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FOREWORD
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ducted by General Dynamics Astronautics, A Division of General Dynamics Corpora-
tion, Work is performed on a company-funded basis (under REA No. 114-9640), The
report is intended to serve as a standard reference on liquid hydrogen properties,
handling, and storage, with primary emphasis on space vehicle applications. Pre-
liminary findings in this study were published as Appendix F of the Nuclear Test Stage
Preliminary Design Study final report (Astronautics Report No. AE61-1151).,
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SUMMARY

This report contains information on liquid hydrogen as related to its use as a propel-
lant for space vehicles. The following 14 areas are included:

1,

Manufacture. This section includes plant locations, plant capacities, cost,
production processes, and future expansion plans of the four major liquid hy-
drogen producers in the United States.

Transportation. Current methods for transporting liquid hydrogen are
discussed.

Hydrogen Safety. The four main hazards associated with the use of liquid hy-
drogen were investigated with respect to the design and operation of a liquid
hydrogen system. These four hazards are: (1) the ease of ignition of hydrogen
in air over a wide composition range; (2) the low-temperature embrittlement
some materials experience in liquid hydrogen; (3) the extremely high pressures
that are attained if liquid hydrogen is vaporized in a closed system; and (4) the
danger of frostbite to personnel exposed to the extreme subzero temperatures of
liquid hydrogen. Overpressure equations for hydrogen-oxygen explosions are
included.

Materials Compatibility. Four general types of material problems are encoun-
tered with liquid and gaseous hydrogen contact. These are: low-temperature
embrittlement, thermal shock, chemical reactions of materials with hydrogen,
and hydrogen embrittlement of metals. The specific materials discussed in
detail are aluminum alloys, stainless steel alloys, titanium alloy, high tem-
perature alloys, uranium, graphite, lithium hydride, seal materials, lubricants,
and insulations.

Cryogenic Insulation. Evacuated and nonevacuated insulations are covered.
Thermal conductivity values and equations for computing the thermal effective-
nesses of different insulating systems are included. Flight-weight insulations
are discussed.

Transfer. Equations are given for calculating the following cooldown charac-
teristics: pressure oscillations, conditions necessary to maintain single-phase
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flow, cooldown time, and mass of LHy needed to cool the transfer system.
Transfer methods (gas pressurization and pump) are discussed; equations are
given for calculating gas-pressurization requirements; critical pump design

areas are covered; methods for transferring LHg at zero gravity are summarized.

Cryogenic Measurements. Ground and flight-type sensors, including some cir-
cuitry, are covered in the following six areas: temperature, pressure, flow,
level sensing, liquid/gas detection, and leak detection.

Propulsion Methods. Propulsion methods currently using LHg, or contemplat-
ing the use of LHy, are summarized. These include chemical, nuclear, electric,
and solar propulsion systems.

Sloshing. A mechanical pendulum analogy, identical to the perfect fluid hydro-
dynamic equations for sloshing fluids, is given for computing the forces and
moments on a cylindrical tank., Equations are given for computing the damping
effect mechanical baffles and wall-wiping action have on fluid motion.

Vortexing. The similitude of liquid motion is discussed in order to correlate
scale-model test results with full-scale prototypes. Designs for eliminating
vortex motion of emptying fluids from a tank are shown.

Propellant Heating. Equations for calculating the heat contribution from envir-
onmental and onboard sources are given for: ground hold conditions prior to
liftoff, aerodynamic heating, space heating (planetary radiation, albedo, and
solar radiation), heat-transfer rates at an LHy/ LOy bulkhead and in through
connections, and volumetric nuclear heat deposition from a reactor for a baffled
and nonbaffled tank, including the subsequent temperature and vapor pressure
rise.

Zero-Gravity Behavior. Methods used for studying liquid hydrogen at zero
gravity are discussed. The configuration of liquid hydrogen at zero gravity is
dominated by surface tension effects and can be predicted. The perturbing ef-
fects on the equilibrium configuration of complex shapes, mechanical disturb-
ances, and heat transfer into the tank are included. The use of static and dyna-
mic devices for separating hydrogen vapor from liquid is discussed, along with
limitations on these devices.

Space Storage. Storage of LHy in space requires adequate thermal and meteor-
oid protection. The storage state (solid, slush, or liquid) is discussed along with
some advanced insulation concepts. The meteoroid hazard is defined as well as
present data will allow; equations are given for calculating hole areas, depth of
penetration, and LHg flow from a meteoroid punctured tank. Discussion of
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bumper systems, used to protect the LH, tank from puncture, is given in three
parts: bumper materials, bumper spacing, and energy-absorbing core
materials.

14. Properties. The physical, thermodynamic, and nuclear properties of solid,
liquid, and gaseous hydrogen are given.
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1

MANUFACTURE

1.1 MAJOR LIQUID HYDROGEN PRODUCERS

The National Bureau of Standards was asked in 1950 to assist the Los Alamos Scien-
tific Laboratory on a major research project involving the application of low-
temperature techniques. For this purpose the NBS Cryogenic Laboratory was estab-
lished in Boulder, Colo., starting actual operations in the spring of 1952. As a
result, the NBS Cryogenic Laboratory became the first large-scale producer of liquid
hydrogen with a capacity of 1,000 lb. per day.

Recognizing the substantial potential inherent in liquid hydrogen for high specific
impulse chemical rockets and nuclear vehicles, the Air Force Air Research and
Development Command and the Air Materiel Command subsequently initiated the
engineering design and construction of large-scale liquid hydrogen production
facilities.

The first two plants were completed in 1957 and 1958, the first by Air Products,
Inc., at Painesville, Ohio (capacity 6,000 lb. per day) and the second by the Stearns-
Roger Manufacturing Co. at Bakersfield, Calif. (capacity 4,000 lb. per day). These
plants have been operated for the Air Force by the companies for initial testing and
development purposes in support of Air Force programs.

Later, the Air Force awarded a contract to Air Products for the construction of
production facilities of even larger tonnage in West Palm Beach County, Fla, Two
production facilities were constructed. The initial one was completed in 1958 with a
capacity of 12,000 lb. per day. The second facility, completed in January 1959, has
a capacity of 60,000 lb. per day. It is the largest liquid hydrogen production facility
operating in the United States (see Figure 1).

Also in 1959, the Linde Co. opened a 14, 000-1b. -per-day facility at Torrance,
Calif. Linde has just completed a facility which will match the 60,000 lb. capacity of
the large Air Products plant. This facility, located in Fontana, Calif. is in operation.



GENERAL DYNAMICS | ASTRONAUTICS O

Yy

e~ ; ot S R

e

Figure 1. Air Products' liquid hydrogen facility at West Palm Beach, Fla. ( )

Air Products is currently constructing a large plant in Long Beach, Calif. that will
also have a capacity of 60,000 lb. per day. The plant will be completed by January
1963.

At present, there are no other major liquid hydrogen plants under construction.
Many small facilities in the United States manufacture liquid hydrogen on a laboratory
scale.

In summary, the United States now has a capability of producing 157,000 1b. of
liquid hydrogen per day. When the new Air Products plant goes into operation, this
capability will jump to 217,000 1b. per day.

1.2 PRICE OF LIQUID HYDROGEN
The price of liquid hydrogen was quoted by manufacturers at between 49 to 57 cents

per pound, excluding the cost of transportation. However, all manufacturers agreed
that improved production methods and large quantity production would drop the price.
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1.3 PRODUCTION PROCESSES

The basic processes by which liquid hydrogen is manufactured can be broken down to
four steps (in practice, some of these steps are combined in one operation):

1. Impure hydrogen gas is produced from basic raw materials.

2. Contaminants are removed from the hydrogen feed gas.

3. The hydrogen is converted from a composition of 75% orthohydrogen/25% para-
hydrogen to greater than 95% parahydrogen by the use of a catalyst.

4. The pure hydrogen gas is liquefied.

Air Products' production process, which is typical for large-scale hydrogen facilities,
is described in the following paragraph.

1.3.1 PRODUCTION OF HYDROGEN FEED GAS. Air Products uses the Texaco
partial oxidization process. Natural gas is reacted with oxygen under a pressure of
400 psig and a temperature in excess of 2,000°F to form hydrogen. The impure hydro-
gen is first scrubbed with water to remove free carbon and catalytically reacted with
steam in shift converters to increase the hydrogen concentration (see Figure 2 for the
entire production cycle). Linde's new Fontana plant will also obtain hydrogen from
natural gas by the Texaco partial oxidation process.

1.3.2 PURIFICATION OF THE HYDROGEN FEED GAS. Air Products obtains hydro-
gen feed gas, from the Texaco partial oxidation process, of the following approximate
composition:

. 98.8% hydrogen.

. Saturated water vapor.

. 0.01% carbon dioxide and acid gases.

. 0.6% methane.

. 0.3% argon and nitrogen.

o2 B2 S - R -

. 0.3% carbon monoxide.

The water vapor is removed by absorption over silica gel at 40°F and 600 psig.
The carbon dioxide and acid gases are removed by scrubbing with monoethanolamine
solution and a caustic solution. Methane is absorbed over activated charcoal at -270°F
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GASEOUS NITROGEN EXCHANGER

EXPANDER

15

JOULE-THOMSON

EXCHANGER

12

LOW-PRESSURE RECYCLE HYDROGEN \
HIGH-PRESSURE RECYCLE HYDROGEN - /P LIQUD >
NITROGEN
! EXCHANGER
EXPANDER
HYDROCENTN _ HEAT EXCHANGER
COMPRESSOR <
- sl y o =
EXPANDER
HEAT EXCHANGER
y
DRIER 5 LIQUID NITROGEN
IMPURITY z g 10
ADSORBER

HYDROGEN MAINSTREAM

From the compressor the hydrogen passes through

another drier (7), a heat exchanger to cool the gas to -315°F & over silica
gel (8) to remove carbon monoxide, argon, & nitrogen. Residual
contaminants such as oil from the compressors are removed in this step
also. From here the gas passes through the first of a series of ortho-
para converters using chromium oxide catalyst on alumina to convert the
gas to'greater than 95% parahydrogen. From the first converter (9) the
hydrogen is cooled by a liquid nitrogen exchanger, passed through two
more ortho-para converters (10, 11) & into the Joule-Thomson exchanger
(12). From here the hydrogen passes through the final ortho-para

ORTHO-PARA CONVERTERS v

\

11

JOULE-THOMSON
EXCHANGER

B
>

ORTHO-PARA
CONVERTER

converter (13), back through the Joule- Thomson Exchanger (12), through
a high-speed turboexpander (14), & into the final Joule-Thomson exchanger
(15). In this final liquefying stage, the cold, highly compressed gas is
swiftly expanded through centrifugal expanders (14) which drop its
temperature to the liquefaction level in the Joule-Thomson exchanger (15).
About 15% of the hydrogen drops out as liquid; the rest is recycled as
shown. The liquid nitrogen used in the heat exchangers & the oxygen gas
used in the flame reaction vessel are obtained in a separate air-fractionating

system.

Figure 2. Sheet 2 of 2.
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GENERAL DYNAMICS [ ASTRONAUTICS

hydrous ferric oxide. In all cases, the liquid hydrogen produced is greater than 95%
parahydrogen.

1.3.4 LIQUEFACTION PROCESSES. Air Products uses a liquid nitrogen process
and high-speed turboexpanders to provid low-temperature refrigeration for liquefaction
of the hydrogen. Figure 4 shows the converter cold box where the hydrogen gas is
liquefied.

:-u'

:
IR LL e

Q Figure 4. Converter cold box for liquefying hydrogen.
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2

TRANSPORTATION

At present, liquid hydrogen is transported from the producer to the user by one of
three methods. If the user is located near a production plant, the liquid hydrogen can
be transferred through insulated lines. Pratt & Whitney's rocket engine test facility
receives liquid hydrogen from the large Air Products plant in West Palm Beach County,
Fla. in this manner (see Figure 5),

For transfer of smaller quantities over extended distances, an insulated trailer
with truck, which holds 6,000 to 7,000 gal., has been used by all four major pro-
ducers (see Figure 6). Losses have averaged around 0.8% per day using vacuum-
perlite insulation. A 10-day trip is considered to be the maximum time that is prac-
tical for shipping liquid hydrogen by trailer.

0 "\

Figure 5. Vacuum-insulated transfer lines for liquid hydrogen.
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Figure 6. Liquid hydrogen trailer.
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Linde has also shipped 28,000 gal. of liquid hydrogen by rail in a specially de-
signed insulated tank car. This is about the largest practical size that can be shipped

by rail.

Shipping large quantities of liquid hydrogen by ship transport appears feasible al-
though it has not been attempted. Liquid natural gas is being shipped commercially

overseas by this method.

Bulk shipment of liquid hydrogen by air has not yet been attempted because of higher
shipping costs. ‘

11
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3

HYDROGEN SAFETY

3.1 GENERAL PROPERTIES OF HYDROGEN

Hydrogen is a colorless, odorless gas. It is nontoxic and essentially noncorrosive at
room temperature. It ignites readily in the presence of air or oxygen (if an ignition
source is present), burning with a colorless flame if no impurities are present.
Hydrogen is a good reducing agent at elevated temperatures.

Due to its low density and low molecular weight, gaseous hydrogen will rise and
disperse rapidly in the atmosphere. Its density is approximately 1/14 that of air;
however, gaseous hydrogen at a temperature just above its boiling point (36.5° to 41°R)
is denser than dry ambient air (68°F) and will settle initially until it warms slightly.

Hydrogen liquefies at a temperature of -423°F and one atmosphere pressure, with
a resulting density 1/14 that of water.

3.2 FLAMMABILITY AND DETONATION HAZARDS

The principal hazard associated with gaseous or liquid hydrogen is its ease of ignition
over a wide flammability range in air and oxygen. Detonations can occur although
they are more difficult to initiate. Sparks, flames, detonations, and temperatures in
excess of 1,000°R will all ignite hydrogen-air mixtures. The combustion limits of
hydrogen in air range from 4% to 74% hydrogen by volume. Substitution of oxygen for
air raises the upper limit to 94%. The limiting compositions for detonation lie be-
tween the upper and lower combustion limits. For confined or unconfined mixtures of
hydrogen and air the range is approximately 18% to 59% hydrogen by volume.

Hydrogen-oxygen mixtures can be ignited by minute ignition sources (see Figure 7).
For example, the electrostatic spark experienced by a person touching a door knob is
50 to 1,000 times greater than the threshold energy necessary for ignition of hydrogen-
air mixtures.

Consequently, tests were run (by A. D. Little, Inc.) to determine if dangerous
electrostatic charges can be generated in well-grounded systems during storage and

13



MINIMUM IGNITION ENERGY (MILLIONTHS OF 1 BTU)
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ignition (by three orders of magnitude).
were less than 1 volt/cm. .

transfer of liquid hydrogen. It was found the maximum field strength for two-phase
flow was on the order of 10 volts per centimeter.
hydrogen is normally 17,500 volts/cm, the charge was insufficient to cause spark
Field strengths during single-phase flow

Since the breakdown potential of

Field strengths built up in a 5,000-gal. tank during liquid hydrogen transfer were

14

even smaller, 0.01 volts/cm. However, because of the extremely low electrical con-
ductivity of hydrogen, these small charges will persist over long periods of time in
storage. (The relaxation time is approximately 1,000 times that of jet fuels.)
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Other tests were made by A. D. Little to determine the consequences of gross spill-
age of liquid hydrogen, as would be the case if a storage tank or transfer line ruptured.
It was found that when liquid is spilled in this manner, initially all heat supplied to the
liquid comes from the ground. After approximately 3 min., some heat contribution is
made by condensation of air into the hydrogen pool. The evaporation rate of the diked
liquid hydrogen pool is on the order of 5 to 7 in./min. I was found that ignition of the
vapor does not significantly affect the rate of evaporation of the liquid although a
crushed rock bed greatly increases the evaporation rate.

During these spill tests, the voluminous vapor cloud was ignited by a spark or
flame prior to, and up to 8 sec. after, the spill. Upon ignition, the fireball would
consume almost all of the material within the confines of the vapor cloud and the re-
maining material in the liquid pool would burn within a few minutes. The vapor cloud
would remain close to the ground for a few seconds and then rise slowly and drift

downwind.

No detonations were recorded in any of the tests. A number of spill tests were also
made in which the vapor clouds were ignited by means of explosive igniters such as
2- and 4-gram pentolite charges. In none of these tests did the vapor cloud detonate.
It was concluded that nonideal mixing in the spill tests inhibited the detonation.

Hydrogen-oxygen mixtures have a high explosive potential. On a weight basis, a
5-to-1 ratio of liquid oxygen to liquid hydrogen has 3.3 times as much explosive power
as an equivalent weight of TNT. Substituting air for liquid oxygen and using a 1-to-5
weight ratio increases the explosive power (f), surprisingly enough, to 6.6 times that
of TNT. The maximum overpressures that would be generated by an LOZ/ LH, explo-
sion at a 5-to-1 weight ratio can be represented by the following equations:

atid 1200, 150  39.5

P =
ir burst 3 2
& H z zZ z

4,204  276.4 42,58
+ +

P =
2
surface burst z3 7 7
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where:
AP = overpressure (psi)
R
7 =
(3.3W)]'/3
R = slant range (ft.)
W =

weight of LOZ/LH2 (1b.)
For a 1-to-5 weight ratio of air to LH 9?

R
Z = —
(6.6W)1/3

Spillage tests have shown that instantaneous ignition prevents a detonation from
reaching its full potential, the explosive values being bracketed between 0.05 f and
0.2 f. For delayed ignition, f values will increase to a maximum and then decrease
with time. Factorsthat are involved in determining the explosion potential of a spillage
as a function of time include amount of spillage, geometry of spillage (confined or un-
confined spaces), rate of vaporization, mixing rate, and types of ignition sources.

Experimental work indicates that it takes a strong initiator to detonate an uncon-
fined mixture of hydrogen and air. In tests with a mixture of 32% hydrogen and 68%
air, the stoichiometric ratio of hydrogen to oxygen, no detonation occurred when the
mixture was ignited with a hot wire, a spark source, or a squib. When ignited with a
2-gram charge of pentolite, the mixture detonated.

Tests were also run on mixtures of liquid hydrogen and solid oxygen and liquid
hydrogen/solid air. A hot wire would not ignite the solid air/liquid hydrogen mixture
unless the oxygen content was enriched. When pure solid oxygen crystals were sub-
jected to impact in liquid hydrogen, they detonated in a manner similar to RDX, a
solid explosive. Impact tests on crystals of air in liquid hydrogen produced no
explosions. A drop height of 275 cm and a drop weight of 3.3 kg were used.

16

g 3

e



GENERAL DYNAMICS | ASTRONAUTICS

3.3 SYSTEM DESIGN CONSIDERATIONS

At Astronautics' Point Loma Test Site, Sycamore Canyon Test Site, and Cryogenic
Tensile Testing Laboratory the following safety rules were followed in designing the
liquid hydrogen test facilities:

1. Elimination of Ignition Sources. All liquid and gaseous hydrogen equipment,
fixed or movable, is grounded. All electrical equipment within a hazardous
area is explosionproof. Most electrical and mechanical equipment is located out-
side the hazardous area. When it was not practical to do this, the equipment
located in a hazardous area was mounted at a level below any potential hydrogen
leak sources when possible. Since hydrogen is lighter than air, the danger of
ignition is lessened by this arrangement. Also, the equipment will sustain little
if any damage in case of fire.

2. Choice of Construction Materials. Materials used in the gaseous and liquid
hydrogen systems were chosen for their toughness at liquid hydrogen tempera-
tures, corrosion resistance, and thermal shock resistance. These properties
are discussed in detail in Chapter 4.

3. Storage Areas. Multiple liquid hydrogen storage tanks should be spaced the
approximate distances shown in Figure 8. Liquid hydrogen storage tanks at the
two test sites are located near the edge of a cliff to allow runoff from a gross
spillage accident to be dumped into a remote area (see Figure 9). A shallow
dike surrounding the tank, capable of holding a volume 10% greater than the
capacity of the tank, can also be used. The area beneath the storage tanks is
covered with crushed rock to increase the liquid hydrogen evaporation rate if
spillage occurs.

All hydrogen equipment is located out of doors at the test sites. In the tensile
testing laboratory, the air is changed three times per minute to rapidly dilute
any escaping hydrogen gas.

Insulation materials used in liquid hydrogen storage tanks (expanded perlite-
vacuum) and transfer lines (high vacuum or carbon-dioxide filled spaces) are
compatible with liquid oxygen. Condensation of liquid air in insulation not com-
patible with liquid oxygen forms a potentially explosive mixture. Organic mate-
rials are not suitable for use as liquid hydrogen insulation.

4. Transfer Systems. Dead-end tubing, voids, and pockets are avoided in design-
ing transfer lines for gaseous and liquid hydrogen. '"Positive" seal designs are
used on all hydrogen transfer equipment. This includes a ""cold'" seal on the

17
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Figure 8. Suggested spacing for liquid hydrogen storage tanks.

liquid hydrogen line and a "warm'" backup seal. Suitable expansion joints are
used on all liquid hydrogen systems. The transfer lines are mounted on V-
notched rollers that allow the line to move in any direction in a horizontal plane.

The over-all system for transferring hydrogen has been designed so that, in
case of fire or explosion, the affected area can be isolated from the rest of the
system. Remotely operated pneumatic valves are placed in strategic locations
to allow the flow of additional hydrogen to the emergency area to be stopped. A
filter located at the storage tank outlet removes foreign solids such as solidified
gases during the transfer of liquid hydrogen.

Venting Systems. Pressure relief devices are used on all equipment where an
excessive pressure may build up. This is especially important in systems
where trapped residual liquid hydrogen may vaporize with explosive force if the

18
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Figure 9. Liquid hydrogen storage tank, Sycamore Canyon Test Site.

insulation is faulty, i.e., in a transfer line between two valves. As an example,
the pressure rise due to 1 cu.ft. of liquid hydrogen vaporizing and warming to
68°F in a volume of 10 cu.ft. is 1,154 psi.

Rupture discs are used as backup devices on the storage tanks. The rupture
discs are designed to handle the worst possible case, i.e., complete insulation
failure, causing a rapid pressure rise in the system.

All vented hydrogen gas is released through stacks of suitable height in a re-
mote location. A stack height of approximately 20 ft. is used at the test sites.
Some plants use a propane flame to continuously burn vented hydrogen if the rate
released exceeds 30 lb. /min. To prevent air backup in the hydrogen vent
stack, a mechanical cover is provided that vents gas smoothly. Vent covers
used previously at the test sites had a tendency to 'chatter,' causing pressure
surges in the system. As an additional safety measure, the stack is purged with
nitrogen when hydrogen is not being vented. Pressure relief devices on trans-
fer lines are connected to the vent stack.

Emergency Warning Systems. Portable hydrogen leak detectors made by
Mines Safety Appliance Co. are used to detect dangerous accumulations of

19
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hydrogen gas. Detectors, permanently mounted in various locations on the
static test stand, are connected to an automatic buzzer/flashing red light warn-
ing system. These detectors are used during a tanking/static firing sequence.

Pressure gages are located in hydrogen systems to detect excessive pres-
sure rises or pressure drops. A pressure drop below one atmosphere in a
hydrogen system is dangerous because air will diffuse into the system if any
leaks are present.

7. Personnel Safety Devices. Safety showers with eye wash basins are located at
the test sites in areas where hydrogen fires may start.

3.4 OPERATIONAL CONSIDERATIONS
The following safety procedures are in use at Astronautics:

1. Elimination of Ignition Sources. All tools used in a hydrogen area are of the
spark-resistant, beryllium-copper type. Cigarets, lighters, combs, open
flames, matches, and other ignition sources are not allowed in a hydrogen area.
Appropriate warning signs are prominently displayed. Laboratory coats worn
in the tensile testing area are made of cotton, a relatively static-free material.
Before liquid hydrogen is transferred from one system to another, both sys-
tems are grounded (to a common ground) at a safe distance.

2. Elimination of Hazardous Mixtures. Before any container or system is filled
with gaseous or liquid hydrogen, it is leak-tested. In the case of storage tanks,
transfer lines, or other double-walled vessels, the leak-testing is done as the
assembly progresses. Otherwise, the cost of repairing a leak would be pro-
hibitive after the final assembly is complete. Leak-testing is accomplished by
x-raying 100% of the welds and leak-checking each individual part as it is com-
pleted. The testing is done at a pressure 50% above the maximum use pressure.
One recommended approach for detecting leaks in the system consists of the
following steps: '

A. Locate any gross leakage with bubble fluid using clean filtered air as the
pressurizing gas.

B. After the gross leaks have been repaired, give the system a final check with
a mass spectrometer-type detector using helium gas.

Before any system or container is filled with liquid hydrogen the following
steps are performed:

20
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. Reduce the oxygen content in the system below the flammable limits.
. Remove any residual gas that might condense and freeze out.

. Cool the system down to liquid hydrogen temperatures.
Methods for accomplishing the above steps are:
. Method 1.

(1) Evacuate the system to 3 psia. Admit liquid nitrogen, in a spray if pos-
sible. This starts the cooldown process and brings the system back to
atmospheric pressure, at which point the oxygen content is below the
flammable limits.

(2) Continue the cooldown at atmospheric pressure with liquid nitrogen to
near-equilibrium conditions.

(3) Evacuate the system to a 50-micron pressure.

(4) Introduce liquid hydrogen and continue the cooldown to equilibrium tem-
perature, allowing sufficient time for residual nitrogen gas to be purged
from the system.

. Method 2.

(1) Pump the system down to 50 microns at room temperature.

(2) Admit nitrogen gas until the pressure reaches 300 microns. This brings
the oxygen content below the flammable limits.

(3) Admit liquid nitrogen and cool down to the equilibrium temperature,
allowing sufficient time for residual nitrogen gas to be purged from the
system.

