V2⋅
:=

A2 3.932 10
9−× m

2=
 

 

If the leak between the valve needle and the conical valve seat were considered to 

be a round hole instead of an annulus the representative diameter of the hole can be 

derived as follows. 

rleak

A2

π

⎛
⎜
⎝

⎞
⎠

1

2

:=

rleak 3.538 10
5−× m=

     

Dleak 2 rleak⋅:=

Dleak 7.076 10
5−× m=

        
D leak 0.003 in⋅
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APPENDIX H 

 

DT-470-SD-13 SILICON DIODE THERMOMETER RESPONSE 

CURVE 
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APPENDIX I 

 

SOLIDIFIED HYDROGEN INSIDE PSEUDO-INTEGRATION 

SPHERE 
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Figure I-1 (Solidified hydrogen suspended in liquid helium at 4.2 K within the pseudo integration sphere) 
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