. Method 3.

(1) Purge the system with nitrogen gas until the-oxygen content drops be-
low 1%.
(2) Admit hydrogen gas and purge the system of nitrogen.

(3) Introduce liquid hydrogen toward the end of the hydrogen-gas purge to
start the cooldown process.

21
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D. Method 4. (This method has been used successfully on the Centaur hydrogen
tank.)

(1) Purge air from the tank by introducing helium in the top of the tank. Since
helium is considerably lighter than air, the helium-air mixture remains
stratified, and air is pushed out the tank bottom outlet. This purge is con-
tinued until chemical analysis shows the vented gas to be essentially pure
helium. Chemical analysis is run only at the beginning of the program to
determine the length of time necessary for a complete purge under speci-
fied conditions.

(2) Admit liquid hydrogen.

After the static test run is completed, the stratified purging cycle is re-

versed: Purge hydrogen from the tanks by admitting nitrogen gas at the tank

bottom outlet. The lighter hydrogen gas is vented out the top of the tank through

a vent stack located on top of the static test stand. The purge is stopped after

a specified time when the vented gas composition drops below 1% hydrogen by

volume, as determined by previous experimentation. (\

J

A slight positive pressure is maintained in all hydrogen systems to prevent

air from diffusing in through leaks. Liquid hydrogen is transferred by vaporiz-

ing a portion of the liquid in a heat exchanger and using the resultant gas for

pressurizing the system. All systems are cleaned thoroughly before filling with

gaseous or liquid hydrogen. Suitable cleaning processes are used to remove

any metal scale, dirt, or soluble contaminants in the system. Storage areas for

combustible materials are kept outside of hydrogen areas. Good housekeeping

is maintained at all times.

3.5 PERSONNEL CONSIDERATIONS

All Astronautics personnel who are going to work with liquid hydrogen are given a
basic six-hour safety course. The following subjects receive particular emphasis:

1. Hazards. Hydrogen is extremely flammable in both air and oxygen. Burning
can be initiated by a small amount of energy as shown in Section 3.2. It is
emphasized that part or all of the flame may be invisible. When hydrogen and
air or oxygen are mixed in a confined or partially confined space, an explosion
hazard exists. Due to its extremely low temperature, skin contact with liquid
hydrogen or components at liquid hydrogen temperature causes severe frostbite
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or low-temperature 'burns.' If liquid hydrogen is trapped in a closed system
and allowed to vaporize, dangerously high pressures will build up.

. Operating Instructions. All personnel working with hydrogen are thoroughly
versed on the proper operation and safety features of the system. Two men are
always present when work is done in a hydrogen area.

. Protective Clothing. Proper clothing and protective devices are provided for
personnel when transferring liquid hydrogen. This list of safety clothing in-
cludes asbestos gloves, rubber boots, rubberized suit and cap. Protective
clothing is loose fitting to permit easy removal.

. First Aid. If a person receives a low temperature 'burn, ' he is instructed to
keep the affected skin areas sterile and summon medical attention as soon as
possible.

. Hydrogen Fires. For small hydrogen fires, carbon-dioxide fire extinguishers
are available. If a fire occurs at the Sycamore Canyon Test Site, an extensive
water deluge system allows the entire stand and vehicle, or any individual por-
tion of the stand or vehicle, to be sprayed with enormous quantities of water
(see Figure 10). In addition, a nitrogen gas purge is used in the diffuser flame
bucket to dilute unburned hydrogen to a safe level. When the hydrogen fire is
extensive, the most important single thing personnel can do is to shut off addi-
tional hydrogen flow into the emergency area. It is more effective to let a large
hydrogen fire burn itself out than to try to fight it directly. It is emphasized
that if the hydrogen flow is not shut off after the fire has been put out, the hydro-
gen may reignite. If a hazardous amount of hydrogen collects in the area, as
indicated by combustible mixture detectors, personnel are instructed to ventilate
the area immediately to dilute the hydrogen-air mixture below flammable limits.

Personnel working in a hydrogen area receive thorough instructions on what
to do in case of a hydrogen fire or explosion. This includes the following major
items:

A. Location of remotely operated shutoff valves in the hydrogen system.
B. Methods for fighting hydrogen fires.

C. Location of fire-fighting equipment, fire alarm boxes, and telephones.

D. First-aid treatment for burns.

23
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Water deluge system, Sycamore static test stand.
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MATERIALS

4.1 MATERIAL PROBLEMS ASSOCIATED WITH LIQUID HYDROGEN

4.1.1 LOW-TEMPERATURE EMBRITTLEMENT OF METALS. A material property
of increasing importance to rocket vehicle designers is toughness, which is often re-
ferred to in terms of resistance to brittle fracture, or notch sensitivity (References 1,
2, and 3)*. Toughness, which measures resistance to fracture under shock-type loads
or conditions of biaxial and triaxial stress, is of vital importance to the vehicle de-
sigfner because his structures are subjected to shock-type loads which occur during
engine firing, action of quick-closing valves, etc. Structures will contain built-in
stress concentrations of varying degrees of notch acuity due to random inclusions in
the metal, welding defects, tool marks, assembly eccentricities, and so on. These
conditions all favor brittle failure, and they become even more severe at cryogenic
temperatures.

The tendency of the various alloys toward brittle or catastrophic failure is meas-
ured by means of a notched/un-notched tensile ratio. To obtain this ratio, the tensile
strength of a notched tensile specimen is divided by the tensile strength of a smooth
tensile specimen. The trend of the resulting ratio as a function of temperature yields
an index of a given material's tendency toward catastrophic failure. The notched/
un-notched tensile ratios given in Table I were determined by the Materials Research
Group at Astronautics. One of their tensile testing setups for determining this ratio
at cryogenic temperatures is shown in Figure 11.

4.1.2 THERMAL SHOCK RESISTANCE. Resistance to thermal shock is a measure
of the ability of a material to resist weakening or fracture when subjected to sudden
heating or cooling. No standard tests exist which will accurately evaluate this prop-
erty since shape is an important factor, as in the case of brittle fracture of metals at
low temperature. However, the properties which appear to be necessary for good
thermal shock resistance are high tensile strength (F,), high thermal conductivity (k),
low modulus of elasticity (E), and a low coefficient of thermal expansion (@). The

F
ratio L35 gives a relative measure of the thermal shock resistance of a material

(E) @)

* References are listed at the end of each chapter.
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Table I. Low-temperature characteristics of metals (sheet 1 of 3).

NOTCHED
TENSILE
TENSILE STRENGTH NOTCHED/
TEST STRENGTH Fiy UN-NOTCHED
TEMPERATURE Fiy (K, = 6.3) TENSILE
ALLOY (°F) DIRECTION (1,000 PSI) (1,000 PSI) RATIO
ALUMINUM ALLOYS
2014-T6 78 LONG. 73.1 74.5 1.02 (REF. 10)
' -100 LONG. 76.4 79.2 1.04
-320 LONG. 87.1 85.5 0.98
-423 LONG. 104 97.8 0.94
2014-T6 78 TRANS. 71.5 70.0 0.98
-100 TRANS. 74.1 71.0 0.96
-320 TRANS. 78.7 78.7 1.00
-423 TRANS. 102 84.5 0.83
2219-T81 78 LONG. 67.5 64.4 0.95 (REF. 10)
-100 LONG. 73.3 68.6 0.94
-320 LONG. 85.2 77.4 0.91
-423 LONG. 102 93.4 0.92
2219-T81 78 TRANS. 67.2 66.0 0.98
-100 TRANS. 72.3 67.0 0.93
-320 TRANS. 84.6 76.1 0.90
-423 TRANS. 102 91.3 0.90
5052-H38 78 LONG. 45.1 48.3 1.07 (REF. 10)
-100 LONG. 47.0 50.5 1.07
-320 LONG. 62.6 63.2 1.01
-423 LONG. 89.7 80.6 0.90
5052-H38 78 TRANS. 45.9 51.1 1.11
-100 TRANS. 47.0 54.2 1.13
-320 TRANS. 59.0 64.1 1.09
-423 TRANS. 81.2 78.2 0.96
5086-H34 78 LONG. 47.8 48.7 1.02 (REF. 10)
-100 LONG. 48.9 50.3 1.03
-320 LONG. 65.4 61.9 0.95
-423 LONG. 95.3 71.4 0.75
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Table I. Sheet 2 of 3.

P

NOTCHED
TENSILE
TENSILE STRENGTH NOTCHED/
TEST STRENGTH Fiu UN-NOTCHED
TEMPERATURE Fiu (K, = 6.3) TENSILE
ALLOY (°F) DIRECTION (1,000 PSI) (1,000 PSI) RATIO

5086-H34 78 TRANS. 46.9 46.8 1.00
-100 TRANS. 47.6 47.6 1.00
-320 TRANS. 61.9 55.0 0.89
-423  TRANS. 85.7 58.4 0.68

5456-H343 78 LONG. 58.6 54.2 0.92 (REF. 10)
-100 LONG. 59.8 50.5 0.84
-320 LONG. 72.7 49.5 0.68
-423 LONG. 83.5 55.1 0.66
5456-H343 78 TRANS. 60.4 52.8 0.87
-100 TRANS. 61.2 48.7 0.80
-320 TRANS. 70.9 48.2 0.68
-423 TRANS. 80.3 49.7 0.62

STAINLESS STEELS

301 SS, 60% COLD-ROLLED 78 LONG. 205 235 1.15 (REF. 11)
-100 LONG. 244 231 0.99
-320 LONG. 321 268 0.83
-423 LONG. 317 249 0.79
301 SS, 60% COLD-ROLLED 78 TRANS. 215 232 1.08
-100 TRANS. 248 236 0.95
-320 TRANS. 313 244 0.78
-423 _ TRANS. 300 162 0.54

304 SS, 40% COLD-ROLLED 78 LONG. 176 191 1.09 (REF. 11)
-100 LONG. 198 216 1.09
-320 LONG. 251 262 1.04
-423 LONG. 279 303 1.09

310 SS, 60% COLD-ROLLED 78 LONG. 174 180 1.03 (REF. 11)
-100 LONG. 233 248 1.06
-320 LONG. 278 296 1.06
-423 LONG. 285 308 1.08
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Table I, Sheet 3 of 3.

NOTCHED
TENSILE
TENSILE STRENGTH NOTCHED/
TEST STRENGTH Fiy UN-NOTCHED
TEMPERATURE Ftu (K¢ = 6.3) TENSILE
ALLOY (°F) DIRECTION (1,000 PSI) (1,000 PSI) RATIO
TITANIUM ALLOY

A110AT 8 LONG. 118 158 1.34 (REF. 12)
-100 LONG. 142 175 1.23
-320 LONG. 196 226 1.15
-423 LONG. 247 239 0.97
A110AT 8 TRANS. 120 159 1.33
-100 TRANS. 157 190 1.21
-320 TRANS. 199 220 1.11
-423 TRANS. 244 208 0.85

HIGH-TEMPERATURE ALLOYS

K-MONEL (AGE-HARDENED) 78 LONG. 154 144 0.93 (REF. 13)
-100 LONG. 166 155 0.93
-320 LONG. 183 174 0.95
-423 LONG. 200 198 0.99

INCONEL-X (AGED) 78 LONG. 174 168 0.97 (REF. 13)
-100 LONG. 189 174 0.92
-320 LONG. 214 184 0.86
-423 LONG. 233 199 0.85

HASTELLOY B, 40% COLD- 78 LONG. 191 220 1.15 (REF. 13)
ROLLED -100 LONG. 222 245 1.10
-320 LONG. 228 265 1.16
-423 LONG. 283 308 1.09

when compared to other materials. The higher the ratio is, the more resistant the
material is to fracture from thermal shock. Due to a lack of low-temperature data,
the preceding ratio has been calculated for ambient conditions only.

4.1.3 CHEMICAL REACTIONS. Liquid hydrogen and low-temperature gaseous hy-
drogen are considered to be essentially noncorrosive (Ref. 4). However, at elevated
temperatures, gaseous hydrogen forms hydrides with some metals, e. g., uranium

and titanium, and reduces metal oxides less active than iron to their elemental state.
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Figure 11. Astronautics' cryogenic tensile testing setup.
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These include copper, silver, and gold. Oxides of beryllium, titanium, uranium, iron,
tantalum, niobium, nickel, aluminum, magnesium, chromium, and zinc are unaffected.

The ease of ignition of hydrogen in air is well known and is covered in Section 3. 2.

Above 1,000°F, graphite begins reacting with hydrogen to form methane gas.

4.1.4 HYDROGEN EMBRITTLEMENT OF METALS. The ability of small quantities
of hydrogen to drastically embrittle metals has long been recognized. Only recently,
however, a new facet of hydrogen embrittlement, which involves the ability of hydro-
gen to produce delayed failure, has been observed and studied. Delayed failure, or,
as it is also termed, static fatigue, is defined as the property of a material to fail
under the action of a sustained load, even though it is capable of supporting a higher
load for a finite period of time. One of the phenomena encountered in steels heat-
treated to relatively high-strength levels and exposed to a hydrogen atmosphere under
certain conditions is the occurrence of brittle delayed failures in service.

Since the recognition of hydrogen embrittlement of steels, considerable evidence
has been obtained to show that this phenomenon occurs in many other metals. It is
now well established that under certain conditions hydrogen can have an adverse
effect on the mechanical properties of some titanium alloys, and to a lesser extent on
some other ferrous and nonferrous alloys.

4.1.4.1 Characteristics of Delayed Hydrogen Embrittlement in Steels. The chief
effects of hydrogen embrittlement are a marked decrease in ductility on slow strain-
ing and a propensity toward delayed failures under static loads, even at stresses far
below the yield strength. Static fatigue is characterized by a discontinuous crack
growth that continues to ultimate failure of the metal.

A critical hydrogen concentration in the metal must be obtained to initiate a crack.
The rate of the crack growth depends on the hydrogen concentration and distribution
within the metal, and the applied stress. For metals with a uniform hydrogen dis-
tribution, a definite incubation period is necessary before initiation of the first crack
is noted. For a given material and notch geometry, the applied stress multiplied by
the incubation time is a constant.
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Temperature, strain rate, and the previous state of the metal have characteristic
effects on the hydrogen embrittlement phenomena, as follows:

1. Hydrogen embrittlement disappears at low and high temperatures and, conse-
quently, is most severe in an intermediate temperature range.

2. Hydrogen embrittlement is inversely proportional to the strain rate; that is, it
decreases with increasing strain rate.

3. In general, steels are more susceptible to hydrogen embrittlement when heat-
treated to a high strength level than in the annealed condition.

If the conditions under which the metal is charged with hydrogen are not too severe,
complete recovery of ductility is obtainable. On the other hand, when the strength
level of the metal and the hydrogen content are high, baking treatments are not able
to produce complete recovery of the initial ductility.

4.1.4.2 Characteristics of Delayed Hydrogen Embrittlement in Titanium Alloys.
Hydrogen embrittlement in titanium and its alloys manifests itself in either high- or
low-strain-rate embrittlement and thus differs in this respect from steels. Ingeneral,
the low-strain-rate embrittlement of titanium is similar to steels and depends on hy-
drogen content, ultimate tensile strength, temperature, rate of application, and mag-
nitude of stress. Low-strain embrittlement has been shown to occur in all-alpha and
all-beta alloys as well as alpha-beta alloys (Ref. 5 and 6).

High-strain-rate embrittlement (such as occurs at impact speeds) is attributed to
hydride formation in the titanium. Alpha stabilizing additions such as aluminum seem
to increase the solubility of hydrogen in titanium and, consequently, lower the sensi-
tivity of the alloy to hydride-induced impact embrittlement (Ref. 7).

Although the effects of hydrogen in titanium are in many ways similar to those in
steels, there are several major differences. The amount of hydrogen required to
embrittle titanium alloys is an order of magnitude greater than for steel. Steels will
outgas at room temperature; titanium alloys will not. Titanium forms a hydride;
steel does not. Also, some titanium alloys creep a significant amount at room temp-
erature, while little or no creep is found in steels at this temperature.

4.1,4.3 Hydrogen Embrittlement of Other Metals. Hydrogen has been shown to have

an embrittling effect on other materials such as nickel, vanadium, zirconium, nio-
bium, and several austenitic nickel~-chromium-iron alloys (Ref. 6, 8, and 9).
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4.2 COMPATIBILITY OF SPECIFIC MATERIALS

4.2.1 ALUMINUM ALLOYS 2014, 2219, 5052, 5086, AND 5456. Notched/un-notched
tensile ratios indicate that aluminum alloys 2014, 2219, and 5052 retain their tough-
ness down to liquid hydrogen temperatures. Although the notched/un-notched tensile
ratio of aluminum alloy 5086 drops considerably at liquid hydrogen temperatures, the
notched tensile strength increases with decreasing temperature. This trend indicates
adequate toughness at -423°F (see Table I). All of the aluminum alloys listed exhibit
good thermal shock resistance (see Table II). None reacts with hydrogen to form
hydrides or shows any hydrogen embrittlement tendencies.

4.2.2 STAINLESS STEELS

4.2.2.1 Type 301. Notched/un-notched tensile ratios indicate that 301 stainless
steel exhibits excessive brittleness at liquid hydrogen temperatures (see Table I).
Type 301 stainless steel has good thermal shock resistance, although it is the poorest
of the structural alloys considered (Table II). It does not form hydrides with hydrogen
to any significant extent.

Tests run at Astronautics show that 301 stainless steel, cold-rolled to a high
strength level, was severely embrittled by hydrogen in a chemical milling operation
(Ref. 14). Baking treatments at 500°F for 4.5 hours reduced the hydrogen embrittle-
ment considerably but did not eliminate it. At first this hydrogen embrittlement may
seem contrary to expectations since 301 stainless steel is known as an austenitic
stainless steel. However, although 301 is austenitic in the annealed condition, severe
cold-working transforms the alloy to a low-carbon martensite. In addition, cold-
working is known to make steels more susceptible to hydrogen embrittlement.

4.2.2.2 Types 304 and 310. Notched/un-notched tensile ratios indicate that 304 and
310 stainless steels retain their toughness down to liquid hydrogen temperatures
(Table I). They have good thermal shock resistance, on the same order of magnitude
as 301 stainless steel (Table II). Neither 304 nor 310 stainless steel will react
chemically with hydrogen.

In the annealed condition, both 304 and 310 are known to be austenitic stainless
steels. Therefore, under normal conditions, molecular hydrogen will not embrittle
304 or 310 stainless steel.

4.2.3 A110AT TITANIUM ALLOY. Notched/un-notched tensile ratios indicate that
A110AT titanium alloy retains its toughness down to -423°F (see Table I).
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Table II, Relative index for comparing thermal shock resistance of materials*,

RELATIVE INDEX
OF THERMAL

TENSILE THERMAL, LINEAR SHOCK
STRENGTH,  CONPUC- MODULUS OF THERMAL RESISTANCE
= TIVITY, k  ELASTICITY, E EXPANSION st
DENSITY tu (BTU/FT. (MILLIONS OF COEFFICIENT, w
ALLOY (PCF) (1,000 PSI) HR.-° F) Py « (WIN. /IN. /°F) E) (@
ALLUMINUM ALLOYS
2014 0.101 72 89.5 10.6 12.8 48
2219 0.100 67 80 10.3 13 40
(ESTIMATED) (ESTIMATED)  (ESTIMATED) (ESTIMATED)
5052 0.097 45 80 10.2 13.2 27
5086 0.096 a7 80 10.3 13.3 27
5456 0.096 59 68 10.3 13.3 29
STAINLESS STEELS
301 0.29 210 9.4 25 9.4 8.4
304 0.29 176 10.3 28 9.6 6.7
310 0.29 174 7.5 30 8.0 5.4
TITANIUM ALLOY
Al110AT 0.161 119 46 16 5.2 66
HIGH-TEMPERATURE ALLOYS
K-MONEL  0.306 154 10.9 26 7.8 8.3
INCONEL-X 0.300 174 8.7 31 6.4 7.6
HASTELLOY
B 0.334 191 6.5 31 5.6 7.2
URANIUM
DEPLETED  0.686 (CAST) 17.2 29.8 a, AXIS 12.1 4.9
60 TO 85 b, AXIS-0.8
o, AXIS 12.9
LITHIUM HYDRIDE
LITHIUM
HYDRIDE  0.025 (ESTIMATED) 5.37 10 39 <.015
<.
GRAPHITE
GRAPHITE 0.054 WITH GRAIN 66-84 1.21 1.3 TO 1.5 44
0.069 1.1TO1.3
AGAINST GRAIN  63-70 1.15 1.4 TO 2.1
1.0 TO 1.2

* VALUES LISTED ARE FOR ROOM TEMPERATURE, APPROXIMATELY 70° TO 80°F.
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A110AT titanium alloy has the best thermal shock resistance of the structural
metals considered. It is an order of magnitude better than 301 stainless steel
(Table II). A110AT will start absorbing hydrogen rapidly at about 570°F to form
titanium hydride. This hydride formation was shown to consist of a thin surface
layer on the metal. Below 450°F, no hydride formation occurs (Ref. 15).

Hydrogen embrittlement of A110AT titanium is characterized by low strain em-
brittlement when the hydrogen content exceeds approximately 300 ppm. Below 300
ppm, delayed failure of sharp notched specimens at low strain rates is characterized
by continuous flow or creep with no measurable crack formation until the latter
stages. Above 300 ppm, an incubation period is required before a crack forms. Dur-
ing this period little or no plastic flow occurs (see Figure 12). It is interesting to note
that a small quantity of hydrogen, 175 ppm, greatly improves the creep resistance of
this alloy without causing any embrittlement or hydrogen-induced failures. At 285
ppm there is some evidence of hydrogen embrittlement, although a considerable

amount of creep occurs. Above 300 ppm, hydrogen embrittlement causes delayed
failures (see Figure 13).

FRACTURE, FRACTURE

TYPICAL CREEP FAILURE
LESS THAN 300 PPM HYDROGEN

PLASTIC DEFORMATION ——————

INCUBATION PERIOD FOR CRACKING\

TYPICAL HYDROGEN EMBRITTLEMENT
FAILURE, GREATER THAN 300 PPM
HYDROGEN

TIME UNDER LOAD

Figure 12. Low-strain-rate plastic deformation as a function of time
for A110AT titanium alloy.
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Figure 13. Low-strain-rate notched stress-rupture curves for A110AT
titanium alloy at various hydrogen levels.

Un-notched stress rupture data also illustrate the incidence of low-strain-rate hy-
drogen embrittlement. At 160 ppm hydrogen, no embrittlement was noted, while data
obtained at the 285-ppm level exhibited some embrittlement. At 690 ppm, the alloy
was brittle in all low-strain-rate rupture tests (see Figure 14).

In a normal un-notched tensile test, A110AT titanium alloy was ductile at the 690~
ppm hydrogen level.

4.2.4 HIGH-TEMPERATURE ALLOYS

4.2.4.1 K-Monel (Age-Hardened), Inconel X (Aged), and Hastelloy B. Notched/
un-notched tensile ratios indicate that K-~Monel, Inconel X, and Hastelloy B alloys
retain their toughness down to liquid hydrogen temperatures (see Table I). K-Monel,
Inconel X, and Hastelloy B exhibit good thermal shock resistance, on the same order
of magnitude as 301 stainless steel (see Table II). None of the alloys listed--K-Monel,
Inconel X, or Hastelloy B--reacts with hydrogen to dany extent.

Studies on nickel and nickel-chromium-iron alloys indicate they are embrittled by
hydrogen in a manner similar to steels (Ref. 6), as follows:

1. The embrittlement decreases with increasing strain rate.
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Figure 14.

FAILURE TIME (HR.)

Applied stress for delayed failure and reduction in area
at failure for A110AT titanium alloy, un-notched specimens.

2. The brittleness disappears at low and high temperatures (below -300° and
above 500°F for pure nickel).

3. Embrittlement decreases with increasing chromium and iron content.

4. Hydrogen of 4 to 5 ppm embrittles the nickel-chromium~iron alloys.

Additional studies on copper indicated that it is not embrittled by hydrogen.

An extrapolation of these results to K~-Monel (66% nickel, 29% copper, 3% alumi-
num); Inconel X (73% nickel, 15% chromium, 7% iron, 2.5% titanium, 0.9% alumi-
num, 1% columbium); and Hastelloy B (62% nickel, 28% molybdenum, 5% iron) indi-

cates that:

1. None of the three alloys will show embrittlement at high strain rates.

2. Below -300° and above 500°F, hydrogen embrittlement is not a problem even if
the alloys were highly charged with hydrogen previously.

3. Judging by their chemical composition, K-Monel would show the least hydrogen
embrittlement, followed by Hastelloy B and then Inconel X.
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4. A hydrogen concentration in the order of 4 to 5 ppm is necessary to produce
hydrogen embrittlement.

4,2.5 URANIUM. Some of the physical properties of uranium are highly dependent
upon the prior metallurgical history, These include the linear coefficients of ther-
mal expansion, modulus of elasticity, tensile properties, thermal conductivity, and
impact strength. For this reason the values listed in Table II can only be considered
representative and will vary widely depending on the metal's prior history. Other
properties, including density and heat capacity, are structure-insensitive. These
properties are shown in Table III.

Table III. Structure-insensitive properties of uranium.

TEMPERATURE DENSITY
(°F) (PCF)
k4 1,189
392 1,179
752 1,041
1,202 1,144
1,224 1,134
1,292 1,132
TEMPERATURE HEAT CAPACITY, Cp
(") (BTU/LB.°R)
32 0.0275
212 0.0292
392 0.03135

PURE URANIUM TRANSFORMS FROM THE ALPHA TO THE BETA PHASE AT
1,224°F & FROM THE BETA TO THE GAMMA PHASE AT 1,416°F.

Uranium is a dense, silvery metal that oxidizes in air to a straw color within a
few minutes. On standing for several days, the oxide film darkens to a blue-black
color. Due to the difference in density between uranium and its oxides, the oxide
film spalls off when the thickness becomes sufficiently great. Therefore, the oxide
film does not offer protection to the uranium.

Uranium reacts with hydrogen to form uranium hydride, UHg. Due to the differ-
ence in density between uranium and uranium hydride, the hydride continuously
spalls off to expose a fresh uranium surface, The uranium hydride formed is a
brownish-~black to brownish-gray pyrophoric powder, 4 to 5 microns in diameter.
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Studies have shown that uranium powder reacts with hydrogen at the low temperature
of -112°F, reaching a maximum rate at 437°F of 1.5 x 10~3 grams/sq. cm/min. The
rate decreases from 437°F on up, due to the decomposition of uranium hydride. This
decomposition pressure is 1 psia at 600°F, rising to 12 psia at 800°F.

Although no information is available on the low-temperature embrittlement of
uranium, it has a fair resistance to thermal shock, about half again as good as 304
and 310 stainless steels.

4.2.6 GRAPHITE. Graphite has one of the most anisotropic structures known. The
physical properties of the final product are highly dependent upon the choice of raw
materials and the method of forming. Manufactured graphite is not one specific ma-
terial but a family of materials. Each member of the family is essentially pure car-
bon but varies in such things as the orientation of the crystallites, the size and number
of pore spaces, the degree of graphitization, and so on.

Graphite can be manufactured from almost any organic material that leaves a high
carbon residue when heated. Petroleum coke, a refinery by-product, is by far the
major source of graphite. In manufacturing graphite, the volatile fractions are first
removed and the coke is crushed and sized. The crushed raw material is combined
with coal tar pitch and formed. The formed material is then baked at 1,380° to
1,650°F for 30 to 72 days. This baking process develops an infusible carbon bond.
The final step in graphite manufacture is the conversion of carbon to graphite. This
is known as graphitizing and requires a temperature in the 4,700° to 5,400°F range.

Graphite has excellent thermal shock resistance (Table II). Fracture due to ther-
mal shock is almost unknown. For example, graphite at a temperature of 3,000°F has
been quenched in water without damage. The thermal shock resistance is due to its
low thermal coefficient of expansion and unusually high thermal conductivity (com-
parable to aluminum with the grain and comparable to brass against the grain).

Graphite's resistance to gas flow erosion has been tested by directing a helium jet
with a velocity of 900 fps and a temperature of 3,600°F at the graphite. After 24
hours the only erosion noted was the removal of particles previously loosened by
machining (Ref. 16). Graphite does not begin reacting with hydrogen until the tem-
perature is in excess of 1, 000°F.

4.2.7 LITHIUM HYDRIDE. Lithium hydride is a white, crystalline solid which may
be fabricated into blocks. It can be made by reacting lithium metal with hydrogen at
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1,100°F. It is essentially stable in an inert atmosphere or in hydrogen to its melting
point at 1,256°F. Lithium hydride must be canned, as it reacts rapidly with moisture.

Lithium hydride blocks are fabricated by either hot or cold pressing. The major
difference is the amount of force required to compress the lithium hydride powder.
A 900°F hot-pressed block will reach 98% of theoretical density with 2, 500 psia pres~
sure, while cold pressing requires 20,000 psia to approach 92% of the theoretical
density. An inert atmosphere must be maintained over the heated die, since the ma-
terial is extremely sensitive to atmospheric oxygen and moisture at elevated
temperatures.

At General Dynamics|Fort Worth, lithium hydride has been heated to 1,000°F
while confined in stainless steel containers, with a 12% to 15% volume expansion
noted. Lithium hydride does not start decomposing until it is heated above its melt-
ing point. At this temperature the decomposition pressure is only 0.4 psia.

Lithium hydride has poor thermal shock resistance (see Table II).

4.2.8 SEALS FOR LIQUID HYDROGEN APPLICATIONS. Sealing at LH, tempera-
tures involves the general problems of: (1) dynamic systems, and (2) static systems.

These systems must be adapted to the amounts of leakage that can be tolerated and
the deflection required under load. The considerations which must be kept in mind
when designing cryogenic seals include such factors as differential thermal expan-
sion, minimization of seal area, directing pressure to work towards effecting a seal,
using thin seal materials (films, composites, etc.) to maintain plasticity at low
temperatures, and the selection of effective tolerances and surface finishes.

Dynamic systems include such designs as composite envelope seals where a film of
containing material (e.g., Mylar, FEP Teflon, Kynar) is provided with support by a
homogeneous special filler; various lip seal configurations, including the extremely
thin reed or washer seal; delicate diaphragm seals which provide accurate closure at
low pressures; and various hybrid lip seals which employ pneumatic pressures for
more positive actuation.

Static (and semistatic) seal design encompasses situations where seals must
bridge large spans (high deflection), sealing against mismatch defects, to designs
where extreme vacuum or pressure tightness and usually very slight deflections are
required. Static seals employ almost all techniques described in the previous para-
graph regarding dynamic sealing and additionally some unique techniques.
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Helium-pressurized pneumatic seals are employed in sealing large panels, fair-
ings, and insulation cones where slight leakage is permissible. They usually are
fabricated from Mylar and pressurized with helium gas. Lightweight, simplicity, and
ease of actuation are principal advantages of this system. Where high deflection and
low leakage are required, the composite seal system described in the paragraph on
dynamic seals is usually employed.

The most common LHp static seals employed are those using thin plastic films,
sheets, and fluorocarbon composites clad in fluorocarbon film envelopes. These are
the conventional gaskets.

Where frequent disassembly is not required, dichromate cured polysulfide sealants
have been used successfully in LHy systems. This system is frequently employed for
repairs, effective sealing being practicable by casting a catalyzed film on the ex-
terior of a joint which is to be sealed for LH, service.

High compression load seals such as the knife~edge designs, Teflon-coated
toroidal rings, crushed rubber, and '"X" or "K' cross-section seals are employed in
maintaining ultra-low leakage and high vacua in cryogenic systems.

4.2.9 LUBRICANTS. Knowledge of lubrication for moving parts in contact with LH,
is still in its infancy. Consequently, few lubricating systems have been investigated
extensively. Some of the more successful lubricating systems being used are de-
scribed in this section.

Liquid hydrogen's low temperature has both beneficial and detrimental effects on
lubrication properties. Heat produced by friction is removed rapidly; however,
conventional lubricants such as oils and greases freeze solid at this temperature. In
fact, the best oils and greases are not usable below -100°F and few can be employed
even to -65°F. Consequently, self-lubricating materials are needed for LHy lubri-
cation. (Self-lubricating materials may be defined as those which will lower the shear
forces significantly when sliding or rolling against an opposing surface.)

4.2.9.1 Ball Bearing Lubrication. Material selection for the ball bearings and
races does not pose too significant a problem; however, material choice of the bear-
ing separators or cages is limited by the fact the cage must be constructed of sacri-
ficial material. Metallic cages or separators have never been successful. To date,
both micarta and modified Teflon have been used. Micarta has a tendency to wear
faster than the modified Teflon. Modified Teflon can be recommended as a lubricant
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because of its self-lubricating properties and resulting freedom from "cold welding, "
noncorrosiveness, excellent machinability, and vibration damping properties. Some
disadvantages of modified Teflon include low structural strength (the filler material
improves this property somewhat), low thermal conductivity, high thermal coefficient
of expansion, low nuclear radiation stability, and operational limitation to low speeds.

Modified Teflon is much better than unmodified Teflon because the incorporation of
fillers improves mechanical strength and wear properties while retaining self-
lubricating properties and chemical inertness (see Table IV). Wear rates are re-
duced by a factor of several thousand. Other benefits include lower mold shrinkage,
lower thermal expansion, and higher thermal conductivity. Filler materials used in
modified Teflon include aluminum silicate ceramic fibers, graphite, molybdenum
disulfide, and glass fibers. A 60% Teflon, 40% glass fiber with molybdenum disul-
fide composition has been found satisfactory for bearing separators.

Table IV. Properties of modified and unmodified Teflon.

MODIFIED TEFLON

TEFLON DURIOD 5600 DURIOD 5650 DURIOD 5870

MECHANICAL PROPERTIES
TENSILE STRENGTH, LONG. (PSI) 1,500 to 3,000 2,600 4,500 7,000 to 8, 000
TENSILE STRENGTH, TRANSVERSE 1,500 to 3,000 1,800 3,000 4,000 to 6,000

(PSI)

HARDNESS (SHARE) D 50 to 65 D 66 D72 D73

PHYSICAL PROPERTIES

COEFFICIENT OF THERMAL 55 16, 20% 19, 22* 16,50%
EXPANSION 73° TO 140°F,
(uIN./IN. /°F)

THERMAL CONDUCTIVITY 1.7 2.22 1.89 241

2
(BTU-IN. /HR. -FT. -°F)

*LONGITUDINAL & TRANSVERSE, RESPECTIVELY.

4.2.9.2 Lubrication of Plane Bearing, Sliding, or Rotating Surfaces. Dispersions of
Teflon or fluorinated ethylene-propylene (FEP) bonded to sandblasted surfaces at ele-
vated temperatures are the preferred coatings. It is not advisable to use conventional
(resin - bonded) solid film lubricants at this time because not enough is known of their
performance in an LHy environment. Teflon requires a cure temperature of 700°F;
FEP may be fully cured at 500°F followed by a flash heating to 550°F. These cure
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temperatures allow steels to be coated but make use of aluminum alloys marginal.
However, dielectric heating units that heat the coating but leave the metal cool could
be used for aluminum coating. Coating thicknesses normally range between 1 mil
and 5 mils. It is important that the coating thickness be kept small and a good bond be
made to the metal; otherwise, the coating will break away when thermally shocked
with LH,.

4.2.10 INSULATION. A number of approaches to cryogenic insulation are being
employed in space vehicle application and a discussion of these follows.

4.2.10.1 Internal Insulation. The use of internal insulation (normally organic foam
or reinforced foam) reduces the bonding problems normally associated with liquid
hydrogen applications, since the bond line approaches ambient temperature. A room
temperature curing adhesive can then be used rather than the heat-cured systems
normally associated with external-type insulations in which the bond line is at -423°F.
Internal insulation also minimizes the danger of possible damage during ground han-
dling. Internal insulation has a lower average temperature and temperature gradient
across it during flight then does external insulation.

Associated with these advantages are a series of disadvantages. The most diffi-
cult problem is obtaining a nonpermeable inner seal. Permeability of the inner seal
by gaseous hydrogen under pressure will result in a large increase in the thermal
conductivity of the internal insulation. Internal insulation also presents the possi-
bility of engine fouling from thermal cracking of the inner skin. An added require-
ment that the insulation must withstand because of its location is water immersion.
This results from required tank cleaning procedures and possibly water calibration
of the tank. Internal insulation also prohibits the use of low-temperature design
allowables on the tank materials, and is usually an expensive manufacturing process.

4.2,10.2 External Insulation. Foam and reinforced-foam insulations, as well as
materials such as balsa, cork, etc., can be applied externally to a liquid hydrogen
tank as well as internally, The external insulation systems are usually divided into
two categories, bonded and jettisonable. The bonded systems have the disadvantage
of requiring the adhesive to withstand shear, tension, peel, thermal and mechanical
fatigue, vibration, etc., at temperatures down to -423°F, while the jettisonable-type
system requires a helium purge system to prevent ice and liquid air formation. Seal-
ing between panel edges and tank, and jettisoning the panels are two major problems
with nonbonded systems. However, they are compensated by a greater efficiency than
the internally and externally bonded systems. Both of the external systems are sub-
ject to damage during ground handling, and both are subjected to high average
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temperatures and large temperature gradients across the insulation during flight
through the atmosphere. The helium purge system must be sealed properly or it too
will be subject to gas permeation of the core and subsequent increases in thermal
conductivity (k factor). Heat leaks through attachments and bracketry may also be a
problem with external insulations.

The advantages of external systems are discussed in detail in Section 5. 2. 3.
Briefly, these advantages include: utilization of low-temperature design allowables
on certain portions of the tank, relative ease of manufacture (particularly the non-
bonded type), ease of repair, and ease in tank cleaning.

4.2.10.3 High-Efficiency Insulation. There are available a series of powder and
multilayer insulations which are extremely efficient at low pressure (0.1 micron and
lower). When the cold side temperature is at -423°F and the hot side is at room
temperature, the powder insulations such as perlite and silica aerogel at 0.1 micron
result in k factors of the same order of magnitude as those obtained with a straight
vacuum. The use of reflective shields such as aluminum foil, in combination with
glass fiber paper or glass matting, will result in k factors as low as one-sixtieth

that of a straight vacuum. The problems associated with the ''super insulations'' are
numerous. They are usually nonload-bearing and require a vacuum-tight container;
the powders are subject to settling; and the foil-type insulations are subject to lateral
heat flow. However, many of these problems associated with laminar insulations can
be eliminated by proper design as shown in the discussion of advanced insulation con-
cepts in Chapter 13.

4.2.10.4 Miscellaneous Insulation Materials. Since most of the materials being used
for cryogenic insulations are composites, it is almost impossible to list the mechani~
cal and physical properties of the countless combinations that are available. Table V
lists some general materials and their properties. It should be pointed out that these
properties are dependent on density, temperature, formulation, etc., and are just
typical values. The use of reinforced foams for cryogenic insulations is extensive,
but the type of reinforcement controls the properties of the composites and once again
the possible combinations are so great that they cannot be enumerated in this report.
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Table V. Properties of load-bearing insulations.
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3¢

CRYOGENIC INSULATION

5.1 TYPES OF INSULATION

Use of liquid hydrogen propellant for flight vehicles requires highly efficient insulation
to reduce boiloff losses to an acceptable value. The final choice of an insulation for a
particular system represents a compromise of many factors. For ground handling
systems, various practical considerations such as economy, convenience, weight,
bulk, and ruggedness dictate the insulation choice. Flight-type insulations, on the
other hand, must meet a different set of requirements. They must be able to with-
stand aerodynamic heating (external configuration only), acceleration, vibration, and
shock, and still have the desirable properties of low density, ease of application to
large tanks, thermal effectiveness, and high reliability.

The governing mechanisms of heat transfer through insulation are:

1. Radiation.
2. Conduction through the gas permeating the insulation.

3. Conduction through the solid material.

Radiation losses are directly proportional to the emissivity of the surface and the
fourth power of the surface temperature. Conduction losses through residual gas are
proportional to the pressure (within limits) while conduetion losses through a solid
are proportional to the thermal conductivity of the insulating material and the
effective area of contact between the insulation and support structures.

5.1.1 NONEVACUATED INSULATIONS. The density and apparent mean thermal
conductivity of the following insulations are shown in Table VI.

5.1.1.1 Polyurethane Foam. Polyurethane foams are made in densities from 1.5
to 20 pef and range in cell structure from flexible (open cell), to semirigid

(partly open cell), to rigid (closed cell). Polyurethane may be foamed in place
using a selected monomer, foaming agent, and catalyst (see Figure 15).
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Table VI. Representative thermal conductivities of insulations.

APPARENT MEAN

BOUNDARY co{r?)%c'nvl;w
APPLIED TEMPERATURES, Btu - 1t
DENSITY VACUUM WARM & COLD < _— )
INSULATION (PCF) (MM OF Hg) SURFACE (°R) (FT.2-HR.-"R)
PLASTIC FOAMS
POLYURETHANE (FREON-BLOWN) 2 NONE 540-37 800 x 107°
POLYURETHANE 2 2x107° 528-139 850 x 107>
POLYSTYRENE 2 NONE 540-37 1.560 x 10>
POLYSTYRENE 2 6x1072 508-139 1,150 x 107°
HONEYCOMB CORE
PHENOLIC FIBERGLASS 6.5 NONE 540-37 6,600 x 10
HONEYCOMB, 1/4-IN. CELLS
ABLATIVE INSULATIONS
CORKBOARD 18-20 NONE 530-37 2,300 x 107>
BALSA 8-10 NONE 530-37 2.100 x 107°
POWDERS
EXPANDED PERLITE 5-6 <1073 540-37 41%107°
SILICA AEROGEL 5 <1073 540-137 127 x107°
OPACIFIED POWDERS
LINDE CS-5 11.0 <1073 540-163 22 x107°
SILICA AEROGEL WITH A LUMINUM 6 <1073 540-137 32x107°
POWDER (50% BY WEIGHT)
LAMINAR INSULATIONS
-6 -5
NRC-2 2.5 10 530-139 1.6 x 10
-6 -5
LINDE SI-10 2.0 10 530-36 6.5 x 10
-6 -5
LINDE SI-62 5.5 10 530-36 1.8 x 10
LINDE SI-62 1078 530-139 6.0x107°
(COMPRESSED BY 15 PSI
DIFFERENTIAL PRESSURE)
-6 -5
LINDE SI-91 7.5 10 530-36 1.0 x 10
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Figure 15. Foaming polyurethane insulation on Centaur forward bulkhead.

Repairs can be accomplished by the same technique. Although closed-cell foams are
relatively impervious to gas diffusion, an airtight barrier should be placed on the sur-
face of the foam to prevent air condensation at the cold surface. This barrier has the
added advantage of providing a partial vacuum in the insulation due to the cryopumping
action of liquid hydrogen.

5.1.1.2 Polystyrene Foam. Polystyrene foam is a low-density, closed-cell, rigid
plastic foam. Normally polystyrene foam is received in bulk form from the manu-
facturer and machined to the desired shape. However, a process using granules of
polystyrene containing a blowing agent and a temperature of 230° to 270°F does allow
the plastic to be foamed in place.

5.1.1.3 Honeycomb Sandwich Panels. Fiberglass phenolic honeycomb panels with
laminated fiberglass outer skins have been considered for space vehicle LHo tanks.
Although the thermal effectiveness of honeycomb insulation is not as good as plastic
foams (as shown in Table VI), its load-carrying capacity makes it attractive for
space applications. This results in an over-all savings since thinner tank skins can
be utilized.
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5.1.1.4 Corkboard and Balsa Wood. Corkboard and balsa wood have been tested for
use as externally bonded and sealed insulations for liquid hydrogen-fueled vehicles.
This type of insulation is suitable for high-acceleration vehicles with large aero-
dynamic heating loads. Results of the study showed commercial composition cork-
board was suitable but the use of balsa wood was marginal. The surface of the
insulation had to be sealed to prevent air condensation; otherwise, the thermal con-
ductivity value of the insulation rose approximately 50%. The maximum temperatures
to which the insulation could be subjected to were found to be 1,100° to 1,350°F for
composition corkboard, 700°F for balsa, and 450°F for foamed corkboard. The sur-
face of these materials was charred and blackened after exposure to these
temperatures.

5.1.2 VACUUM INSULATIONS. The density and apparent mean thermal conductivity
of the following insulating systems are shown in Table VI.

5.1.2.1 Evacuated Plastic Foams. Isocyanate and urethane foams were evacuated
to 1-50 microns pressure. The thermal conductivity of the foams dropped approxi-
mately 1/2 to 1/3 of the nonevacuated value. Evacuation of styrene foams improved
them only moderately. Evacuated glass and silica foams showed no improvement
over nonevacuated glass foams. The isocyanate, urethane, and styrene foams all
supported the 1-atmosphere load without buckling. However, the time necessary to
evacuate the foams was extremely long and high pumping rates had to be continued
to maintain the vacuum. For example, at a pumping speed of 5 cfm per cubic foot
of Styrofoam, it took 40 hours to obtain and maintain a 50-micron vacuum. Applied
heat lowered these times somewhat.

5.1.2.2 Evacuated Powder Insulations. When an insulating space is filled with a
low-density powder, the apparent thermal conductivity is approximately that of the
gas. There is a marked reduction in thermal conductivity when the gas pressure is
reduced to a value at which the mean free path of a molecule is comparable with
interstitial distances. This pressure is on the order of 1 to 0.1 mm of Hg. Below
10-3 mm of Hg, the rate of heat transfer is almost independent of pressure. The
residual heat transfer is by conduction through the powder and by radiation. Heat-
transfer losses can be reduced by a factor of approximately four over conventional
powders if a metal opacifier such as aluminum or copper powder is added to the
insulating powder in the approximate weight ratio of one to one. These reflective
opacifiers make the insulation relatively opaque to thermal radiation. No significant
difference was found between silver, nickel, copper, and aluminum powders. The
metal powder must be well mixed with the insulating powder to prevent a conductive
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short circuit in the insulation. Evacuated powder insulations have maintained their
thermal effectiveness for many years without re-evacuation.

The heat-transfer rate (q) through a powder insulation of constant thickness is
given by:

i K(T, = T,) ( \/A1 A))

q = : (Ref. 1)
Where
ﬁ = means effective thermal conductivity between Tl and T2,
Ty, T9 = temperatures of warmer and cooler surfaces, respectively,
A1, Ag = areas of warmer and cooler surfaces, respectively,
t = thickness of insulation.

This equation is exact for concentric spheres. For cylinders, it is accurate to 5%
if the thickness of the insulating space is not more than 50% of the radius of the inner

cylinder.

Expanded Perlite. Expanded Perlite is a low-density, low-cost powder that has been
used successfully in insulating the liquid hydrogen storage tank at the Sycamore
Canyon Test Site.

Santocel. Santocel is a low-density insulating powder consisting of silica aerogel.
It is a good desiccant, readily removing water vapor from air.

5,1.2.3 High-Vacuum Insulation. The use of high-vacuum insulations for cryogenic
storage and transfer lines has been reduced to common practice. However, the pro-
duction and maintenance of a high vacuum takes precise manufacturing techniques and
high-vacuum pumping equipment. Outgassing from the containing surfaces and dif-
fusion of gases through the metal walls tend to destroy the vacuum. Liquid hydrogen
temperatures help maintain the vacuum through a cryopumping action. "Getters,"
i.e., materials that absorb residual gases, are often used in vacuum lines.
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When a vacuum on the order of 10~6 mm of Hg is obtained, heat transfer between
two surfaces is due almost entirely to heat radiation. The rate of radiant heat trans-
fer is given by the equation:

4

q = cE A(T14 - T, ) (Ref. 2)

Where
q = heat transfer rate,
- 2
¢ = Stefan-Boltzmann constant (1. 73 x10™9 Btu/ft.” - hr. - °R),
A = area (inner surface of concentric cylinders and spheres),
Tl’ T2 = temperatures of warmer and cooler surfaces, respectively,
E = emissivity factor.

The appropriate values for A and E depend on the geometry of the radiating sur-
face. Furthermore, E depends on the emissivities of the two surfaces, and in the
case of concentric shapes, on whether the reflection is specular or diffuse. Diffuse
reflections result in a higher radiant flux. In order to be on the conservative side,

the following equations for E are for diffuse reflections.

1. Parallel Plates and Concentric Spheres

e, e
E = n :_26 ) (Ref. 2)
g *( 2! €1

2. Long Coaxial Cylinders

E = (Ref. 2)
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where
Al’ A2 = areas of cooler, warmer surfaces, respectively,
el, e2 = emissivities of cooler, warmer surfaces, respectively.

Values of e; and eg depend markedly on the type of material, surface roughness,
degree of oxidation, and temperature. Typical emissivity values for various metals
are listed in Table VI (Ref. 3).

Experience at Astronautics Point Loma and Sycamore Canyon Test Sites has shown
that high-vacuum transfer lines are expensive and difficult to maintain in the field.
An alternative condensable gas insulating system has proven to be satisfactory. The
space between the inner and outer line is filled with carbon dioxide. At liquid hydrogen
temperatures, the carbon dioxide solidifies, forming a vacuum in the insulating void.
This system has been maintenance-free since installation in mid-1961.

5.1.2.4 Laminar Insulations. Laminar insulations, also known as '""superinsula-
tions, " derive their remarkable impedance to heat flux from the effect of multiple
radiation barriers. High vacuum is essential for the proper functioning of this type
of insulation to reduce gas conduction to a minimum. These radiation barriers con-
sist of foils of highly reflective metals separated by a nonconductor.

The theoretical heat transfer across more than 10 reflective shields can be ex-
pressed within engineering accuracy by:

4 4
cEA (T, - T,")

q = —] (Ref. 4)

where
q = heat-transfer rate,
- 2
o = Stefan-Boltzmann constant (1.73 x 10 9 Btu/ft. -hr.-°R),

E = emissivity factor (see Section 5. 1.2 on high vacuum insulation, and
Table VII),

A = area,
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Total hemispherical emissivity of metals.

METAL

SURFACE
PREPARATION

EMISSIVITY (c)
(AT 137° FOR 540°R
BLACK BODY RADIATION)

ALUMINUM (0. 001 IN.)
ALUMINUM (0. 001 IN.)

ALUMINIZED MYLAR
(0. 0005 IN.)

COPPER (0. 005 IN.)
GOLD (0. 0015 IN.)
NICKEL (0.004 IN.)
SILVER

STAINLESS STEEL,
TYPE 301

STAINLESS STEEL,
TYPE 302 (0.005 IN.,)

TIN (0.001 IN.)

ZINC (0. 0065 IN.)

KAISER FOIL, UNANNEALED
KAISER FOIL, UNANNEALED

ALUMINUM COATING, BOTH SIDES

ELECTROLYTICALLY CLEANED
FOIL, SOLVENT-CLEANED
FOIL, SOLVENT-CLEANED
SOLVENT-CLEANED

SOLVENT-CLEANED

SOLVENT-CLEANED

FOIL, CLEANED

FOIL, SOLVENT-CLEANED

0.018
0.03 (540°R)

0.04

0.017
0.01

0.022
0.008

0.21 (535°R)

0.048

n = number of shields.

T = temperatures of warmer, cooler surfaces, respectively,

The actual observed heat leaks are usually several times higher than the calculated

value due to the conductance through material separating the shields.

It is interest-

ing to note that the surface finish of the warm and cold surfaces has little effect on
the over-all heat transfer rates of laminar insulation.

Aluminum foil is normally used for the radiation shields although aluminized Mylar
has been tried due to its higher strength. Apparently the aluminum coating is trans-
parent to some extent for the Mylar insulation was found to have about twice the

thermal conductivity value of aluminum foil insulations (Ref. 4).

Some of the spacer

materials used include glass wool, fiberglass, paper, and nylon netting.
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5.2 FLIGHT INSULATIONS

Liquid hydrogen tanks require insulation on the ground to minimize LHg boiloff and to
prevent the condensation of air (which can create a potential safety hazard on the test
stand or launch pad). Insulation of tanks is required during flight to prevent high
boiloff rates and/or tank pressure rise due to aerodynamic and space heating. For
airborne liquid hydrogen tanks the insulation must be lightweight and still have ade-
quate strength to withstand the thermal, ground, and air loads which are imposed
upon it. A second requirement for airborne liquid hydrogen tank insulation is re-
liability, which is even more important than weight. The insulation should be capable
of performing its function whenever necessary with a minimum of upkeep and repair.

5.2.1 ENVIRONMENTAL CONDITIONS

5.2.1.1 Tanking and Ground Hold. Thermal shock occurs when the propellant tank
is filled with liquid hydrogen. The thermal shock occurs because of the large dif-
ference in thermal contraction between the tank and the insulation.

With external insulation, the metal tank skin contracts almost instantaneously upon
contact with the liquid hydrogen. Due to its lower thermal conductivity, the tempera-
ture of the insulation changes much more slowly than the tank skin; therefore, the
insulation contracts much more slowly than the tank. Thermal stresses occur when
the insulation resists the tank shrinkage (see Figure 16). The tank is loaded in biaxial
tension, the insulation is loaded in biaxial compression, and the adhesive between the
tank insulation is loaded in tension.

With internal insulation, the inner skin of the insulation contracts almost instan-
taneously and is loaded in tension, while the tank skin is loaded in compression.
Local shear loads occur in the adhesive and insulation at the ends of the cylindrical
tank, at the bulkhead tangency planes, and at small cutouts such as the access door
and tank vent line for both external and internal insulations.

The severest thermal stress condition occurs upon initial contact with the liquid
hydrogen. As the insulation attains thermal equilibrium, the thermal stresses de-
crease slightly due to the decrease in the temperature gradient. The initial tanking
is more critical as far as structural integrity of the insulation is concerned than the
ground hold which follows. To reduce the severity of the thermal shock, the internal
temperature of the tank should be lowered to about -200°F by means of cold hydrogen
gas prior to filling the tank with liquid hydrogen. The tank chilldown period is per-
fectly feasible and is currently being used on the Centaur.
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Figure 16. Typical failure in fiberglass sealer on outside insulation “
test with liquid hydrogen.

5.2.1.2 Maximum Aerodynamic Pressure. Maximum aerodynamic pressure for a
boost vehicle normally occurs between 30,000 and 40, 000 ft. with the vehicle traveling
at about Mach 2 and accelerating at about 2g. The maximum aerodynamic pressure

is between 700 and 800 psf. The temperature of the outer skin of the vehicle is
normally about room temperature at maximum q; therefore, the thermal stresses

are about the same as they are on the ground. The only insulation loading condition
which occurs at maximum q that is different from the ground hold condition, is the
increased pressure differential across the tank wall due to the decrease in atmospheric
pressure with altitude. The effects of increased pressure differential across the tank
wall are to decrease the compressive thermal stress in the outer skin, and to increase
the tensile stress in the inner skin.

If the insulation is bonded directly to the pressurized tank it will not encounter
problems due to aerodynamic flutter. For insulation that is not fastened rigidly to
the tank, flutter is another design condition which must be considered. Flutter re-
quirements will probably determine panel stiffness requirements for any insulation
that is not fastened securely to the pressurized tank structure.
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5.2.1.3 Maximum Acceleration. The maximum vehicle acceleration normally occurs
when the vehicle is outside of the earth's atmosphere; thus air loads are negligible at
maximum g. The pressure differential across the tank wall is a maximum at this
portion of the trajectory due to the absence of atmospheric pressure.

5.2.2 DESIGN CONCEPTS. The following insulation designs are typical of the con-
cepts used on liquid-hydrogen-fueled Saturn stages. Both the Saturn S-IV and Rift
stages are using the internally bonded insulation concept; the S-II uses externally
bonded insulation; Centaur uses jettisonable panels on the cylindrical section of the
tank and bonded external insulation elsewhere.

Some advanced insulation concepts are presented in Section 13.1. 3.

5.2.2.1 Bonded External Insulation. The simplest, cheapest, and most easily
fabricated method for insulating a liquid hydrogen tank is to bond the insulation di-
rectly to the tank. A typical externally bonded insulation would consist of honeycomb
panels that would be bonded to the tank skins, filled with polyurethane foam, and
covered with a fiberglass outer skin. Corkboard and balsa wood have also been con-
sidered as external insulation.

External bonded insulation has several advantages over internally bonded insula-
tion. The external insulation must only be sealed against air and water vapor instead
of the much smaller hydrogen molecule. The welded propellant tank serves as the
seal against hydrogen. The propellant tank is protected from damage by the external
insulation during ground handling, transportation, and flight. General Dynamics'
experience with honeycomb sandwich on the Atlas and the B-58 indicates that this type
of external insulation is rugged and not easily damaged. If the insulation is damaged,
it is much easier to repair than the propellant tank; therefore, the tank protection
feature is a definite advantage (see Figure 17). Insulation damage may be found and
repaired quite readily from the outside of the tank, thus eliminating the need to enter
the tank.

However, external insulation makes inspection of the propellant container structure
more difficult, since visual inspection can only be performed from inside the tank.
Moreover, no room temperature bonding material has yet been found for external
insulation; therefore, application of heat is required both during fabrication and
repair. This causes spot repair to become highly difficult and unreliable. All tests
of external insulation conducted by Astronautics have shown laminations and cracking
of the outer fiberglass layers. Sealed corkboard and balsa wood have not shown the
same problem.
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Figure 17. External foam-filled honeycomb insulation with a repair plug.

5.2.2.2 Helium-Purged External Insulation. Helium-purged external insulation is
similar to the bonded insulation except that it is not bonded to the tank, and the re-
sulting gap between the insulation and tank is purged with helium gas to prevent liquid
air from forming. A typical insulation consists of a honeycomb core with a 1-in. cell
size filled with 2 pef of polyurethane foam. The insulation core has fiberglass faces
on both sides, and these are sprayed with a sealer. The insulation panels are
mechanically fastened together, and are also mechanically fastened to the tank.

This type of insulation is similar to that successfully in use on the cylindrical
portion of the Centaur tank. If it is not necessary to jettison the insulation panels,
they can be permanently fastened together with mechanical joints, thus eliminating
the slip joints and spring straps which are used on Centaur. Mechanically fastening
the insulation panels eliminates much of the helium leakage that occurs with the
Centaur insulation panels. Permanently sealed expansion joints enable the tank to
contract and expand due to temperature and pressure without loading the insulation.
Thermal shock due to filling the tank with liquid hydrogen is not felt by this type of
insulation since it is not bonded to the tank. The insulation does have a temperature
gradient across it, but the rate of temperature change and thermal stress buildup is
considerably less than for an insulation that contacts the tank or the liquid hydrogen.
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The helium-purged insulation can be easily repaired if the damage areas are small,
but if large areas are damaged, the helium-purged insulation lends itself to replacing
an entire panel more readily than does the bonded insulation. Repairs to the propel-
lant tank are also easier to make for the helium-purged insulation than for a bonded
insulation because no insulation or adhesive has to be removed from the tank.

5.2.2.3 Canned External Insulation. The canned external insulation gets its name
from the manner in which it attaches to the outer skin. The outer skin is not bonded
to the insulation, but is fastened at its edges and evacuated much in the same manner
as foods are preserved, hence the name canned.

A typical insulation consists of foam-filled honeycomb similar to that used for the
Centaur jettisonable insulation panels. The honeycomb is filled with polyurethane
foam and is bonded to the tank. The outer skin can have several possible configura-
tions; it can be 0. 025-in. aluminum, 0.010-in. Mylar, or 0.010-in. fiberglass im-
pregnated with silicone rubber.

This type of insulation is lightweight and relatively inexpensive, but several dif-
ficulties are anticipated with it. Some work has been done at Astronautics toward
using evacuated metal skins as liquid hydrogen insulation. Vacuum insulation using
0.010-in. stainless steel skins has been fabricated and tested. The outer skin
wrinkles as shown in Figure 18 are due to the vacuum. This type of insulation would
not give a smooth outer tank skin during flight, and would therefore be subjected to
local hot spots due to aerodynamic heating, as well as increasing the drag of the
vehicle. If the evacuated space is vented to the atmosphere during flight, skin flutter
would probably occur with catastrophic results. If it is attempted to permanently
evacuate the insulation, an extremely low pressure would be required to prevent
ballooning of the skin during the boost phase of flight. In the transition from vacuum
bag to balloon, the skin is again subject to potentially catastrophic flutter problems.
In addition to the skin flutter problems, difficulty is expected in obtaining and main-
taining a hard vacuum over large surface areas with many joints.

5.2.2.4 Bonded Internal Insulation. The bonded internal insulation concept is sim-
ilar to the bonded external insulation described previously. It consists normally of a
honeycomb core filled with polyurethane foam and bonded to the inside of the tank
(see Figure 19). The inner skin usually consists of a fiberglass wet layup with
several coats of sealant.
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Figure 18. Wrinkled skin of vacuum insulation.

Figure 19. Internal foam-filled honeycomb insulation after 20 pressure
cycles in liquid hydrogen.
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The bond to the tank wall is not subjected to thermal shock with this insulation
technique, but the bond of the inner skin to the insulation is subject to thermal shock.
The over-all vehicle weight with this type of insulation is higher than with the external
insulation because low temperature design allowables cannot be used for the tank skins
and because a large vapor pressure rise occurs due to aerodynamic heating, causing a
tank weight increase even though the insulation by itself is about the same weight as the
externally bonded insulation. Internal insulation need not be sealed against GHo,
though this would be advantageous. No adequate seal against GHy is presently known.
Internal insulation has just about as many local openings and attachment provisions as
does the external insulation. Local flexing of the insulation occurs in the areas of
baffle attachments inside the tank, which results in a low fatigue life for the insulation
under temperature and pressure cycling. Internal insulation cannot be used if the tank
is stiffened by means of stringers and frames which require either an excessive
number of attachments through the insulation or insulation of the frames. Either of
these requirements leads to a poor design because of the complications.
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TRANSFER

Discussion of liquid hydrogen transfer can be broken into two topics: the cooldown
characteristics associated with introducing cryogenic hydrogen into ambient tempera-
ture containers, and the transfer method used.

6.1 COOLDOWN CHARACTERISTICS

6.1.1 INTRODUCTION. When liquid hydrogen enters a warm transfer line, a liquid
front forms. The incoming liquid advances a considerable distance down the line be-
fore being halted by the back pressure from the boiloff gas. Since the initial surge
causes the liquid to contact a large area of line wall, the amount of gas formed nor-
mally exceeds the line-venting capacity, causing the liquid flow to reverse. The initial
surge and reverse flow is followed by other surges of diminishing magnitude, decreas-
ing gradually to a steady flow rate. The changing frequency (F) of these pressure
oscillations can be predicted by the following equation:

1 VP 1/2
= ol z (Ref. 1)
g 14
where

= c of LH ,
Y cp/ v © b
P = transfer pressure,
ig = length of line filled with gas,
.22 = length of line filled with liquid,

P 2 = liquid hydrogen density.
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If a person stationed himself on the downstream side of the line, and looked through
a glass window in the line, he would observe the following phenomena during the cool-
down period:

Initially, gas would pass the window followed by droplets of liquid. Next, pulses of
liquid flashing into gas would move down the line followed by an advancing front of
stratified flow, both smooth and vigorously boiling. The stratified flow would be of
short duration and would be almost immediately cleared out by slugs of liquid hydrogen.
Progressing rapidly through the pipe, these slugs would occur more frequently until
they eventually coalesced and filled the pipe. At this time the wall temperature ap-
proaches the liquid temperature and single-phase flow would be observed.

6.1.2 CONDITIONS NECESSARY FOR SINGLE-PHASE FLOW. Steady-state transfer
of liquid hydrogen should be accomplished with single-phase flow rather than two-
phase flow. Higher flow rates are possible and excessive pressure drops are avoided.
The flow process is also considerably more predictable than two-phase flow. Conse-
quently, it is desirable to be able to calculate under what conditions single-phase flow
is maintained.

The following equation predicts what total pressure (P) is required at the inlet to
maintain single-phase flow for a given heat input, flow rate, and size of transfer line:

P = Pf (pressure required by pipe friction)

+ Pvp (vapor pressure of liquid hydrogen)

where:
p = 0:1197 (xhl‘821) L
f D4.821
(Ref. 2)
log P = 2.93029 - —2:8210 4 42003 [T + .%L
P T + = L m b2
mc
p,1
= LH, mass flow rate (lb./sec.),
L = line length (ft.),
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D = internal diameter of line (in.),
T = LHy temperature prior to transfer (°R),
q = heat input to line (Btu/ft.-sec.),

cp 2 = heat capacity of LH2 at constant pressure (Btu/lb.-°R).

For uninsulated lines, the heat flux is 3,490 Btu/hr.-ft. 2 in still ambient air; in a
15-mph wind, the value is 6,020 Btu/hr. —ft? Heat inputs through insulated lines can
be calculated using appropriate thermal conductivity values given in Chapter 5.

6.1.3 COOLDOWN TIME FOR INSULATED LINES. The time it takes for a transfer
system to cool down to liquid hydrogen temperature can be estimated, approximately,
with the following equation:

Z(m )@ )AT )
T (cooldown time) = = (Ref. 3)
(W,)(AH)
where:
Z = summation,
mm = system cooldown mass,
Em = temperature mean specific heat of cooldown mass,
ATm = temperature change of cooldown mass,
WZ = time mean rate of mass flow of cooldown gas leaving system,
AH = latent heat of vaporization of LH,.
Since Em, AT,,, and AH are known, only m,, and v—v2 have to be calculated.

6.1.3.1 Calculation of Cooldown Mass. If the transfer line consists of a thin-walled
tube, the entire mass will cool to LHy temperatures; therefore, the weight of the tube
equals the cooldown mass (m,). However, if the line contains relatively thick sec-
tions such as valves and flanges, only partial cooldown occurs. A method for esti-
mating the cooldown of the concentrated masses in the system is shown in Figure 20.

65



GENERAL DYNAMICS | ASTRONAUTICS

This method involves the division of a given piece of concentrated mass into a series
of slabs, and the calculation of the cooldown history from unidirectional transient con-
duction theory.

To make use of this plot, first calculate a cooldown time neglecting the concen-
trated masses. Next, represent each concentrated mass by an equivalent slab and ob-
tain the percentage of cooldown from Figure 20. Add this percentage of the concen-i
trated mass to the distributed mass. The total is used for calculation of a new
cooldown time. Repeat the iterative process until the answer converges.

6.1.3.2 Calculation of Discharge Gas Flow Rate.

Unrestricted Gas Flow. The mass flow rate (wy) for unrestricted gas flow is a func-
2f(Le

tion of and the ratio of the exit pressure (Py) to the supply pressure (Pq) as
shown in Figure 21, where:

f = friction factor,
Le = equivalent length,
D = internal diameter of transfer line.

To calculate wy from Figure 21, the friction factor (f) and equivalent length (Lg) must
be determined. The supply pressure, (P;), cross-sectional area of the pipe (Aq), in-
ternal diameter of the line (D), exit pressure (Pg) (normally 15 psia), and constant
(K) are all known.

The friction factor (f) can be determined if the flow turbulence is known. Values of
f for smooth tubing are shown in Figure 22 as a function of the reynolds number (Rg).
If the reynolds number cannot be calculated, a good estimate for f is 0.002 to 0.003
since Rg is normally between 108 and 107 during cooldown.

The equivalent length of a transfer line takes into account pressure drops due to
bends and obstructions. Therefore, by definition, the equivalent length equals the
actual length for straight smooth tubing. Since this calculation is applicable only to
unrestricted gas flow, the effect of bends is discussed here and the effect of obstruc-
tions is included in the following section on restricted flow.

66



GENERAL DYNAMICS | ASTRONAUTICS

100 [—

50

% COOLDOWN

0

0 1 2

DIMENSIONLESS COOLDOWN TIME (ﬂ)
2

X

Figure 20. Percent cooldown of concentrated masses.
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Figure 21. Dimensionless parameters for calculating mass flow rate (\-a-vz)
of discharge gas for unrestricted flow.
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The equivalent length due to bends (1) can be estimated by using the following
equation:

].b = 0.0202 x€1.10

where
X = proportionality constant (see Figure 23),
€ = angle subtended by bend (deg.).

This value of 1, is added to the actual length of the line (L) to get the total equiva-
lent length (L),

= +
Le L Elb

Restricted Gas Flow. For the case of end restriction (i.e., vent valve), the gas flow

r?te becomes a function of the ratio of the discharge pressure to the supply pressure,
21(Le)

D 8 , and the area ratio (tube cross-section, A1, over orifice cross-section, Ay).
For adiabatic flow cases where the discharge gas flow rate equals Mach 1, Figure 24
can be used to calculate wy. The unknowns to be determined include the discharge

pressure (Py), friction factor (f), and equivalent length (Lg).

The discharge pressure (Pg) can be calculated from the pressure ratio curves in
Figure 25 since Py, Ay, A2, and D are known and f and L, can be determined as
shown in the following paragraphs. These curves are plotted for a flow rate of Mach 1
at the discharge point. The flow rate contained in Figure 24 has allowed for contrac-
tion losses (vena contracta) at the orifice. Since the orifice coefficient varies between
0.7 and 0.9 for the pressure ratios in question at Mach 1, an average value of 0.8 was
used.

The friction factor (f) is determined from the reynolds number as shown in Figure
22 and discussed in the previous section on unrestricted gas flow. For smooth tubing
during cooldown, it normally varies between 0.002 and 0.003.
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Figure 24. Dimensionless parameters for calculating mass flow rates (gvz)
of discharge gas for restricted flow.
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Figure 25. Dimensionless parameters for calculating discharge pressure (P2)
for restricted gas flow.

The equivalent length for transfer lines equals the actual length for straight tubing
and can be calculated for curved tubing as discussed in the unrestricted gas flow
section. The equivalent length for additional obstructions such as valves and couplings
must be determined empirically. Some typical values for different screwed fittings
and valves are shown in Table VIII (Ref. 4). (Although screwed fittings are never used
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in LHy systems, these values do give some insight into the pressure drops that will be
encountered. Most hydrogen couplings have a smooth interior, however, so the equiv-
alent lengths would be somewhat less than those listed.) The total equivalent length of
the line can be represented by the following equation:

= + Il + 3
Le L ].b 1o
where
L = actual line length,
lb = equivalent lengths of bends,
lo = equivalent lengths of miscellaneous obstructions.

All of these calculations for restricted gas flow apply only to a discharge velocity
of Mach 1. For cases where the exit velocity is less than Mach 1, a trial and error
solution must be performed.

Table VIII. Equivalent lengths of screwed fittings and valves.

EQUIVALENT LENGTH (1)

FITTING (IN LINE DIAMETERS)
45° ELBOWS 15
90° ELBOWS (STANDARD RADIUS) 32
90° SQUARE ELBOWS 60
180° CLOSE RETURN BENDS 75
T'S (USED AS ELBOW, ENTERING RUN) 60
T'S (USED AS ELBOW, ENTERING BRANCH) 90
GATE VALVES (OPEN) 7
GLOBE VALVES (OPEN) 300
ANGLE VALVES (OPEN) 170

6.1.4 LHy COOLDOWN MASS. The mass of LH, needed to cool down a transfer sys-
tem depends on the flow rates used and length of the transfer line. For high flow
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rates and short transfer lines, the following equation approximates the LH2 cooldown
mass-(my) required:

This equation assumes the gas is being vented at saturation temperatures (maximum
case).

For low flow rates and long transfer lines, the following equation is applicable:

| m)E T
My T AH+ € )(AT)

where
m = cooldown mass,
m
c = mean specific heat of cooldown mass,
m
AT = temperature change,

AH = latent heat of vaporization of LH,,

(':g = mean specific heat of hydrogen gas over AT range.

This equation assumes the gas warms to ambient temperature before being vented
(minimum case). For flow rates and line lengths between these two extreme cases,
the cooldown mass of LHy will be bracketed between the maximum and minimum cases.

6.2 TRANSFER METHODS

As for cost, transfer of LH_ in ground-based systems is more economically accom-
plished by dewar pressurization rather than by pumps for batch deliveries of 25,000
gal. or less and at flow and pressure combinations to 10, 000 gpm and 200 psi. For
delivered-liquid requirements of 25,000 to 500,000 gal., the flow and pressure com-
bination required strongly influences the choice of the system having the lowest cost.
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It can be generally stated, however, that as the delivered-liquid requirements vary
from 25, 000 to 50, 000 gal. and as the pressures increase to 200 psi, pumps become
more favorable and pressurization systems less favorable in cost.

For airborne systems, combination pump-pressurization systems are used exclu-
sively for the following reason: Gas pressurization systems require high pressures
and consequently excessively heavy tanks to maintain the flow rates required. The
combined pressurization system with the pump is needed to maintain an NPSH and
prevent cavitation.

Advanced propulsion systems with low mass transfer and low chamber pressure
requirements may use pressurized transfer due to its inherent reliability and
simplicity.

Several possibilities exist for transferring hydrogen at zero gravity. These
methods are discussed in Section 6. 2. 3.

6.2.1 GAS PRESSURIZATION. Only two gases can be used to pressurize liquid hy-
drogen, hydrogen and helium. All other gases condense at this temperature. Helium
is normally obtained from commercial high-pressure storage bottles. Hydrogen, on
the other hand, may be obtained as high-pressure bottled gas or by vaporizing some
of the stored liquid hydrogen. There are several possible variations to these transfer
techniques as shown in Figure 26. For example, the vaporized gas can be stored in
high-pressure bottles until required for transfer or admitted directly to the storage-
vessel ullage. Both pumps and gravity flow have been used in actual designs to cir-
culate LHy to the heat exchangers.

For ground-based LHy transfer systems, it is necessary to know the pressurant
gas requirements in order to specify sufficiently large transfer lines, heat exchangers,
storage bottles, pumps, and compressors. For flight stages, it is even more critical
toknow the pressurization gas requirement for maintaining NPSH onthe pump, in order
to accurately calculate the weight of propellant required for pressurant. When pres-
surizing liquid hydrogen by warm gaseous hydrogen, there is a heat and mass ex-
change (condensation or evaporation) at the liquid-gas interface and at the cold inner
walls of the ullage space in the tank (see Figure 27). These exchange processes at the
boundaries of the ullage volume determine how much gas is required to pressurize a
tank and displace a given amount of liquid.

The pressurization gas requirements can be bracketed between maximum and mini-
mum limits by assuming: (1) the gas will be cooled to saturation, or (2) the gas will
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Figure 26. Typical gas-pressurization transfer systems.
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remain at the same temperature at which it entered the tank. As can be seen from
Figure 28, the range between the maximum and minimum case is so wide that other
methods are needed to calculate the gas requirements more accurately. Ref. 5
derives the following equations for calculating gas requirements using a condensable
gas (hydrogen) or a noncondensable gas (helium):

HO 0.63 /C 0.40
0.150 Q|5 c_g
Am (M/R) PAV + w w
m T, c T,
1 p,g 1
where
Am = mass of pressurant gas required for discharge (lb.),
M = molecular weight (lb./lb.-mole),
R = gas constant,

o — /
/

0.7
MAXIMUM HEAT -
TRANSFER|METHOD

//

%

V.

. /
V4

0.2

MINIMUM HEAT-
TRANSFER METHOD
0.1 AN

MASS OF FINAL ULLAGE VOLUME

MASS OF PRESSURANT GAS USED

N\

0 20 40 60 80 100 120 140
TRANSFER PRESSURE (PSIA)

Figure 28. Maximum and minimum limits for pressurant gas requirements.
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P = tank pressure (psi),
AV = volume change of gas phase during discharge (cu.ft.),
Ti = temperature of inlet gas (°R),
Qw = heat transferred to tank wall if wall heats to temperature of inlet gas (Btu),
H = average heat-transfer coefficient between gas and wall (Btu/hr.-ft.2—°R) y
() = discharge time (hr.),
o VW S 2
CW = mean heat capacity of wall per unit wall area (cp w)(pw)(6), (Btu/°R-ft. ),
C = mean heat capacity of gas phase per unit wall area (c_ )(p_)(D), (Btu/
g ° 2 p.g g
R-ft. %),
cp & = gpecific heat of gas at constant pressure (Btu/1b. -°R),
cp 2 specific heat of tank wall (Btu/lb. -°R),
pg = density of gas (pcf),
Py = density of tank wall (pcf),
6 = wall thickness (ft.),
D = inner tank wall diameter (ft.).

To solve the equation, the individual terms are calculated as follows:

1. All gas properties are evaluated at an average temperature between the inlet
pressurant gas and saturation unless otherwise specified.

2. H is calculated from

H = 0.13 —y— 3 A
W
where
kg = thermal conductivity of gas (Btu/hr. -ft. 2-°R),
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y = length of tank discharged (ft.),

= Jocal gravitational acceleration (fpsz),
B = thermal coefficient of expansion of tank wall per °R,
AT = temperature driving force for heat transfer (°R),

I viscosity of gas (lb./ft.-sec.).

AT has been found to average about 175°R during tests using ambient temperature
gas. This value does not have to be known too accurately since H varies as the cube
root of AT.

The general applicability of these equations is not known. For the following test
conditions, however, accuracy is within 10% for hydrogen and helium: an upright
vacuum-insulated cylindrical tank with gas diffuser to prevent direct gas impingement
on liquid surface, volume of 25 cu.ft., tank pressure range of 55 to 164 psi, discharge
time range of 90 to 355 sec., ambient temperature pressurant, and no fluid sloshing.
Sloshing will increase the heat transfer rate to the liquid as shown in Figure 29. Ref-
erence 6 gives another method for estimating gas pressurization requirements and
work is being done at Astronautics to derive gas pressurization equations that will
have general applicability.

When helium is used as the pressurant gas, a small fraction is soluble in liquid
hydrogen. This solubility is shown as a function of pressure in Figure 30.

6.2.2 PUMP TRANSFER. Due to the many facets involved in pump design, it is
beyond the scope of this section to go into design details. Instead, a brief description
will be given of potential problem areas and of key features of LHy pump design. The
flight-weight Centaur LHy pump will be used as an example.

Of all the mechanical pumping systems available, the centrifugal pump has re-
peatedly demonstrated its superiority over all other types, including the positive-
displacement pump. The Centaur uses an axial flow inducer with a mixed-flow
impeller-type pump made by the Pesco Division of Borg-Warner Corp. (see Figure
31). As with any mechanical pump, there are potential problem areas which, with
careful design, can be solved. The four main problem areas include pump bearings,
seals, tolerances between moving parts, and material selection.

6.2.2.1 Pump Bearings. The loads transmitted to the shaft of a centrifugal pump
~ are carried principally by antifriction type bearings. The Centaur pumps use steel
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Figure 29. Effect of sloshing on propellant heating.

bearings in micarta cages lubricated by liquid hydrogen during use. When the bearings
are operated in liquid hydrogen, contaminants comprised of any material or gas ex-
cept hydrogen or helium will freeze out. The frozen particles have the same action on
the bearings as dirt or grit has on conventionally lubricated bearings, i.e., they cause
excessive wear. Consequently, it is important that the pump be purged with hydrogen
or helium gas prior to introduction of liquid hydrogen.
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Figure 30. Solubility of helium in liquid hydrogen as a function of pressure.
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Figure 31. Simplified cross-section of Centaur liquid hydrogen pump.
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where
N = pump speed (rpm),
n = pump flow (gpm),
I = net positive suction head.

Higher values of S permit lower pump NPSH requirements and more reliable operation
with low liquid levels and low tank pressures.

6.2.2.6 Pump Insulation. The immersed pump has no insulation problem. When
the pump is not immersed, it can be placed in an evacuated box filled with powder in-
sulation (see Chapter 5). Sealed, foamed-in-place polyurethane insulation is also
adequate for reducing the heat leak into the pump casing.

6.2.3 TRANSFER AT ZERO G. When a space vehicle is put in orbit about a planet
or is coasting in a transfer ellipse to another planet, the liquid hydrogen no longer
remains settled in the bottom of the tank but flows over the walls as described in
Chapter 12. To restart the engines, it is necessary to have the pump inlet covered
with a sufficient depth of fluid to prevent the pump from cavitating upon initial startup.
For pumps requiring high flow rates, the safest method for ensuring single phase flow
is to accelerate the vehicle approximately 0.01g with settling rockets. For small
rocket engines with low mass flow rate requirements, or for auxiliary power units
that have to operate during zero g, there are other methods for transferring the fluid.
These include:

1. Storing the hydrogen as cold high-pressure gas slightly above its critical
temperature.

2. Expelling the fluid with positive-displacement devices such as pistons, bladders,
and bellows.

3. Separating the gas phase from the liquid using centrifugal acceleration. This
principle is used on the Centaur zero-g separator described in Section 12. 3. 2.

4. Using capillary tubes that would be filled by the all-wetting liquid hydrogen.
All four systems will function but some have inherent advantages over the others.
Cold-gas hydrogen bottles ensure single-phase flow but incur a significant weight

penalty due to the heavy tank wall required and smaller quantity of hydrogen that can
be stored when compared to liquid storage. Positive-displacement bladders such as
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triple-ply 1/4-mil Mylar bags have been tested successfully in liquid hydrogen (Ref.
7). The Mylar withstood the flexing and folding required of this type of device. The
system is lightweight but does not ensure single-phase flow of the liquid due to trapped
gas pockets. For transfer at low rates, this may not be serious. Centrifugal sepa-
rators are considerably more complicated than the cold-gas and bladder systems.
They require dynamic seals in LHp and must be powered by an auxiliary unit or by the
tank pressurization gas. Capillary tube transfer systems are limited by their low
transfer rates.

In summary, for high mass rate of transfer, settling rockets appear to be the

safest solution. Cold-gas storage and bladder devices appear promising for low-
rate-of-transfer systems that operate at zero g.

6.3 NOMENCLATURE

A internal cross-sectional area of the line

c heat capacity

c mean heat capacity

C g mean heat capacity of gas phase per unit wall area (c P.g pD), (Btu/ °R—ft )
Cw mean heat capacity of wall per unit wall area (cp w pwé), (Btu/°R-ft. )
D internal diameter of container (line or tank)

f friction factor

F frequency

g local gravitational acceleration (fpsz)

H average heat transfer coefficient between gas and wall (Btu/hr. —ft.2—°R)
AH latent heat of vaporization of LHy

Hgy net positive suction head

k thermal conductivity

k mean thermal conductivity

K constant (~ 30 sec.)

£ partial transfer line length

L total transfer line length

84



GENERAL DYNAMICS [ ASTRONAUTICS

m liquid hydrogen mass flow rate

m mass

Am mass of pressurant gas required for discharge (1b.)
M molecular weight of pressurant gas (lb. /lb.-mole)
N pump speed (rpm)

p pressure

heat input to line

Qyw heat transferred to tank wall if wall heats to temperature of inlet gas (Btu)
R gas constant
Re reynolds number

suction specific speed
g U absolute temperature
AT temperature difference

AT (Section 6.3.1) temperature driving force for heat transfer (°R)

AV volume change of gas phase during discharge (cu.ft.)
w time mean rate of mass flow of cooldown gas

w LHy mass flow

b4 thickness of equivalent slab

X proportionality constant (see Figure 23)

y length of tank discharged (ft.)

6.4 SUBSCRIPTS

refers to starting point on transfer line

refers to liquid or gas discharge point in transfer line

T N R

equivalent length of curved line
e equivalent length

f pipe friction
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gas

inlet gas

liquid hydrogen

cooldown mass

equivalent length of obstructions
constant pressure

constant volume

vapor pressure

tank wall

6.5 GREEK SYMBOLS

o

P

Y

m

M ©® E

=3

&

thermal diffusivity of concentrated mass 5

ol

p
thermal coefficient of expansion of tank wall per °R

C

p

\%

wall thickness (ft.)

angle subtended by line bend
discharge time (hr.)
viscosity of gas (lb./ft.-sec.)
density

summation

cooldown time
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4

LIQUID HYDROGEN MEASUREMENTS

7.1 INTRODUCTION

Techniques for measuring the physical characteristics of liquid hydrogen are, in many
ways, quite similar to other cryogenic fluids but have some significant differences.

These differences are:

1. At LHg temperatures, the change in resistance of metals is low; consequently,
many of the temperature-measuring resistive probes are not very sensitive in

this range.

2. Liquid hydrogen's low density, 1/14 that of water, affects differential level sen-
sors which rely on head pressures.

3. Liquid hydrogen's flammability in air dictates explosionproof design in electrical
measuring probes. Special safety procedures are also required.

4. Hydrogen's high specific heat, 15 times that of air, affects the operation of the
hot-wire liquid/gas probes.

7.2 TEMPERATURE MEASUREMENTS

Many temperature probes have been tested at Astronautics in an attempt to determine
which device yields the most accurate temperature data. The results of these tests
have shown platinum resistance thermometers to be the best transducers for field and

flight temperature measurements (see Figure 32).

7.2.1 PLATINUM RESISTANCE THERMOMETERS. The main reasons for utilizing
platinum resistance thermometers are:

1. Their stability.
2. The simple calibration requirements.

3. Their versatility. Some transducers may be utilized over a temperature range
of 30° to 2, 200°R or over any portion of this range.
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Figure 32. Platinum resistance thermometer.

4. The amount of information available from the National Bureau of Standards on
the resistance vs. temperature characteristics of platinum. This is used in es-
tablishing calibration curves.

5. Ruggedness of existing element designs.

6. Relatively high output levels.

The methods used by Astronautics (for space vehicles and in the test labs) to meas-
ure LH2 temperatures are outlined in the following paragraphs.

Platinum resistance thermometers are purchased from a reliable vendor. (Excel-
lent results have been obtained with transducers from the Rosemount Engineering Co.).
The Standards Laboratory measures the resistance of the transducers at several
known temperatures. Liquid nitrogen, liquid oxygen, and ice temperatures are most
commonly used. After the vendor's calibration has been validated, the transducers
are placed in stock for issue.
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The temperature transducers which are used on production vehicles are manufac-
tured in accordance with a specification control drawing. The transducer must have a
specific base resistance at the low end of the desired range and a specific change in
resistance over the total range. An example would be a transducer which has a base
resistance of 500 ohms at 30°R and 600 ohms at 55°R.

The purpose of holding a specific resistance as well as resistance change over a
specified range is to obtain basically interchangeable transducers. The 500-ohm base
resistance is achieved by using an integral-series resistor in the transducer. For
example, suppose the platinum element measures 21 +1 ohms at 30°R and 121 +1 ohms
at 55°R. By adding a fixed-series resistor of 479 ohms, the resistance range is
raised to the 500- and 600-ohm level.

The resistance bridge used for telemetering flight temperatures is illustrated in
Figure 33. All temperature transducers on a given telemetering channel are continu-
ously excited and an output voltage of the same magnitude for all measurements on one
channel (approximately 110 mv), is continuously present on each commutator contact.

—Q +8.2VD-C

TRANSDUCER TRANSDUCER
NO. 1 NO. 2

rm l_fﬂ
3. z

8.2V D-C
GROUND

L
_-.m____

/

. TO SUBCARRIER
© OSCILLATOR
DIFFERENTIAL
AMPLIFIER

Figure 33. Typical flight vehicle telemetry temperature bridge.
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The bridge legs for each transducer are adjustable so that a variety of temperature
ranges can be selected.

Many transducers are used on special engineering tests at Astronautics which do
not utilize the standard space vehicle bridge circuit. It is more advantageous for the
engineering test laboratories to use a general-purpose bridge circuit which may be
used for many transducers and many ranges. This circuit, shown in Figure 34, is a
three-wire system to minimize the errors due to the resistance changes of the lead
wires. The fourth wire is used for calibration purposes. When switch S; is actuated,
the fourth wire is substituted for one of the leads connected to the transducer element
and the decade box is substituted for the transducer. In this condition, the transducer
is shorted and the decade box may be used to simulate the resistance change of the
transducer. The padder resistor (Rppp) is used to limit the change in resistance of
the bridge leg to 5% of the total leg resistance, thus ensuring good linearity. Any
transducer which has a minimum resistance change of 10 ohms or a maximum change
of 500 ohms may be used with this circuit. The voltage and fine balance controls have
been eliminated in Figure 34 for the sake of clarity. The voltage is adjusted to pro-
duce 10 mv nominal output or until the current through the transducer element is 2 ma.
A nominal 2-ma maximum transducer current has been established to minimize any
self-heating effect.

Good results have been obtained with platinum resistance thermometers and the re-
cording methods described above. Differences in temperature of 0.1°F may be relia-
bly detected in liquid hydrogen. Absolute temperature measurements in LHy will be
accurate to approximately +0.3°F.

Several other methods of obtaining LHg temperature measurements are outlined in
the following paragraphs.

7.2.2 THERMOCOUPLES. The National Bureau of Standards has conducted many -
tests on different types of thermocouples at LHg temperatures. Work with copper vs.
gold-cobalt, and copper vs. constantan type thermocouples has been conducted. The
results were published in "Cryogenics' in March 1961.

The NBS work has shown that the sensitivity of thermocouples at LHg temperatures
is very low. For example, a copper vs. gold-cobalt thermocouple (which has a rela-
tively high output for a thermocouple) produces an 0.22-mv change for a temperature
change of 20°R in LH2. At normal room temperatures, a 20°R change would yield
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Figure 34. General-purpose bridge circuit for temperature measurements.
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approximately 0.53 mv. Copper vs. constantan thermocouples have approximately
one-third the sensitivity of copper vs. gold-cobalt types in LHo.

Voltage measurements less than 1 mv are difficult to obtain in the laboratory and
are impractical in a field installation for the following reasons. The long cables re-
quired will:

1. Change resistance with temperature.
2. Pick up induced voltages.

3. Pick up other parasitic voltages.

When measurements of less than 1 mv are required, the errors caused by parasitic
voltages become appreciable. Copper vs. gold-cobalt type thermocouples have been
considered, but the cost of the wire is high and it must be maintained in an annealed
condition. Handling of the wire in the field would result in cold-working the metal and
cause a change in its characteristics. Copper vs. constantan thermocouples have been
used in the field when large changes in temperature are to be measured, i.e., from
ambient to LHy temperatures. This range will yield an output of approximately 7 mv;
however, the sensitivity decreases rapidly near LHg temperatures and consequently
the accuracy in this area is poor.

There is a way to improve two of the weaker points of thermocouples at the sacri-
fice of some of the simplicity convenience. (The two weak points are inhomogeneities
in the wire which produce parasitic electromotive forces (emf) and the low output of
thermocouples at LHy temperatures.) Single thermocouples are connected in series
as shown in Figure 35. It is apparent that an n-element thermopile (series-connected
thermocouples) produces n times the emf of a simple thermocouple. Moreover, since
the emf due to inhomogeneities in the leads of the various elements are just as likely
to cancel each other as to add, the probable resultant emf error is only Vn times as
large as with a single thermocouple.

When thermopiles are used, the probe length must be kept long to minimize heat-
conduction errors. Thermopiles have their greatest application in measuring tempera-
ture differentials.

7.2.3 THERMISTORS AND CARBON RESISTORS. Thermistors of the type shown in
Figure 36 and commercial carbon resistors have been tested at Astronautics for use

as LH9 temperature sensors. These sensors have a high negative coefficient of re-
sistance at LHy temperatures (resistance increases rapidly as temperature decreases).
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Figure 35. Thermopile.

Consequently, their output is low due to their limited power capabilities at LHg tem-
peratures. In addition, the current through the sensor must be kept low to minimize
the I12R self-heating effect. Increasing the sensor size minimizes self-heating but de-
creases the unit's temperature response rate (due to the increased mass).

Tests conducted at Astronautics indicated that carbon resistors and thermistors
were not repeatable after being thermally shocked. If a sensor was kept at LHy tem-
peratures, the resistance curve was found to repeat. However, if the sensor was
warmed to room temperature between each run, it would not repeat. The repeatability
of thermistors was better than that of carbon resistors, but thermistors of the same
type and size exhibited large variations from one unit to another.

In order to accurately calibrate a thermistor in liquid hydrogen, it is necessary to
place it in a cryostat and measure the temperature of LHy with a standard (platinum)
thermometer while simultaneously measuring the resistance of the thermistor. The LHy
temperature is changed by changing the vapor pressure. Such a calibration is quite
complicated and costly and the calibration range is limited.
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Figure 36. Typical thermistor probe.
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Carbon resistors appear to be pressure-sensitive; therefore, it is impractical to
calibrate them in LHg by this method. This pressure sensitivity also makes their use
in pressurized vessels (such as space vehicle tanks and ducts) unfeasible.

7.2.4 GERMANIUM CRYSTALS. Semiconductor temperature transducers using doped
germanium crystals as sensing elements have been tested by NBS, Rutgers University,
and other research facilities. Results have been promising. Repeatability near the
helium boiling point was better than 0.001°K, and in the vicinity of the LH, boiling
point, better than 0.05°K.

Existing sensors suffer from the disadvantage that they require laboratory treat-
ment for installation as well as readout. Excitation current must also be limited to

very low values.

Astronautics, in conjunction with the Radiation Research Corp., is developing a
rugged immersion probe with a germanium element. The probe will be provided with
an integral resistance bridge in its head so that an output voltage variation is obtained
with temperature changes over a narrow range when excitation from a power supply is
applied to the transducer. The new probes will be thoroughly tested by the vendor and
by Astronautics after the completion of this design.

7.2.5 GAS-PRESSURE THERMOMETERS. Gas-pressure thermometers consist of a
capillary tube (filled with helium) connected to a pressure transducer (see Figure 37).
Since helium's behavior approaches that of a perfect gas and the small change in cap-
illary volume with temperature is reasonably constant, the pressure change in the tube
with temperature is nearly linear. Pressure transducers may be designed to yield
high-output signals for small temperature changes.

The National Bureau of Standards has conducted experiments on these sensors
with generally favorable results. Several manufacturers of rocket engines have re-
ported similar findings. The main drawback to this type of device was found to be the
slow response time (due to the mass of the tube). At present, only a few instrument
manufacturers produce an LHg probe of this type.

7.3 PRESSURE MEASUREMENTS
Since frequency-response requirements for most LHy pressure measurements are low
(10 cps or less), no problems are normally encountered in these measurements. A

threaded boss is used on the duct or tank where the measurement must be taken. Tub-
ing, at least 10 in. long, leads from the boss to the transducer. Any liquid hydrogen
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Figure 37. Gas-pressure temperature probe.

entering the tubing at the boss end boils rapidly and is gasified in the tubing. Trans-
ducer types commonly used are potentiometric pressure transducers utilizing pressure
capsules or helical Bourdon tubes as sensing elements (see Figure 38).

For high-frequency response (0 to 800 cps) pressure measurements, such as in
LH, pump ducts, the use of strain-gage pressure transducers of the type shown in
Figure 39 was investigated. These transducers are normally installed directly into
the duct so that LHg comes in physical contact with the sensing diaphragm. Earlier
tests indicated that a small amount of residual water vapor (humidity) in the inlet port
of the transducer can easily solidify and, hence, block the port. If the transducer is
kept dry, and it has been temperature-compensated by the vendor to minimize inherent
temperature errors in the LHg temperature region, it can be suitable for such pres-
sure measurements.

Existing unbonded strain-gage transducers exhibit temperature gradient errors of
6% to 30% of full scale. This error is apparent whenever the transducer is exposed to
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Figure 39. Strain-gage pressure transducer.
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a step change in temperature. The error disappears after the entire internal portion
of the transducer stabilizes at the new temperature level.

Difficulties are still encountered in reliable, accurate measurements of liquid level
(head) measurements in LH, tanks where differential-pressure transducers are re-
quired to provide continuous-level (analog) indications. Transducers of the type shown
in Figure 40, which incorporate a reluctive servo system, have yielded reasonably ac-
curate measurements. Unfortunately, the transducer design for flight telemetry use
has not proven too reliable for the following reasons. Since the range to be measured
is normally 0 to 0.20 psia (equivalent to approximately 6 in. of water), available trans-
ducer types are usually not sufficiently sensitive, or evidence extremely high accelera-
tion, vibration, and temperature errors. Even attitude errors (acceleration errors
caused by earth gravity vectors not parallel to the plane of the sensing diaphragm or
capsule) can be appreciable.

/ HIGH-PRESSURE PORT LOW-PRESSURE PORT

SENSING ELEMENT FLUID ISOLATING DIAPHRAGM

HIGH-PRESSURE CHAMBER LOW-PRESSURE CHAMBER
Figure 40. Typical differential pressure transducer. ' )
-
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Astronautics has been directing design efforts of several vendors in the development
of new differential-pressure transducers (mainly potentiometric and reluctive types)
with increased sensitivity, that are less subject to acceleration effects.

7.4 FLOWMETERS

Turbine-type flowmeters have been almost exclusively utilized at Astronautics to
measure LH, flow (see Figure 41). These meters may be destroyed by overspeeding
if a high gas flow precedes the liquid flow in a line. Care must be taken to slowly pre-
chill the line prior to discharging large quantities of liquid in the line.

Some flowmeter manufacturers have recently released flowmeter designs with an
integral magnetic rotor-braking system. As gaseous hydrogen passes through the
flowmeter and the rotor speed increases, a signal is generated and amplified, which
causes the current through the electromagnetic brake to increase. The brake retards
the rotor in such a manner that it can never run at overspeed. Astronautics has eval-
uated one such flowmeter and preliminary results were quite promising. '

COIL

SNAP RING

NOSE CONE

LOCK NUT

BEARING FILTER

ROTOR SHAFT SUPPORT

SHAFT

THRUST PLATE
THRUST NUT
TAIL CONE

Figure 41. Typical turbine flowmeter.
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The turbine flowmeter is normally calibrated with water. The uncertainty of this
calibration being applicable to LHo flow is approximately 2%. If greater accuracy than
2% is required, each flowmeter must receive an individual calibration using LHs.

This was demonstrated by a series of tests performed by Astronautics in conjunction
with Pratt & Whitney Aircraft.

Other types of flowmeters do not appear as useful in LHo measurements as turbine
types. A strain-gage vane-deflection meter is being evaluated, but its operation in
LHy is still doubtful.

7.5 LEVEL SENSORS

Many types of liquid level sensors are available and several have been tested at Astro-
nautics to determine their usability in LHy. Some of the methods used for sensing
liquid level are described in the following paragraphs.

7.5.1 HOT-WIRE DETECTORS. Since hot-wirelevel sensors worked well at Astro-
nautics with liquid nitrogen and liquid oxygen, they were tested for use in LHo. It was
found that the hot-wire detectors always operated well when first covered by the liquid
but seldom operated correctly when uncovered. Long delays in indicating presence of
gas were experienced. The high specific heat of hydrogen at constant pressure is
probably the cause of this problem. Extreme caution is necessary when hot-wire de-
tectors are utilized due to the danger of fire if an oxidizer is present.

7.5.2 SELF-HEATED THERMISTORS. Thermistors, heated by an electric current,
are being used as level sensors. These sensors have a high thermal coefficient of
resistance and do not operate at the high temperature necessary for the hot-wire units;
otherwise, the operation is similar. This system has been demonstrated in LHg but
extensive tests have not been conducted to prove its reliability.

7.5.3 CAPACITANCE-TYPE PROBES. Capacitance-type probes have been tested
with some success but the associated amplifier must be located near the probe to min-
imize the capacitance effect of the lead wire. The adjustment of this system is nor-
mally critical and the response is also usually slow due to the massive probe.

7.5.4 VIBRATING CRYSTAL DETECTORS. Vibrating crystal detectors seem to
suffer from some of the same problems that plague the capacitance probe. The line
capacitance and circuit adjustments are critical. More success has been obtained
with the vibrating crystal detectors, however, and the response of this type of system
is normally fast. Some manufacturers have utilized very large lead wires to minimize
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capacitance effects and allow the amplifier to be installed in the blockhouse. This sys-
tem is expensive relative to other methods.

7.5.5 VIBRATING PADDLE DETECTORS. Relatively good results have been obtained
with vibrating paddle sensors (see Figure 42). This system uses a paddle mounted in

a tank or duct excited by a 60-cycle or 400 cycle a-c voltage. The paddle has a natural
frequency close to the frequency of the excitation voltage. When immersed in liquid,
the vibration amplitude of the paddle is damped considerably. This amplitude is
measured with a variable reluctance transducer.

These units have given good service but the types used were designed for the chem-
ical industry and are too large for flight vehicle use.

7.5.6 FLOAT SWITCHES. Float switches in LHy have been used at Astronautics
without much success. If the float is made large enough and light enough to float in
LHy, the internal pressure in the tank is usually high enough to crush it. If the float
was not crushed, it quite often jammed and did not operate. For these reasons, float
switches are not being used at Astronautics.

PICKUP

PADDLE

NODE
POINTS

Figure 42. Vibrating paddle liquid-level sensor or liquid/gas detector.
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7.5.7 DIFFERENTIAL PRESSURE TRANSDUCER. A differential pressure trans-
ducer has been used to measure liquid hydrogen head. It has two distinct advantages
over point sensors:

1. It yields a continuous (analog) record of liquid level.

2. It measures liquid head rather than liquid level; consequently, the average den-
sity and mass of LHg left in the tank can be calculated.

A certain amount of ""hash'" will be present on the pressure records due to the LHo
boiling out of the sensing lines.

7.5.8 ULTRASONIC LEVEL SENSOR SYSTEM. The application of magnetostrictive
ultrasonic level probes, with associated oscillator-amplifier control units, seems
promising. A system of this type has operated well in LNg and is currently under-
going evaluation in LH,.

7.6 LIQUID/GAS DETECTORS

Liquid/gas detectors are normally used as level sensors but are referred to as liquid/
gas detectors when used in ducts or lines transporting the liquid or in space vehicle
tanks for zero-g measurements. All the level sensors discussed in Section 7.5 may be
used as liquid and gas detectors at 1g except differential pressure transducers and
float switches. Sensors used in lines or ducts which have high velocity liquid flowing
must be rugged. Hot-wire detectors are normally subject to damage in a high-velocity
fluid. However, LHoy does not normally cause problems of this sort due to its low
density. Of the detectors tested at zero g, none will operate satisfactorily. Once the
sensor has been covered by liquid, it will no longer reliably indicate a gaseous envi-
ronment. One possible exception may be the vibrating paddle shown in Figure 42.
Although no testing has been done, the paddle vibration amplitude appears to be large
enough to shake off clinging LHq droplets and indicate a gaseous environment.

7.7 HYDROGEN LEAK DETECTORS
A hydrogen mass spectrometer-type leak detector has been investigated by Astronautics

and found to be feasible. Unfortunately, however, its large volume and weight pro-
hibit its use as an airborne system.
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PROPULSION SYSTEMS

Just as liquid oxygen is the workhorse of present liquid propulsion systems, liquid
hydrogen will assume a predominant role in high-energy space vehicles and exotic
propulsion systems. The reasons for this projected position are due essentially to
hydrogen' s low molecular weight, high-energy release when combined with suitable
oxidizers, nontoxicity, noncorrosiveness, and excellent properties as a nozzle coolant.
However, some of these advantages are mixed blessings. - Its ease of ignition in air
and oxygen over a wide flammability range is desirable for chemical combustion but
presents a significant safety hazard. For nuclear systems, hydrogen's combustibility
is completely undesirable. Hydrogen's low molecular weight also has its disadvan-
tages in the form of liquid hydrogen's low density and low boiling point. Very large,
and consequently heavy, tanks are needed to store sufficient quantities of liquid hydro-
gen; in addition, effective thermal insulation is needed to prevent excessive hydrogen
boiloff.

The following four sections briefly summarize propulsion systems that presently
use or contemplate using liquid hydrogen. The less familiar systems are discussed
in greater detail. Table IX compares some significant characteristics of the pro-
pulsion systems described.

8.1 CHEMICAL PROPULSION

8.1.1 HYDROGEN/OXYGEN SYSTEMS. Saturn stages S-II and S-IV and the Centaur
vehicle use this propellant combination. Centaur (see Figure 43) is in its early stages
of flight testing. S-IV will be static-tested in the third quarter of 1962.

8.1.2 HYDROGEN/FLUORINE SYSTEMS. Considerable effort has been expended
toward developing a hydrogen-fluorine engine due to the high specific impulse of such
a system. However, fluorine's extreme reactivity with almost all materials plus the
high toxicity of fluorine and hydrogen fluoride (the exhaust gas) has required a com-
pletely new technology to be developed. No flight tests have been attempted using
this combination.
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Figure 43. Centaur upper stage with Atlas booster just prior to liftoff.
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Table IX. Propulsion methods using hydrogen.

CHEMICAL PROPULSION

NUCLEAR PROPULSION

ELECTRIC PROPULSION

THERMAL FAST ATOMIC HYDROGEN |ELECTRIC-ARC-HEATED | ELECTRIC RESISTANCE SOLAR
CHARACTERISTICS Hy-0, HyFy REACTOR REACTOR RECOMBINATION JET HEATED JET HEATING
SPECIFIC IMPULSE 1,200 (P AMBER - | 1-400-2.000 (DEPEND-
(LB. -SEC. /LB.) 364 373 765-820 950-1, 050 1 ATM.) ING ON DESIGN) 1,100 400-500
2,000 B A
1072 ATM.)
CHAMBER TEMPERATURE 4,960 MAX. 5,560 MAX. | 4,100-4,700 | TO 5,400 5,400 ~ 6,300 5,400 ~1,980
(°R)
SYSTEM SPECIFIC THRUST 0.005-0. 05 (DEPEND-
(LB. OF THRUST/LB. OF ING ON DESIGN &
PROPELLANT SYSTEM g 20:80 S 1 o POWER SOURCE, you 000
HARDWARE) B DECAY, REACTOR
OR SOLAR)
ACCELERATION (THRUST/ 1.2-1.5 1.2-1.5 0.3-1.2 ~0.03 0.005 - 0.01 ~0.005 ~0.01
WEIGHT) (SURFACE) (SURFACE)
MANEUVERABILITY EXCELLENT | EXCELLENT EXCELLENT FAIR POOR POOR POOR
INITIAL INVESTMENT IN
SPACEBORNE HARDWARE LOW LOW FAIRLY LOW FAIRLY HIGH HIGH HIGH FAIRLY
IN RELATION TO THRUST HIGH
PRODUCED
PROPULSION SYSTEM VERY LIMITED LIFE OF LONG LIFE, STRUCTURAL | LONGER LIFE THAN | LONG LIFE, EROSION LONG LIFE LONG LIFE,
MAINTAINABILITY & ENGINES & PUMPS INTEGRITY OF REACTOR DIRECT HEAT OF ELECTRODES A PUMPS
RELIABILITY CORE MAY BE PROBLEM TRANSFER DUE TO| PROBLEM MAY BE
SLOW STARTUP PROBLEM
PROBABILITY OF EXTRA- NONE NONE POSSIBLY SATURN MOON NONE (THRUST-TO- NONE NONE NONE
TERRESTRIAL SUPPLY OF (TITAN) OR JUPITER WEIGHT RATIO
PROPELLANT MOONS TOO LOW TO USE
JUPITER MOONS)
POSSIBLE AREAS OF EARTH ASCENT, LUNAR EARTH ASCENT. LUNAR INTERPLANETARY INTERPLANETARY INTERPLANETARY CISLUNAR

OPERATION

TRANSFER, LUNAR
LANDING, POSSIBLY
MARS, VENUS TRANSFER

TRANSFER. LUNAR
LANDING, MARS,
VENUS, JUPITER,
SATURN TRANSFER
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Figure 44. Proposed reactor-in-flight-test vehicle.
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Figure 45. Typical liquid hydrogen flow for nuclear vehicle.

8.2.2 ADVANCED NUCLEAR ENGINE CONCEPTS. Two types of nuclear rocket
engines which show promise for future application are the fast-reactor and reacting-
propellant (low-pressure) engines. These designs offer potentially greater specific
impulse and lower weight than presently conceived thermal, graphite nuclear-engine
systems.

8.2.2.1 Fast Reactor. Fast reactors utilize a higher proportion of high~energy
(fast) neutrons to cause fission, in contrast to graphite-moderated reactors which

use low-energy (thermal) neutrons to sustain a chain reaction. The higher specific
impulse that can be obtained in fast-reactor systems, as compared to thermal, results
from the higher reactor exit temperatures that can be obtained.

Since the goal of fast reactor design is to maintain and utilize high-energy neutrons,
the amount of moderating material must be kept relatively small compared to thermal
reactors, thus reducing reactor weight.

However, fast reactors have some disadvantages when compared to thermal sys-
tems: (1) The higher heat deposition rate in the fast reactor core must be dissipated
more rapidly than in a thermal core in order to prevent the core materials from
vaporizing; (2) the fast reactor power level is difficult to control using neutron
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absorbers since few elements are effective neutron poisons at fast-neutron energies.
As a result, neutronic control of the reactor power level may have to use another
method of control. A movable reflector (allowing more or less neutrons to escape the
core) appears to be a feasible solution.

8. 2.2.2 Reacting Propellant Concept. This concept, which has been under study by
General Dynamics since 1960, is a variation of the fast reactor nuclear rocket engine
in that the chamber pressure is kept low (on the order of 1 or 2 psia). At this pres-
sure and a temperature of around 5,400°R, almost half of the hydrogen molecules are
dissociated. As the atoms pass out the nozzle, some atoms recombine but the great
majority do not. Addition of trace amounts of catalyst to the hydrogen stream in-
creases the rate of recombination of the dissociated atoms many fold in the nozzle,
thus adding the heat of recombination to the sensible enthalpy that is imparted to the
gas in the reactor. Using appropriate catalysts, the reacting propellant concept can
theoretically increase the specific impulse from approximately 1,050 sec. (maximum
specific impulse for heat transfer nuclear rockets) to the range of 1,600 to 1,900 sec.
Since this engine concept would normally be used for deep space missions using long
firing times, the reactor core can be brought up to temperature gradually, alleviating
many of the thermal shock problems encountered in higher thrust nuclear rockets.

With the support of Marshall Space Flight Center and Lewis Research Center, a
development program is underway to measure the performance gain of reacting hy-
drogen in a nozzle test facility.

8.3 ELECTRIC PROPULSION SYSTEMS

During the past few years, electric propulsion systems have passed from the status of
ideas which looked interesting but somewhat academic to the status of active research
and development programs.

At first glance, the electric propulsion cycle looks tremendously cumbersome and
roundabout. Nuclear or solar energy is first converted to heat, which in turn is
converted into electrical energy, and this is used, either directly or indirectly, to
accelerate the propellant rearward to produce thrust. In spite of these drawbacks,
the electric propulsion cycle shows promise of minimizing initial weights and cost of
future space missions beyond the moon.

The wide variety of methods possible for producing a propellant jet with electric
power can be classified generally into three categories: (1) electrothermal jets,
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(2) electrostatic jets, and (3) electromagnetic jets. Since hydrogen can be used only
with electrothermal systems, the last two categories will not be discussed here.

8.3.1 ELECTROTHERMAL JETS. The principal devices in the first category are
the electric-arc jets and the resistance-heated jet.

8.3.1.1 Electric-Arc Jet. The electric-arc jet heats hydrogen propellant to high
temperatures (5,400° to 6, 300°R) by passing it between an electric arc (see Figure

46). The pressure in the chamber is kept low (around 0. 1 psia) to allow near-complete
hydrogen dissociation, thus optimizing the specific impulse for a given power level.

Among the technical problems in application of electric-arc jets for propulsion are
electrode erosion, nozzle cooling, and reducing the percentage of electric power which
goes into heating the electrode, nozzle walls, and stabilizing resistors. To achieve
high efficiency, most of this heat must be recovered by the propellant by means of re-
generative cooling. However, if the heat picked up by the propellant from the nozzles
and electrodes becomes a large part of the total heat added to the propellant, the
coolant becomes so hot before it reaches the electric discharge that its cooling proper-
ties have been severely diminished. This means that for high efficiency, a limit is
reached on the specific impulse that can be achieved before it becomes impossible to

PROPELLANT ANODE COOLANT
!

CATHODE

COOLANT —p —___—l

-

PROPELLANT l

Figure 46. Electric arc-heated thrust device.
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cool the surfaces with the propellant alone. When this limit is reached, either a
radiator must be provided, with a secondary cooling loop, or the surfaces must be
operated at sufficiently high temperatures that they produce adequate self-cooling.

For a typical arc-jet propulsion scheme, the specific impulse would range from
1,400 to 2,000 sec. The over-all efficiency of the system with turbogenerator equip-
ment appears to be on the order of 0.1. Using the foregoing figures and making some
additional assumptions, it would take 0.6 to 1.1 MW of power to produce 1 lb. of
thrust.

Development contracts for propulsion applications have been awarded by NASA for
a 30-kw and a 3-kw arc jet. The former may be used in conjunction with the Snap-8
power generator and the latter with Sunflower or Snap-2.

8.3.1.2 Electric Resistance-Heated Jet. The second electrothermal propulsion
scheme, electric resistance~heated hydrogen jet, avoids many of the problems asso-
ciated with electric-arc jets, in that no electrode erosion or arc heating of surfaces
is involved (see Figure 47). The specific impulse is limited, however, to values
attainable with hydrogen heated to the maximum temperature that the resistance-
heated elements can tolerate. When tungsten in a porous or mesh form is used, this

RADIATION
SHIELDS

POROUS TUNGSTEN
HEATER
|
vZZA_4 ?

S| M=/ 5 s

- L'»;J -
f

H,

Figure 47. Electric resistance-heated thrust device.
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maximum temperature is about 5,400°R, which produces a specific impulse of about
1,100 sec. Due to the fewer development problems involved, the resistance-heated
jet may be a suitable glternative to the arc jet. A research program on this type of
propulsion scheme has been studied by the NASA Lewis Research Center.

8.4 SOLAR PROPULSION

Solar-powered propulsion is fundamentally the simplest scheme among nonchemical
systems. It uses an existing energy source (the sun) in space in an efficient manner,
by converting the radiant energy into heat.

The propulsion system consists of a liquid hydrogen storage tank, radiation collec-
tor, heat exchanger, and exhaust nozzle (see Figure 48). Pumps are required to cir-
culate the hydrogen, but since the quantities involved are small (less than 1 1b.), the
pumps are light, the horsepower requirement is low, and electrical high-speed drives
appear practical. The necessity of concentrating the thinly spread solar energy re-
quires the use of reflectors. (Near earth, the rate of radiant energy deposition is
442 Btu/hr. -ft~, This rate is proportional to the inverse square of the distance
from the sun.)

A typical solar space ship would have the following characteristics: The ship would
be very large but lightweight. For the design shown in Figure 49, the cylindrical col-
lectors are 128 ft. long, the gross weight is 16,000 lb., and the propellant weight is
11,000 1Ib. The collectors are made of thin Mylar (0.001-in. sheets) coated with
aluminum on the inside surface over a hemispherical area. The clear plastic side
will transmit 90% of the incident light to the aluminized surface. Approximately 0.1
Ib. of hydrogen is necessary to maintain a pressure of 0. 01 psia in the cylinder for
- structural stability. The reflected radiant energy from the mirror surface is con-
centrated on the heat exchanger, heating the hydrogen to 1,800° to 2,000°R. (Tem-
peratures to 9,100°R are theoretically possible but the lower temperature range was
chosen so that the hydrogen piping does not have to be cooled. In addition, this type
of space ship design requires low acceleration values as is discussed subsequently. )
The hot, low-pressure hydrogen is boosted in pressure to 440 psia by high-pressure
pumps. Expansion through the nozzle takes place at 220 psia. Thrust on the order of
100 to 200 1b. at a specific impulse of 450 sec. can be obtained with this system.

The solar space ship has several unique problems associated with its design. The

extremely large size of the ship necessitates a collapsible design in order that it may
be boosted into space by a chemical stage. The large size requires the vehicle
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Other problem areas include meteoroid puncture of the reflector spheres and the
operating life of the high-pressure pumps. The spheres may be able to maintain
adequate rigidity by bleeding hydrogen gas into them to replace the gas lost through
the punctures. The meteoroid hazard in space is discussed in Section 13. 3.

If a solar-powered space ship is built, it will be restricted to cislunar operations

due to its previously described operating characteristics. No contracts for solar
space ship development have been let.
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O

SLOSHING

In writing the equation of motion for a missile or space vehicle, the problem of pro-
pellant sloshing is encountered. Due to the nature of the trajectory, sloshing motions
may arise which rock the vehicle. These motions may be so phased with the resulting
control forces as to drive the system unstable if the resultant forces are not properly
compensated for. In early liquid-fueled missiles (e.g., V-2, Redstone) propellant
sloshing was not thought to be a problem, and no means of slosh compensation was
employed. The reason this problem did not appear for these vehicles was the fact
that sufficient fluid damping was present due to the type of construction (internal rings
and stringers) and small tank diameter (internal fluid damping varies inversely with
tank diameter). This damping served to suppress fluid motions. Larger tanks are
generally of cleaner internal construction and have little inherent fluid damping.

An obvious solution to the slosh problem lies in the insertion of baffles. However,
baffle weight must be minimized on a launch vehicle; hence, before any slosh com-
pensation scheme is studied, a means for treating the fluid's response in a vehicle is

necessary.
9.1 MECHANICAL PENDULUM ANALOGY

9.1.1 CYLINDRICAL TANK. A hydrodynamic solution to the sloshing of fluids in a
rigid-wall, cylindrical tank undergoing translation along its longitudinal axis and rota-
tion about one of its perpendicular axes was derived by the Dynamics Group of Astro-
nautics (Ref. 1). The hydrodynamic forces and moments about the base of the tank
are determined for the oscillation of an incompressible, irrotational liquid. These
equations are applicable to a vehicle which takes off vertically, pitches over in flight,
but does not roll during the trajectory. For ease of handling, a mechanical analogy

in the form of a pendulum or a spring mass is used. This analogy not only gives in-
sight into the problem, but lends itself to a description of the liquid motion which is
readily adapted for digital or analog computer simulations. Only the pendulum analogy
is given here. Ref. 1 should be consulted for the spring mass analogy.

The forces and moments produced in a cylindrical tank of sloshing liquid can be
represented by a fixed mass (liquid beneath the surface) and pendulum (sloshing liquid)
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as shown in Figure 50. The following pendulum-fixed mass equations for the first
mode are exactly analagous to the hydrodynamic equations given in Ref. 1.

Force Perpendicular to the Longitudinal Axis

2 2 s
= - X - 1
F s XM, -s 0h0M0+aTrp1 (1)
Moment on Tank
M= -s2XMh -s26 (Mb2+I ) +Mh a.T 2)
= 7® 00 00 0 11%T p,

The angle of the pendulum 1"p with the longitudinal axis is given by:
1

2
32 +w2 I = ——1— szx+s 6 {h, =L . (3)
1/ p L 1 1Y
1 P, 1

See Figure 50 for definition of symbols.

In these equations, the x and g terms describe the flight trajectory of the vehicle.
Values for the other terms, M, ho, Ijs. M, hi’ Wjs and Lp are obtained by the term-
by-term comparison between the hydrodynamic equations and the pendulum-fixed mass
analogy, as shown in Table X. For easy reference, these terms are also plotted as
nondimensional parameters in Figure 51 as a function of the aspect ratio (fluid depth/
tank radius).

Figure 50 illustrates the analogous pendulum-rigid mass system for the first three
modes. Normally, only the first mode is considered in sloshing analyses because it
has been shown analytically that the higher modes' contribution is not significant
(Ref. 1). ‘Another argument in support of disregarding the higher modes is the turbu-
lent mixing noted during testing at high-frequency oscillations. This turbulence pro-
duces damping effects in the fluid.

9.1.2 CONICAL TANK. Ref. 2 gives equations for sloshing fluid in conical tanks.

A mechanical analogy, in the form of a pendulum plus fixed mass, yielded identical
results with perfect fluid hydrodynamic equations.
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a TANK RADIUS
or LONGITUDINAL ACCELERATION

1_; ANGLE OF PENDULUM WITH TANK
1 AXIS, FIRST MODE

h DEPTH OF FLUID

b, HEIGHT OF RIGID MASS CENTER OF
GRAVITY ABOVE TANK BOTTOM

hj,b, HEIGHT OF SLOSHING ELEMENT
ATTACH POINT ABOVE TANK BOTTOM

I MOMENT OF INERTIA, RIGID MASS

L LENGTH OF EQUIVALENT PENDULUM,

P FIRST MODE

M TOTAL FLUID MASS

Mo FIXED FLUID MASS

M, SLOSHING FLUID MASS, FIRST MODE

o ORDERED NUMBER OF FLUID MODE

@ FIRST FLUID MODE FREQUENCY

s LAPLACE VARIABLE

6 ANGLE OF ROTATION OF TANK AXIS

IN FLIGHT
X, y, z TANK COORDINATES

Figure 50. Tank model and coordinates for pendulum analogy.
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Table X. First-mode sloshing parameters for pendulum analogy
(cylindrical, flat-bottom tank) (sheet 1 of 2).

MECHANICAL HYDRODYNAMIC
M +M M
0 1
MO M (l-Al)
Ml MA1
2
—+— - B
2 2 1
h h 4h
0 a- Al)
2 2 (1
MOhO +I0 Mh <§+ Dl —B1>
B
1
h h—
A
! 1
coth K1
L h
P K,
2 o
w —_—
1 h K1 tanh K1
NONDIMENSIONAL CONSTANTS, FIRST MODE
h/a K1 tanh K1 coth K1 A1 Bl Dl
0.00 0.0000 o ) w0
0,02 0.0368 27.174 0.8380 619,06 1237.8
0.10 0.185 0.1820 5,495 0.8290 24,77 49.2
0.20 0.368 0.3522 2.839 0.8025 6.20 12,1
0.30 0.554 0.5020 1.992 0.7624 2.80 5.2
0.50 0.921 0.7259 1.3776 0.6615 1,0335 1.764
0.60 1.108 0.8019 1.2470 0.6090 0.7430 1.177
0.70 1.290 0.8586 1.1647 0.5589 0.5716 0.8294
0.80 1.475 0.8999 1.1112 0.5126 0.4630 0.6088
1.00 1,841 0.9508 1.0517 0.4332 0.3390 0.3584
1.20 2,210 0.9761 1.0245 0.3706 0.2734 0.2294
1.40 2.578 0.9885 1.0116 0.3217 0.2336 0.1557
1.60 2.948 0.9945 1.0055 0.2832 0.2068 0.1104
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Table X. Sheet 2 of 2.

NONDIMENSIONAL CONSTANTS, FIRST MODE

h/a K1 tanh K1 coth K1 A1 B1 D1
1.80 3.311 0.9974 1.0013 0.2525 0.1872 0. 0809
2,00 3.682 0,9987 1.0005 0.2275 0.1719 0.0610
2,25 4.140 0,9995 1.0002 0.2024 0.1566 0. 0441
2,50 4,600 0.9998 1.0001 0.1822 0.1442 0.0329
3.00 5.519 0.9999 1.0001 0.1519 0.1248 0.0195
3.50 6.440 0.9999 1.0001 0.1302 0.1101 0.0124
4,00 7.360 0.9999 1.0001 0.1139 0. 0985 0.00837
4.50 8.280 0.9999 1.0001 0.1012 0.0891 0.00590
5.00 9.200 1.0000 1.00000 0.0911 0.0812 0.00430
6.00 11,030 1.0000 1,00000 0,0759 0. 0691 0.00249

9.2 DAMPING THE FLUID MOTION

9.2.1 WALL-WIPING ACTION. Quite often the inherent damping in the tank from
wall-wiping action, while very low, is adequate for stability. The amount of wall
wiping damping present is a function of such variables as the liquid's kinematic vis-
cosity, tank surface roughness, tank diameter (crudely, the ratio of liquid mass to
wall area), shape factors, and depth (proximity to tank bottom where the surface
scrubbing action of waves increases the damping). The amount of damping present
can only be obtained empirically. As a measure of the level of damping available
from this source, the value obtained in slosh decay tests on water in smooth stainless
steel cylindrical tanks of various sizes is:

0.0038
tank diameter (ft.)

S = % of critical damping =

The Astronautics test setup used to obtain this value is shown in Figure 52. This
relation holds as long as the water depth is at least one tank diameter.

While small, this inherent wall-wiping damping alone may prove adequate if the
mass of sloshing fluid is small relative to the entire vehicle mass. Hence, its cou-
pling with the vehicle is small. This situation is often found early in flight while a
vehicle is still heavy. It also arises in the case of sloshing fluids of low density,

such as liquid hydrogen.
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Figure 51. Nondimensional sloshing parameters for pendulum analogy;
flat-bottomed cylindrical tank (first mode).
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Figure 52. Sloshing test setup at Astronautics.

9.2.2 BAFFLES. If it is found necessary to damp fluid motions in a large vehicle,
mechanical baffles are added inside the tank. The most efficient baffling is obtained
through the use of shelf-like projections for the following reasons:

1. The greatest fluid velocity in a tank of sloshing liquid occurs near the wall.

2. The velocity is greatest at the fluid surface and is predominantly parallel to the
tank axis.

Baffles totally out of the fluid as well as baffles deep in the fluid are ineffective,
so a good baffle arrangement would consist of a series of annular rings as shown in
Figure 53. Figure 54 shows a baffle arrangement used in model sloshing tests.
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Figure 53. Typical baffle configuration.

From the preceding discussion it is clear that the designer needs information on
baffle effectiveness as related to baffle width and depth below the free surface (to
choose the baffle spacing). Semiempirical formulations of these properties have been
derived which have proven satisfactory for design purposes. One such equation for
cylindrical tanks is:

Abafﬂe 3/2
Y = 2.83 (A—> e-4.60 d/a(

) 1/2 (4)
tank

i
a

where:

<2
I

damping ratio =
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w = undamped fluid frequency,

Bokr= damped fluid frequency,

d = depth of battle under fluid free surface,
a = tank radius,

j = slosh height (see Figure 55),

A = area.

This equation has been shown to be applicable for any ring submergence (d/a = 0)
and for ring widths corresponding to (A baffle/A tank) <0.25. Measured damping
ratios have fallen within + 30% of the values predicated by this equation (Ref. 3).

With Eq. 4, a study can be made of the optimum baffle width to baffle spacing, yielding
the greatest damping for the least weight. A most significant characteristic of Eq. 4
is the fact that baffle damping is amplitude~dependent. It follows that before damping
of fluid motion is possible, some sloshing is necessary. Thus, a limit-cycle oscil-
lation is inevitable when mechanical baffles are used to contain the sloshing of an un-
stable liquid-propellant tank. The designer has to establish beforehand a limit cycle
amplitude he will accept. Eq. 4 is then solved in an iterative (trial) manner to obtain
the best baffle width and spacing that will meet his requirements.
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Figure 54. Annular ring baffles in a test tank.

Figure 55. Slosh height definition.
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10

VORTEXING

The formation of a vortex core during the emptying process of a tub or funnel is a fa-
miliar sight to everyone. The reasons for the formation of such a core are not so fa-
miliar, and, in fact, the analysis for such a common occurrence falls into the class

of problems known as nonsteady, free-boundary conditions. Such problems are diffi-
cult to solve because of the necessity for applying the boundary conditions at aboundary
whose position is dependent upon the final solution. When complex shapes such as
antivortex baffles and membranes are introduced in a launch vehicle tank to alter the
vortex formation, an analytical solution to the problem becomes intractable, and the
effect of the antivortex baffles must be resolved by experimentation.

Vortexing of liquid propellants has the disastrous effect of feeding a gas-liquid
mixture to the turbopump when the vortex core reaches the pump inlet. Many ingen-
ious designs have been tested and used to eliminate vortexing. Some of these tests
have been run on full-scale mockups of the vehicle tank, as was the case for the Atlas.
However, when tanks reach the size contemplated for the Saturn stages, it is econom-
ically desirable to run model tests and scale the results to full-size tanks.

10.1 SCALING MODEL TEST RESULTS

M. S. Plesset, a consultant to Astronautics, analyzed the similitudes of liquid motion
in order to correlate experimental data obtained from model tests with the liquid mo-
tion of a prototype. The following model was used in his calculations. Consider a
cylindrical container with a conical bottom and orifice at the cone apex. It is assumed
the tank is vertical so that gravity is directed axially. Surface tension has been shown
to have an insignificant effect on the discharge rate after the funnel has reached the
orifice and on the liquid motion as the funnel is developing. (This is not true at very
low g forces.)

The quantities which affect the vortex phenomena are as follows:

1. Independent Variable. t (time).

2. External Influences. p (pressure above ambient pressure over liquid),
g (acceleration).
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3. Geometrical Parameters. R (tank radius), ro (orifice radius), P (cone angle).
4. Fluid Properties. p (density of the fluid), v (viscosity of the fluid).

5. Flow Properties. h (height of liquid in tank at time t), < (depth of funnel depres-
sion below surface h), U (average discharge velocity), I' (average circular rota-
tion rate of fluid).

Dimensional analysis gives the following relationships between dimensionless
variables:

¢ / g R H Y R J/gH
T t’ Y T ﬁ 9 y T (1)
1 H r r ro\/ gH v

Y
H
o o
h . . i
" f 9 (same dimensionless variables as above), (2)
U . . .
—_— = f3 (same dimensionless variables as above), (3)
V2gH

2g

where H = initial height of fluid. Eq. 1 gives the development of the funnel, Eq. 2
gives the instantaneous depth of the liquid, and Eq. 3 essentially determines the dis-
charge coefficient.

Let the experimental model and prototype be geometrically similar, with magnifica-
tion factor

_ prototype linear dimension
model linear dimension

Then the factors R/ r, and f remain constant. For model results to be directly appli-
cable to a prediction of prototype flow, the similitude requirement is that the remain-
ing nondimensional variables in f;, fy, and fg have the same value. Using a subscript,
m, to refer to the model and no subscript to refer to the prototype, the following rela-
tions hold:

H iy
H m H o
—_— = = —_— = — = n
T T ? H T ’
o o m o
m m
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from
g. t — .gﬁ t
H H m ’
m
t _ [E [®m
tm Hm g
therefore,
t 1/2 Em
t— = n [
m g
1/2 &m
The time scale of the prototype motion is thus n — times that of the model
motion g
from
P
p_ _ m
pgH  p g H
= - (a2 ) (25)
R m Hm gm Pm
therefore,

P _ n( gp >

This relation prescribes the excess tank pressure ratio.
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from
- = )
I'o ng r g H
o) \/ m m
m
r %o Vel
- H
I‘m r g H
o m m
m \/
therefore,

r 3
= - /2 [ g
m gm

The ratio of the average circular rotation rate of the fluid is prescribed by this equa-
tion. Finally, if it is required that the reynolds number have the same value, it
follows that:

3 m m m
) - ) ’
m
v _ R /H |8
v R H g '
m m m m
therefore
v
2 2372 [ 8
m &m

Obviously, this last requirement cannot be met if the same liquid is used. Even if a
different liquid is sought for the model tests, it is usually not possible to satisfy this
condition for any reasonable value of n. For cryogenic fluids, the viscous effects are
usually neglected in scaling test results.
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10.2 ANTIVORTEX DESIGNS

Considerable experience has been gained by Astronautics in designing and testing anti-
vortex baffles for the Atlas. The battleship tank facility at the Point Loma Test Site
was utilized. Water was used to simulate the fuel in this full-scale mockup of the
Atlas. One of the earlier designs consisted of a circular plate with a series of con-
centric holes located over the surface of the plate. The plate served the dual purpose
of an antivortex baffle and a tank support for the thrust cone to prevent the tank from
assuming an asymmetric shape due to thrust vectors (see Figure 56). Tests showed
that the vortex core extended through the central holes of the plate and caused exten-
sive bubble formation beneath the plate. A modified antivortex plate with two concen-
tric rings of holes located at the periphery of the plate eliminated all vortexing and
bubble formation beneath the plate (Figure 56).

UNSUCCESSFUL SUCCESSFUL
ANTIVORTEX DESIGN ANTIVORTEX DESIGN

TANK CROSS-SECTION

FUEL OUTLET LOCATION OF THRUST CONE MEMBRANE

Figure 56. Atlas antivortex membranes.
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During these tests, the flow rates were varied to determine what effect different g
forces had on the vortex formation. These rates were determined from the Froude

number < ‘/g_EH_ >

U
m

U
veH \ / gmHm
Ve
gm Hm

U

U

m

S Ly
m gm

where
U = discharge rate,
g = acceleration,
H = initial liquid level,
m = subscript, refers to model,
n = scaling factor.
Since a full-scale tank was used, n =1 and

U _ g

Um &m
Test results showed that increased acceleration reduces the tendency of the liquid
to vortex; consequently, the vortexing problem is more severe at low g forces.

An antivortex device proposed for the Saturn launch vehicle uses the same principle
as the Atlas membrane but utilizes a modified design due to the larger tank. A circular
plate is placed over the propellant outlet to force fluid to enter from the sides (see
Figure 57). Six radial vanes supporting the plate prevent the liquid from swirling as
it enters the outlet.
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LIQUID FLOW

TANK BOTTOM

OUTLET

SIX RADIAL
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PLATE
BOTTOM VIEW

Figure 57. Proposed Saturn antivortex device.
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11

PROPELLANT HEATING

11.1 INTRODUCTION

Liquid hydrogen in a space vehicle is subjected to heating from external sources (aero-
dynamic heating, solar radiation, planetary radiation, and albedo) and onboard heat
sources (heat-generating units such as the rocket nozzle or nuclear reactor--if used--
plus the sensible enthalpy available in the vehicle mass including other propellants).
Heat input into the propellant raises the fluid's temperature and, consequently, the
vapor pressure. When the vapor pressure reaches the tank design limits, the hydro-
gen has to be subcooled using refrigeration equipment or gas has to be vented over-
board. Either case represents a weight penalty to the vehicle. Due to the low heat of
vaporization of liquid hydrogen, it is important that the heat-transfer rate into the
fluid be calculated accurately prior to deciding on a vehicle's design. Once the heat
contributions are known, tradeoff studies between the tank design pressure, insulation
type and thickness, and refrigeration systems can be made. This section discusses
the heat contributions from both the external environment and onboard sources.

11.2 ENVIRONMENTAL HEATING

11.2.1 GROUND HOLD. During ground hold, vented boiloff gas is replaced by top~
ping the tank with liquid hydrogen just prior to liftoff. The major requirements during
this period are to prevent excessive boiloff rates and prevent air condensation on the

tank surface.

The hydrogen heat load derived from a sea-level atmosphere can be calculated as
a function of the tank wall over-all conductivity. This is shown in Figure 58 for air.
Conductivity values for different insulations are listed in Chapter 5. At higher thermal
resistances the effect of the outside coefficient is secondary and therefore the heat rate
can be used for all of the tank area except that exposed to another cryogenic tank.
Mean value data for earth and solar radiation is also given in Figure 58 for daytime

operation.
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Figure 58. Ground heat load to hydrogen tank.
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11.2.2 ASCENT AERODYNAMIC HEATING. Although aerodynamic heating rates are
often sufficient to raise outside vehicle surface temperatures in certain locations to
structural limits, the heating time period is of short duration and the over-all temper-
ature difference across the tank wall to the hydrogen peaks at about twice its value on
the ground or in space.

The aerodynamic heat transfer to the surface of a vehicle during flight in the at-
mosphere depends on the vehicle's shape as well as the flow field to which it is ex~
posed. The so-called flat plate geometry has been investigated extensively and may
be theoretically treated in a straightforward manner. A plane surface exposed to a
flow field with a locally uniform velocity and flow direction fulfills the flat plate re- .
quirements. The flow velocity and, as a result, the pressure are also constant along
the outer edge of the boundary layer. The boundary layer is specified such that it is
thin enough to allow the pressure to be transmitted, without change, to the plate. In
supersonic and hypersonic flow, the boundary layers are usually thick. As a conse-
quence, the velocity and pressure vary along the outer edge of the boundary layer.
The relations given below disregard these effects and assume locally constant pres-
sure and temperature. However, the following equations yield heat-transfer calcula-
tions sufficiently accurate for design purposes when properties are evaluated at the
reference enthalpy and inserted in the constant value expressions.

11.2.2.1 Laminar Boundary Layers. The heat transferred (q) from a laminar
boundary layer to the wall is defined by the equation:

a=h (ir - iw) , for variable specific heat

where h = film coefficient of heat transfer (L )
sec. - sq. ft.
ir = recovery enthalpy (defined by following equation) (Btu/lb.),
iw = enthalpy at wall temperature (Btu/1b.).

For variable specific heat, the recovery enthalpy, i,., may be calculated from
2
i =1 + ﬂ- , with i evaluated at stream conditions.
r s 2g 8
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enthalpy at stream conditions,
recovery factor,

stream velocity,

g = gravity constant.

The recovery factor r is calculated from the expression r = ,/Pr*

where

and

where

Pr*

= prandtl number at reference enthalpy, i*,

2
. + + 0. - i
0.5(1, +1)+0.11r (y-) M i

C /C of air
p v

free-stream Mach number (Mach number of vehicle).

Since r also appears in the reference enthalpy equation, normally an arbitrary
value (0. 85 to 0. 90) is chosen and the equations are solved by an iterative process
until the answer converges.

The heat-transfer coefficient, h, is obtained from the stanton number (St) given by

the equation

where

Pg

\'4

I

b

St =
PaV

air density at the boundary layer edge,

stream velocity.

The stanton number may be obtained from the expression

s

T2

/3

St (Pr*)—z
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The skin friction coefficient (c f) is found from

c, = 0.664 (Re*)'l/2

where Re = reynolds number at reference enthalpy, i*.

11.2.2.2 Turbulent Boundary Layers. In the case of turbulent flow, the constant-
property relations for the laminar boundary layer may be used when all the proper-
ties are evaluated at the reference enthalpy. Experimental data has shown that the
recovery factor for turbulent boundary layers can be expressed by

r = ryt/®

and for reynolds numbers up to 109 the skin friction coefficient is given by
0. 370

2.584 "
(logl 0 Re)

Further, the relation between stanton number and the skin friction coefficient is about
the same for turbulent as well as laminar boundary layers, thus

S 0.185 423
log.  Re2- 5%

The heat~transfer coefficient may then be calculated from the expression

;e b
pa

and the heat flux is again found from
q=h (1r - 1w)

where the recovery enthalpy is expressed by
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The reference enthalpy at which fluid properties are evaluated is again given by

2
i*=0.5(1 +1)+ 0. _ .
i 0.5 (@ 1S) 0.11 r(y-1) (M) 1s

A digital computer program, assembly 2162, is in use which employs the above
expressions to obtain heat transfer for both laminar and turbulent boundary layers.

11.2.3 SPACE HEATING. In order to thermally control space vehicles, it is neces-
sary to know the magnitudes of the three external energy sources to which they are
exposed: solar radiation, planetary radiation, and albedo.

For a transfer path from one planet to another, planetary radiation and albedo can
be neglected once the vehicle is beyond three planet diameters from the surface.
Consequently, the total heat flux will be almost entirely from solar radiation which
varies as the square of the distance between the sun and the vehicle. (See Figure 59.)
The quantity of this radiant flux that enters the LH2 can be determined from Figure 60
if the incident solar flux and wall conductivity are known. The curves are plotted for
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Figure 59. Variation of solar heat flux with distance to the sun.
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Figure 60. Unit heating rates in interplanetary space.

an axially rotating cylindrical tank with the broad side normal to the sun. This
assumes an equilibrium temperature distribution over the surface. In order to sum
the total heat flux entering the tank for an interplanetary trip, it is necessary to
know the time rate of change of the vehicle's position with respect to the sun. Fig-
ure 61 gives the distance from the sun as a function of time for minimum-energy
Hohmann transfers to Mars and Venus.

For orbiting vehicles, the relationship between the sun and the planet (in most
cases, the earth) and the space vehicle's orbital position and spatial orientation are
the main factors in computing the radiant heat flux from external energy sources.
Direct solar radiation is the part of the external energy most easily determined, as
it is usually independent of the altitude of the orbiting vehicle. Usually a satellite
orbiting about a planet is exposed to a nearly constant value of solar heat flux, as its
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Figure 61. Distance from sun on typical interplanetary trajectories.

distance from the sun does not vary appreciably. The effective solar radiation inci-
dent upon any portion of a vehicle is a function only of the angle between the sun vec-
tor and a vector normal to any flat plate element by which any body may be approxi-
mated. The energy contributions from planetary albedo and thermal radiation can be
expressed as a function of the vehicle's altitude and attitude.

The mathematical representations of solar radiation, planetary thermal radiation,
and planetary albedo for orbiting vehicles follow.
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11.2.3.1 Solar Radiation. The direct solar radiation for an orbiting vehicle is
given by:

q = SA cos (§; N)

solar
where
qsolar = incident energy from the sun (Btu/hr.),
S = solar constant (Btu/hr. -ft. 2) (Figure 59),
A = area (sq.ft.),
§ = radius vector from the planet to the sun,
N = vector normal to a flat plate element,
(§; N) = 93 = the angle between the sun vector and a normal to a

surface element (deg. ).

Since both the solar constant (S) and the element area are independent of time
for an orbiting vehicle, it remains only to express the angle (S; N), or 63, as a
function of time.

11. 2. 3.2 Planetary Thermal Radiation. The planetary thermal radiation to a flat
plate is given by

Uthermal ~ Ft It A
where
qtherm al -~ incident planetary thermal radiation (Btu/hr.),
F ¢ = view factor for flat plate (nondimensional),
I = total energy rate emitted per planet unit area
(Btu/hr. -sq. ft. ),
It = (1-a) S/4, where S is the solar constant and a the planetary
albedo constant,
A = area (sq.ft.),
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and where
F =_'}._ 1[_2sin_1 ._i-_R—Z_-l_ sin ZSin_l __I-ﬁ.:.R_z-
t 2w H sin 92 2m H sin 92
& |,z VEPR® 1 | Ve ||
2H2 ™ R(-tan © 2) ™ R(-tan 62) 2
or if
0,< tan* VH? - R?
R

the expression for F ¢ reduces to simply

2
R
F =— cos ©O
t H2 2

In these expressions the definition of the newly introduced variables are,

=)
It

distance from center of planet to vehicle (n.mi.),

()
I

the angle between a normal to a surface element and radius vector from the
planet to the vehicle, which is the same as the principal axis in the moving-
vehicle system.

Figure 62 shows the geometrical relationships for planetary thermal radiation to a
flat plate.

11.2.3.3 Planetary Albedo. The planetary albedo to a flat plate is given by

qa.lbedo - Fa, a8 A,
where
9 1hego ~ incident planetary albedo (Btu/hr.),
Fa = view factor for flat plate (nondimensional),
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Figure 62. Geometry of planetary thermal radiation to a flat plate.

S = solar constant (Btu/hr.-sq.ft.),

>
]

area (sq.ft.)

and where

-0. 3
F =F, b, 0) [ [0.86 +0.14¢ ° 00022b] cos [91 - 0.0000417 (180 - ©,)

_ 5.4
cos ¢c l-e (180—92)}]

147



GENERAL DYNAMICS | ASTRONAUTICS

In this equation Oy is the same angle previously defined for the case of planetary
thermal radiation. The new parameters introduced are defined as follows:

b = altitude above planet surface (n.mi.),

©; = the angle between the planet-sun vector and the radius vector from the planet
to the vehicle,

¢ = the angle of rotation of a normal to a flat plate element, measured from a

plane containing the planet-sun vector and the radius vector from the planet
to the vehicle.

Figure 63 shows the geometrical relationships between the parameters.

A digital computer program is available for calculating the heat inputs from the
three energy sources described herein for a cylinder, cone, sphere, ellipsoid hemi-
sphere and, of course, a flat plate (see Ref. 1).

A configuration factors program is in progress that will allow the effect of shadow-
ing by other bodies to be computed. A wide variety of geometrical shapes can be han-
dled by this new program.

11.3 ONBOARD HEAT SOURCES

Looking at all types of space vehicles that use liquid hydrogen, there are essentially
two ways heat can be transferred into the propellant from onboard power sources:
(1) by solid conduction through the insulated walls and the through-connections, and
(2) by volumetric heating of the propellant from a nuclear power source (reactor or
radioisotopes).

11.3.1 MISCELLANEOUS HEAT SOURCES. Surface heat transfer at the tank wall

from sources such as electronic equipment, gas generators, the engines, and the sen-
sible enthalpy of the vehicle mass plus other propellants causes temperature stratifica-
tion in the tank. The liquid hydrogen is warmed slightly at the walls, rises to the top,
and forms a stratified layer. Excessive sloshing will prevent this layer from forming.

An estimate of the heat leak through plumbing connections, bosses, etc. can be
made using Figure 64 if the "k'" value and structural dimensions of the through-
connection are known. Figure 65 shows a typical method for reducing the heat leak
through a tank support. Once the total heat leak is known for all the through-
connections, this value should be compared to the total heat leak through the insulation.
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Figure 63. Geometry of planetary albedo to a flat plate.

This heat-leak ratio gives a good idea as to whether research and design efforts
should be concentrated on improving the insulation or reducing the heat leak in the
through-connections. Heat transferred between propellants at a common bulkhead can
be significant and must be taken into account. Figure 66 gives the heat-transfer and
hydrogen boiloff rate for a typical bulkhead between LOs and LHg tanks. Experience
on Centaur has shown it is difficult to seal a welded vacuum-type bulkhead against
hydrogen leakage; consequently, the heat-transfer rate is high. An electroformed
bulkhead (one piece with no welds) is being tested, and results so far have been
promising.
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Figure 64. Through-connection heat-leak parameter.
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Figure 65. Typical hydrogen tank support.
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Figure 66. Intertank heat transfer as a function of conductivity (including
convection and radiation in tank).

11.3.2 NUCLEAR HEAT SOURCES. Although radioisotopes will be used on space
vehicles, their role appears to be limited to supplying electrical power for satellite
systems. Reactors, on the other hand, will be used as the main propulsion unit on
hydrogen-propelled vehicles due to their higher power density. Consequently, this
discussion on propellant heating will be limited to the interaction of reactor radiations
with liquid hydrogen.

There are three primary modes of propellant heating by reactor radiations: pri-
mary gamma ray, neutron, and secondary gamma ray interactions with liquid hydro-
gen. Primary gamma rays, which are produced in the reactor core during the fission
process, deposit heat energy in materials by interactions with molecular electrons.
Fast neutrons, which are produced in the core, deposit energy in materials by elastic
and inelastic collisions with atomicnuclei. Secondary gamma rays are produced by the
interaction of neutrons with atomic nuclei which results in gamma emission. These
secondary gamma rays deposit energy in the same manner as the primary gamma
rays. To determine the propellant temperature increase which will result from these
modes of heat deposition, it is necessary to establish a heating model which describes
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actual conditions as closely as possible. From such a model a set of equations can be
derived which will give the propellant temperature as a function of the parameters es-
tablished by the model.

11.3.2.1 Baffled Tank Model. To increase the rate at which radiation induced heat
would be removed from the tank, a unidirectional flow baffle has been proposed (see
Figure 67). The baffle consists of a perforated plate designed to allow flow downward
through the holes at a sufficiently high rate, approximately 1 fps, to prevent an upward
flow of liquid hydrogen. Since approximately 95% of the radiation heating occurs in the
bottom of a typical tank such as shown in Figure 67, most of the heated hydrogen is
pulled through the pump before it has a chance to rise and form a stratified layer on
top. Laboratory tests and flight tests have shown that the heat flux entering from the
sides to a cryogenic fluid subjected to acceleration will be carried in lower-density
liquid up the sides of the tank in a relatively narrow boundary layer on the inside sur-
face. Since the baffled tank prevents about 95% of the radiation heated hydrogen from
rising to the top, the final tank vapor pressure will be lower in a baffled tank than in a
nonbaffled tank. To establish an equation for the propellant temperature increase at
the tank outlet as a function of reactor operating time the following quantities are
defined:

M mass of propellant below the baffle (lb.)

m = propellant flow rate through the baffle and pump (pps)

q rate at which radiation heat is deposited below the baffle (Btu/ sec.)

H(t)

heat content of propellent flowing through the baffle (Btu/ Ib.)
For the purpose of calculations, H (t) is set equal to 0 when t = 0.

Q = accumulated instantaneous heat content below the baffle (Btu)

%—?— = rate of change of heat content below the baffle with respect to time (Btu/ sec.)

Based on these definitions, it can be seen that:

m—l\? = rate at which heat is removed from the tank bottom through'the pump
(Btu/sec.).

The rate of change of heat content below the baffle with respect to time is equal to
the rate at which heat is deposited minus the rate at which it is removed; hence, the
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Figure 67. Hydrogen tank
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heat balance equation is:

Q _ me
o= mH® fa - M

This equation is valid for the operating time during which the propellant level is above
the baffle. In this time interval, the quantities m, g, and M are constants. (Values
for q can be calculated using the C-17 computer code developed by General Dynamicsl
Fort Worth. This code is described in the appendix to this chapter and covered in de-
tail in Ref. 2.) Rearranging Eq. 1 gives:

2+ 2q = q+ mHY @)

dt

Utilizing an integrating factor and performing partial integration gives:

Qm/Mt =qum/Mt . Ith(t)em
e rh

/Mt dt + constant (3)

The heat content, H(t), of the incoming fluid is not a simple function of time but is pro-
portional to the propellant temperature rise. To simplify calculations, an approxima-
tion was made by assuming a constant value of H(t) over short periods of time when its
average value could be taken with certainty. For purposes of calculation, H(t) is set
equal to 0 when t = 0. The heat content remains zero until the warmer stratified pro-
pellant begins entering the baffle. At this time, the heat content of the propellant can
be calculated using the following equation:

H¢t) = CP ATj (4)

where

CP is the heat capacity of the fluid,

AT, is the temperature increase above the initial temperature at the baffle plate
in the time interval Atj .
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This temperature increase is a result of heating that takes place solely above the
baffle plate. Substituting Eq. 4 into Eq. 3 and integrating gives:

() () ey o) (42)
m p J

+ constant (5)

At the start of reactor operation t = 0 and q = 0, hence:

Constant = -(l\.d—)q - MC (AT,)
m P J

Substituting this quantity into Eq. 5, collecting terms, and dividing through by e
gives the accumulated instantaneous heat content below the baffle,

Q=24 <1 _ /M “> FMe (ATJ_) (1 Lo MAtj) ©6)

Assuming complete mixing of the propellant below the baffle, the instantaneous heat
content is directly proportional to the temperature increase below the baffle and is
equated by:

m/M t

8

Q = MC_ AT
p

Substituting this into Eq. 6 and dividing through by M C_ gives the temperature in-
crease as a function of time, P

AT = 4 <1 _e-n'n/Mt> . ar <1 _e—lh/MAtj> -
mC J

p

The values of AT are obtained at times Atj as the stratified propellant passes through
the baffle using the following method.

Since the temperature distribution in the Atlas liquid oxygen tank is known (Figure
68), an extrapolation to a liquid hydrogen flight tank has been proposed. In addition to
the oxygen tank stratification data, the heat flux history, tank dimensions, and liquid
flow rates must be known for each of the two tanks. (For the Atlas, tank diameter is
120 in.; LOg tank length is 480 in.; LOg flow rate during booster operation is 1,060 pps
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Figure 68. Liquid oxygen temperature stratification in Atlas missile 4-B.

and 160 pps during sustainer operation. The heat flux data for missile 4-B should be
used.) It is assumed that all of the heat flux is carried by lower-density (higher-
temperature) liquid up a relatively narrow boundary layer on the inside surfaces of the

tank walls. With the baffle plate installed, more than 90% of the aerodynamic and
space heat above the baffle comes from the tank side, and this tends to justify postula-
tion of the boundary layer at the side. The inflection point on the temperature rise vs.

<_>

2 (8)

157



GENERAL DYNAMICS [ ASTRONAUTICS

where
DB = distance below liquid surface,
1 = tank length,
d = tank diameter.

(This implies that the upper portion of the liquid is completely mixed because the tem-
perature is essentially constant from the liquid surface down to distance Dg.)

The slope of the temperature curves from the inflection point down to the bottom of
the tank can be determined for liquid oxygen from Figure 68.

The slope is primarily a function of heat input during the time interval At. As a

first approximation, the slope for liquid hydrogen can be extrapolated from the liquid
oxygen slope by:

C
AT, AT, (b p)Lo2
_ =\ — _— (9)
A A
D /im D /o ¥C)rm
2 2
where
AT = temperature increment,
AD = distance increment,
p = liquid density,
Cp = specific heat at constant pressure.

This implies that the temperature of the boundary layer of liquid hydrogen increases

by a factor of about 2.67 over that of liquid oxygen for the same heat input (see Ref. 3,
Eq. 40).

The temperature rise vs. distance curve for each time increment is calculated with
an iteration that equates the given heat flux to the integrated area under the tempera-
ture rise curve. A digital computer program is used at Astronautics.
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For times where the relative heat content of the fluid passing through the baffle is
zero, such as when the reactor is restarted in orbit with no residual aerodynamic heat

flux, Eq. 7 reduces to:

. t
AT =ﬁ <1-e’m/Mt> 2 (10)
P 0

where t,, is the time between reactor startup and the time at which the propellant level
reaches the baffle.

After the propellant level reaches the baffle the equations previously derived are no
longer valid, since M and q are not constant and m no longer represents the propellant
flow rate through the baffle. An equation of different form was derived to give the ad-
ditional propellant temperature increase after the propellant level reaches the baffle.

h

sl c Q) [dV 11

Ly T f V(h) <dh>dh )
Py

b

This equation assumes complete mixing of the heat input between the time that the
propellant level reaches the baffle and the time of reactor shutdown. The derivation
of this equation and the explanation of terms is given in the following section.

11.3.2.2 Complete Mixing Model. For a tank without a unidirectional flow baffle, the
heating model is difficult to establish accurately. This is primarily due to the lack of
experimental data on radiation heat deposition in liquid hydrogen. However, due to
liquid hydrogen's low viscosity and large density change with temperature, a complete
mixing model may be close to the actual case. In the complete mixing model, instan-
taneous mixing of the radiation heat input occurs, resulting in a uniform propellant
temperature at all times. There are primarily two factors which promote mixing of
the heat input; propellant outflow and gravity-forced convection of the heated propellant.
It should be noted that the tendency of the heated propellant in the tank bottom to rise
may be overbalanced by the downflow of the propellant through the pump. This situa-
tion is similar to the baffled tank. Since most of the radiation heating is confined to
the relatively small volume of the tank bottom, the heated propellant may be drawn out
faster than is assumed by either model, hence the calculated temperature increase will

be high.
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Utilizing cylindrical coordinates and angular symmetry, the following equation would
apply for the complete mixing model:

dT
Q(h) = m(h) Cp(T) o f q(r, h) dV(r, h) (12)
V(h)
where
Q(h) = integrated heating rate from tank bottom to height h(Btu/sec.),
m() = mass of liquid from bottom of tank to height h (1b.),
Cp(T) = propellant heat capacity at temperature T (Btu/lb.-°R),

T = propellant temperature (°R),
t = time (sec.),
q(r, h) = volumetric heat input at (r, h) (Btu/cu.in.-sec.),

dV(r, h) = incremental volume at (r, h).

Let v(h) equal the downward linear velocity of the propellant surface and express
the propellant mass in terms of its density and volume:

dh
vh) = g—?— ordt = @) (13)
m(h) = p(T) V(h) (14)

Substituting Eq. 13 and 14 into Eq. 12 gives

Qh) = V@) v@) A(T) C_(T)oE = q (r, b) dV (r, b) (15)
pdh

The total heat-generation rate Q(h) shown in Eq. 15 includes heating from neutron
thermalization, secondary gamma rays from the (n, 7) reaction in hydrogen, and pri-
mary gammas from the reactor. These heating rates can be calculated as functions
of position inside the tank using computer code C-17 developed by General Dynamicsl
Fort Worth. This code is described in the appendix and covered in detail in Ref. 2.
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The heat-generation rate as a function of h is calculated as follows:

r(h) m
q.(h) = f a(r, h) 2rr dr = z q (r., h) 27r, Ar, (16)
j N ) (i T
r=20 i=1
where

qj (h) = integral of heating rate over cross-sectional area (Btu/in.-sec.),

r = radial distance from tank centerline (in.), 0=r=r(h),

h = distance along tank centerline from tank bottom (in.),
r(h) = tank radius at height h (in.).

The qj (h) values which are obtained in this manner are then plotted as a function of h.
Then a value for Q(h) is obtained by summing 95 (h):

h

m
QM) = f q.(h) dh = Z q,(h) Ah, (17)
h=o0 j=0 ! ]

Now that Q(h) can be calculated, Eq. 15 can be solved if values for v(h) and dm() are
known.

Since the mass flow rate (m) equals -(-i—m—(}l) and dt = —d—h— (Eq. 13) then
dt v(h)
_ _dm()
dh/v(h) °’
or
m
v®) = Smm/an (18)
dm(h) is obtained by differentiating Eq. 14.
dm() = p(T) d V(h) + V(h) dp (T) (19)
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Since p(T) changes a very small percentage over the temperature increase of interest
it has been assumed that dp(T) = 0, giving:

dm(h) = p(T) dV(h) (20)
Substituting these values of v(h) and dm(h) into Eq. 15 gives:

V() m cp (T) dT/dh

= 21
Separation of variables and introduction of the integrals gives:
T h
f ; ° qm [avm)
1 C (T)dT = f =) <—> dh (22)
T, P { V(h) dh
i
where
T¢ = final temperature of propellant (°R),
Tj = initial temperature of propellant (°R),
h = initial propellant height (in.),
h, = propellant height at reactor cutoff (in.).

Evaluation of Eq. 22 allows the determination of temperature, T, as a function of pro-
pellant height, h. This may be accomplished by graphical integration. For small
temperature increments the heat capacity of liquid hydrogen can be considered con-
stant, which allows a simplification of Eq. 22. This results in:

h
c
1 QM) (dvan)
AT = —— f —_— dh . (23)
m Cp A V(h) dh
This equation has the same form as Eq. 11.

For larger variations in the propellant temperature the heat capacity can be
assumed to be a linear function of T,

Cp(T) = -1.52 + 0.1082T (24)
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Substituting this equation into Eq. 22, integrating the left side, and rearranging terms
yields:

h
(¢]
2 2] _ 18.5 f QM) [dva)
T, - 28.1T, + [28.1Ti-Ti ] =F 1 e <—dh—> dh (25)

11.4 NOMENCLATURE

a albedo

A area (sq.ft.)

Al, 2... curve-fit coefficients

b altitude above planet surface (n.mi.)

CO, 1,2,3,4... curve-fit coefficient i

cf skin friction coefficient
Cp heat capacity at constant pressure (Btu/lb.-°R)
Cp(T) propellant heat capacity at temperature T (Btu/lb.-°R)
Cy heat capacity at constant volume (Btu/lb.-°R)
d tank diameter
Dy distance below liquid surface
AD distance increment
eccentricity of ellipse (dimensionless)
effective attenuation for a particular source energy
a view factor for flat plate (nondimensional; planetary albedo)
Fg view factor for hydrogen tank on the earth's surface (nondimensional)
Fy view factor for flat plate (nondimensional; thermal radiation from
planet)
gravitational constant
(Sections 11.2.1 and 11.2.2) film coefficient of heat transfer
h (Section 11.3.2) distance along tank centerline from tank bottom (in.)
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propellant height at reactor cutoff (in.)

distance from center of planet to vehicle (n.mi.)

heat content of propellant flowing through the baffle (Btu/sec.)
reference enthalpy

recovery enthalpy

enthalpy at stream conditions

enthalpy at wall temperature

(1 -2a)s
4
constant

» where S is the solar constant and a the planetary albedo

thermal conductivity

tank length or through-connection length

insulation thickness or thickness of material concerned

liquid hydrogen

liquid oxygen

propellant mass flow rate through the baffle and pump (pps)

mass of liquid from bottom of tank to height h (Ib.)

(Section 11.2.2) free-stream Mach number (Mach number of vehicle)
(Section 11.3.2) mass of propellant below the baffle (1b.)

vector normal to a flat plate element

function which represents that fraction of the source photons of energy
E which are degraded to final energy Eg in penetration of yr mean
free paths of material

prandtl number at reference enthalpy, i*
(Section 11.2.2) heat-transfer rate

(Section 11.3.2) rate at which radiation heat is deposited below the
baffle (Btu/sec.)

volumetric heat input at r, h (Btu/cu.in.-sec.)
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Qsolar

Athermal
Q
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r

Re
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St

air
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heat flux (Btu/hr.-ft.2 or Btu/hr.)

incident planetary albedo (Btu/hr.)

integral of heating rate over cross-sectional area (Btu/in.-sec.)
incident energy from the sun

incident planetary thermal radiation (Btu/in.)

accumulated instantaneous heat content below the baffle (Btu)
integrated heating rate from tank bottom to height h (Btu/sec.)
(Section 11.2.2) recovery factor

(Section 11.3.2) radial distance from tank centerline (in.)

(Appendix) range in material necessary to degrade photon of energy
E to Eg (g/sq.cm)

radius of planetary body (n.mi.)

reynolds number

reynolds number at reference enthalpy, i*
solar constant (Btu/hr.-ft.2; Figure 58)
radius vector from the planet to the sun

O3 equals the angle between the sun vector and a normal to a surface
element (deg.)

number of source photons/sec.-mev as a function of energy E
number of source photons/sec.-mev at energy Eo

total flux arriving at detector at an energy E 2

stanton number

time

time between reactor startup and when propellant level reaches the
baffle

time interval
temperature

outside air temperature (°R)
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Ty final temperature of propellant (°R)

Th temperature of hydrogen (°R)

T initial temperature of propellant (°R)

AT temperature increase

A Tj temperature increase above the initial temperature at the baffle plate
in the time interval Aty

Ty temperature wall exterior surface (°R)

v(h) downward linear velocity of the propellant surface

A\ (Section 11.2.2) stream velocity

v (Section 11.3.2) volume

V(h) propellant volume at liquid level h

dV(r, h) incremental volume at r, h

Y/ effective atomic number of the material

11.5 GREEK SYMBOLS

a absorptivity

v Cp/ C, of air

€ emissivity

01 the angle between the planet-sun vector and the radius vector from the

planet to the vehicle (deg.)

9 angle between a normal to a surface element and radius vector from
the planet to the vehicle, which is the same as the principal axis in
the moving vehicle system (see Figure 59)

O3 the angle between the sun vector and a normal to a surface element
(deg.)

1’ mass absorption coefficient (sq.cm/gm)

By linear absorption coefficient of material for gamma rays with ener-

gies E and Ey, respectively

P liquid density
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Pa air density at the boundary layer edge
o radiation constant, 1.73 X 10™9 Btu/hr.-ft.2 (*R)4
Y angle of rotation of a normal to a flat plate, measured from the plane

containing the planet-sun vector and the radius vector from the planet
to the vehicle (deg.)

Q angle between the unit vehicle-sun vector and an arbitrary reference
vector in the pseudo-vehicle system (deg.)

APPENDIX

C-17 CODE. The moments method as applied to this code involves the use of attenua-
tion data obtained for various materials by the application of the spherical-harmonic
method of approximating the Boltzmann equation. In this method the angular flux is
expanded in terms of Legendre polynomials to obtain spatial moments. These moments
are then used as the basis of a method of determining functions describing the spatial
and energy dependence of point isotropic, monoenergetic sources penetrating infinite
homogeneous media. The functions are then used to obtain values of the scattered-
energy flux reaching a detector at various degraded energies, the detector being posi-
tioned at various mean free paths in the media. These values form curves of differen-
tial energy spectra and exist for a number of materials whose atomic numbers span
the periodic table. To adapt this data to a generalized shielding program, the spectra
have been curve-fitted and.the coefficients included as input to the code.

Such spectral data are far more limited for neutrons than for gamma rays; there-
fore, Code C-17 makes the assumption that the attenuation of neutrons by any material
may be represented by the attenuation of a fission spectrum through a material for
which curve-fit coefficients exist (a ""reference" material), provided the thickness of
the material is replaced with an ""equivalent' thickness.

These equivalent thicknesses (L) are used to compute effective attenuations by
means of the equation:

~ 2 3 4
F = Exp. -|Cy+ C (L) +Cy(l)” +Cu(L)” +C, (M, ... (1)

where F is the effective attenuation for a particular source energy and the C's are
curve-fit coefficients for reference material attenuations.
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The last group of coefficients in each section contains the fast-neutron dose rate
curve-fit coefficients. Spectral points and dose rates are obtained by multiplying Eq. 1

by the source intensity and dividing by 47R2. Total dose rates are found by a histogram
integration over energy.

For gamma ray penetration the differential energy spectra have been curve-fitted
for initial gamma energies of 10, 9, 8, 7, 6, 5, 4, 3, 2, 1.375, 1, and 0.5 mev. The
degraded energies are the same with the exception of 0.25 mev. The curve-fit takes
the form:

FL) _

2 2
= + + + + +
oL Exp [Al (upL) Az(ppL) A3 (mpL)Z A4Z Asz A6] (2)

where

A 1 through A 6 are the curve-fit coefficients,

i is the mass absorption ;:oefficient (cmz/gm),
p is the density (gm/cu.cm),

L  is the thickness of material concerned,

Z is the effective atomic number of the material.

The gamma calculation is a repetitive use of the moments method spectral equation
to compute the spectrum at the end of a segment in terms of the spectrum at the source
end. The integration consists of a summation of the areas of histograms resulting
from defining the integrand at the aforementioned gamma initial energies for the values
of degraded energy. Thus, the total flux (S;) arriving at the detector at an energy Eo
is given by the following equation:

0
S(E) = + (3)
1772 a2 E, ‘mz |

Hyt E dE
S (Ez)e 1 fmax SO(E)p(E, E2, pr, M)

where
S O(E) is the number of source photons/sec.-mev as a function of energy E,
S 0(E 2) is the number of source photons/sec.-mev at energy E

2’
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and ul is the linear absorption coefficients of material for gamma rays with en-
ergies E and Eg, respectively,

P(E, Ey, ur, M) is a function which represents that fraction of the source photons
of energy E which are degraded to the final energy Eo in penetration of ur mean
free paths of material,

r is the range in material necessary to degrade photons of energy E to Eo (g/sq.cm).

DISTRIBUTED SOURCE APPROXIMATION. It is necessary to approximate the leak-
age from a distributed source by a set or sets of point sources. For this code, these
point sources must be described in such a way that a summation of the leakages from
these point sources will represent an integration over the volume containing them. It
is also necessary to take into account the power distribution of the reactor core.
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12

ZERO-GRAVITY BEHAVIOR

12.1 ZERO-GRAVITY AND SIMULATED ZERO-GRAVITY TESTING METHODS

12.1.1 DROP TESTS. Free-fall drop tests performed by Astronautics have pro-
vided about 2 sec. of zero-g testing time. The drop-test device consists of a test
tower, winch, release mechanism, guide wires, drop capsule, and sand box (see
Figure 69). The drop capsule contains the dewar configuration and liquid to be tested,
along with a camera and associated test instrumentation. The pointed nose on the
drop capsule reduces aerodynamic drag and provides a gradual deceleration when the
capsule impacts in the sand.

A modification of the drop test has been used. Instead of elevating the capsule for
a free-fall drop, the capsule is placed in a sand bucket and popped up into the air by
accelerating a hydraulic cylinder that is attached to the capsule with cable and a sec-
tion of flexible cord. The capsule is under zero-g conditions going up and coming
down. Because of experimental difficulties, this testing method has been abandoned;
only free-fall drop tests are being performed at Astronautics.

12.1.2 AIRCRAFT TESTS. Aircraft tests performed by Astronautics (Aerophysics
and Instrumentation Design Groups) with the cooperation of the Aeronautical Systems
Division of the Air Force in Dayton, Ohio, theoretically provided 25 to 35 sec. of
zero-g testing time. A modified KC-135 aircraft was used.

The weightless condition was obtained by putting the aircraft through the following
maneuvers. The aircraft descends in a shallow dive of 5° until Mach 0. 87 is reached.
The aircraft is then gradually pitched to an angle of climb of about 45°. The rate of
pitch is based on maximum aircraft loading considerations. The aircraft follows a
parabolic path until the initial Mach number is again attained. The aircraft is pulled
out of the 45° dive at 2.5g, the maximum loading permissible on the aircraft (see
Figure 70).

During the zero-g condition the pilot flies the aircraft "around" the test capsule,

as shown in Figure 71, by means of accelerometer gages, a television monitor, and
verbal commands from personnel stationed near the test capsule. During a good
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trajectory, the capsule is maintained in a zero-g condition for up to 14 sec., where
the free-floating capsule does not strike the sides of the aircraft. When liquid hydro-
gen is tested, the test capsule is placed inside a large nitrogen-filled bag as a safety
measure (see Figure 72).

12.1.3 AEROBEE ROCKET TESTS. Aerobee flights performed by the NASA Lewis
Research Center, Cleveland, Ohio, provide up to 4 or 5 min. of zero-g testing time.
Two Aerobee liquid-hydrogen zero-g tests were performed by NASA in the first half of
1961, followed by three shots with Astronautics hardware in the latter part of 1961 and
the first half of 1962. Chronologically, the tests performed were: (1) General
Dynamics| Electronics hot-wire liquid/gas detector, (2) liquid condensing test, and (3)
unsymmetrical heating test. A sixth shot to evaluate the performance of a center vent
tube was scheduled for June 1962.

12.1.4 LIQUID/LIQUID MODEL TEST AT 1G. Simple equilibrium configurations
simulating the absence of gravity were experimentally determined by Plateau in 1873
by matching densities of two immiscible liquids. Using this technique to simulate
steady-state zero-g conditions, the Instrumentation Design Group has constructed
Plexiglas scale models of the Centaur liquid-hydrogen tank.

Two immiscible fluids were used. One fluid, representing the liquid hydrogen, con-
sisted of Freon TF and Stoddard solvent. Distilled water was used to represent the
gas ullage space. Since the Freon mixture readily wets the Plexiglas while the distil-
led water does not, the Freon flows around the sides of the "tank,'" and the distilled
water forms a central "ullage' bubble (see Figure 73).

12.2 THE BEHAVIOR OF LIQUID HYDROGEN AT ZERO GRAVITY

12,2.1 IDEALIZED CONFIGURATION OF LIQUID HYDROGEN AT ZERO GRAVITY
WITH NO PERTURBATIONS. Due to the ability of liquid hydrogen to "wet'" most
materials it contacts, the final configuration of liquid hydrogen under zero-g conditions
consists of a central gas ullage bubble, with liquid hydrogen covering the walls of the
container. The shape of the ullage bubble is dominated by surface tension effects and
geometry.

Consider the case of liquid hydrogen in a closed tank with the shape of a body of

revolution. If the contact angle between the liquid hydrogen and the tank wall is de-
noted by 6, the surface energy per unit area of the hydrogen vapor to the tank wall
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Figure 69. Astronautics' drop-test facilities for hydrogen
zero-g test program.
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Figure 70. Aircraft zero-g trajectory.

Figure 71. Free-floating test capsule and personnel during
Astronautics zero-g aircraft tests.
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Figure 72. Test capsule and personnel viewed through a porthole of
the nitrogen-filled bag, Astronautics aircraft zero-g tests.

by vyw: that of the liquid hydrogen to the tank wall by 7Y, and that of liquid hy-
drogen to its vapor by 71y, it is known that the following relations holds.

= + A
Yyw “hw YLy 08 ¢

Since liquid hydrogen wets the wall (6 = 0°, cos 6 = 1),

Tvyw” "Lw

Therefore, to obtain the stable configuration of liquid hydrogen under zero gravity,
the principle of minimum surface energy states that the total surface free energy for
a stable configuration of the liquid is a minimum. As a result of this principle, Yyw
will be replaced by Y1w> thereby minimizing the surface energy. This assumes
there is sufficient liquid to wet the walls of the container. After this has been ac-
complished, the only remaining surface energy to be minimized is the surface energy
between the liquid hydrogen and its vapor. The most effective way to do this is to
bave a vapor bubble in the "center' of the tank. This bubble should have a volume
equal to the total volume of the vapor, and a shape with the smallest possible surface
area, i.e., a sphere.
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Figure 73. Centaur liquid/liquid model.

!
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Dr. Ta Li, formerly of the Space Physics Group of Astronautics, using the principle
of minimum surface energy, mathematically derived the equation of a sphere as the
most stable configuration for hydrogen vapor under zero gravity (Ref. 1). A remark-
able consequence of his study is the revelation that the contact angle between a liquid
and a solid is the same regardless of the magnitude of the gravitational field to which
it is subjected. Results of liquid hydrogen drop tests, aircraft zero-g studies and
liquid/liquid model tests have shown excellent agreement with Dr. Li's prediction.

When the volume of liquid hydrogen has dropped to a point where the spherical
volume of the gas ullage space is larger than the smallest dimension of the tank, a
sphere is no longer possible. Therefore, the largest sphere that can exist in a
closed container is determined by:

V = 4/37r3
where
2r = smallest dimension existing in the tank (the diameter of a cylindrical tank),
V = volume of the gas ullage.

When the ullage gas space is larger than the volume shown above, the liquid will
first wet the wall, then fill the cavities and form a central bubble, wherein the bulk
liquid is distributed in such a manner that the surfaces backed by bulk liquid are of
uniform curvature. Other surfaces will be film-wetted tank walls. The escaping
tendency from the wetted tank walls will be adjusted by evaporation (thus reducing the
thickness) to equal the escaping tendency from the curved surfaces. Thus, the escap-
ing tendency of the surfaces exposed to the vapor volume will be uniform, and the pres-
sure in the vapor will be uniform. If more than one configuration is possible, the one
or ones with the smallest amount of liquid-vapor surface area will prevail. The bulk
liquid surface will become tangent to the film wet surface in a transition region. The
curvature of a bulk liquid surface will be greater than, or equal to, the curvature of
any exposed film wet surface (otherwise the liquid will collect on the film wet surface).

The preceding statements describe the final or equilibrium configuration. However,
if the space vehicle at engine cutoff is put into a zero-g state with no mechanical per- :
turbations, the liquid surface will initially form an inverted hemisphere. The remain-
ing tank walls will be covered with only a molecular layer of liquid hydrogen. Eventu-
ally, the liquid hydrogen will flow up the cylindrical tank walls and form another
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hemispherical cap at the forward bulkhead. Evaporation and condensation of the liquid
will slowly increase the flow rate. Heat-transfer processes into the tank may keep the
tank walls dry and prevent the final equilibrium shape from forming.

The zero-g configuration of liquid hydrogen in a typical tank is shown in Figure 74
as a function of the quantity of liquid hydrogen left in the tank. It has been estimated
that for the Centaur vehicle it will take in the order of 200 sec. to form the initial
hemispherical cap shown in Figure 74B. Liquid/liquid tests on model Centaur tanks
confirm these general shapes (see Figure 73).

To determine the final configuration liquid hydrogen will assume under zero g in a
tank of a given geometry, liquid/liquid tests must be run in a scale model of the tank.
Scaling these results to a full-scale tank should be accurate, since Dr. Li has shown
that a unique configuration of liquid is determined if the tank shape, contact angle,
and vapor-to-tank volume ratio are given (Ref. 2).

12.2.2 LIQUID HYDROGEN BEHAVIOR AT ZERO GRAVITY WITH PERTURBATIONS

12.2.2.1 Effect of Complex Shapes. In Section 12.2.1 the configuration of liquid
hydrogen at zero g was determined for a body of revolution. What happens to this
configuration when complex shapes are placed inside the tank such as liquid/gas
sensors, a probe support structure, or a center vent tube? Originally, it was felt
that the all-wetting liquid hydrogen would creep over the surface of any protuberance
much in the same way it covers the walls.

Using liquid/liquid models, it was observed that wires or small tubes could pierce
the liquid/liquid interface with what seemed to be a finite pucker. Also, it was
noticed that a wire loop pushed against the surface formed a depression which could
be stretched into the ullage a short distance. Within a few diameters, the distorted
surface necked down, became unstable, and pinched off.

C. K. Perkins of the Instrumentation Design Group, after observing these phe-
nomena, mathematically analyzed the effect of a cylindrical center vent tube placed in
the tank. Using some approximations, he derived an equation for the liquid/gas inter-
face around the center vent (see Figure 75), as follows:

rV.r2 -1

-1
z = cosh I‘-z—(;;—:'T)'

)
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LIQUID HYDROGEN
CONFIGURATION
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Figure 74. Configuration of liquid hydrogen at zero g
for typical nuclear vehicle.
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Figure 75. Liquid/gas interface around a center
vent tube at zero g.

centerline axis of the vent tube (in units of the vent tube radius),
axis perpendicular to z (in units of the vent tube radius),
radius of the tank (in units of the vent tube radius),

rt.
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d
Differentiating this equation with respect to r, setting 'é = 0, (the maximum point
of the curve), solving for r, and substituting this value back into Eq. 1 gives the dis-
tance the liquid hydrogen has crept along the tube at equilibrium.

dz 1 1 r2 s /2
= = - +(r -1)
dr 9 1/2 2(r, + 1) 5 1/2
@ =1 (r -1)
Setting g—;z; = 0 and solving for r yields:
2
0 = 1 _ 1 2r -1
T2 1/2 +1 2 _1/2
o2 Am D |2
2
2r -1 = 2(rt+1)
2r +
2t 3
BREER -
1
r = (r, +1.5) /2
t
Substituting this value of r in Eq. 1 yields:
1/2 1/2
(r, + 1.5) / (r, - 0.5) /
z = cosht (r +1.52% _ % t )
max t 2(r, + 1)
where:
z = distance from the liquid hydrogen tangent point on the vent tube to the

max maximum point of the gas/liquid interface along the z axis (see Figure 75).

In his derivation, r and ry are in units of the center vent radius; i.e., if the radius
of the center vent tube is 2 in. and the radius of the tank is 180 in., all values of r and
rt are divided by two before substituting into the equations; therefore, r¢ = 90 units in
this example.
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Solution of Eq. 2 for specific cases shows that a ""small" tube passing through the
liquid/gas interface causes little distortion of that surface. For example, z. .. is
2.8 in, for a 4-in. dia. tube inserted into a 360-in. tank. However, the equations do
not describe the effect various structures within the tank have on positioning the ullage
gas bubble.

Zero-g tests and liquid/liquid tests show the bubble is pushed away from internal
structures within the tank, distorting the liquid/gas interface until a balancing pres-
sure is produced. The larger the structure is the more effective it is in displacing
the bubble.

General Dynamics |Electronics has developed a hot-wire liquid/gas sensor for use
in liquid and gaseous hydrogen at zero g. The behavior of the sensor at zero g is
well known and will be used on Centaur flights (Ref. 3).

12.2.2.2 Effect of Mechanical Disturbances. If, during zero g, the liquid hydrogen
tank is mechanically disturbed by sun-seeking rockets, control rockets, or units
aboard the vehicle, causing it to pitch, yaw, or roll, the liquid will be pushed away
from the axis of rotation, and the large ullage bubble, plus any smaller bubbles, will
be drawn toward the axis of rotation. The smaller bubbles will eventually coalesce
into the main bubble under these conditions.

If, during the transition from powered to zero-g flight the liquid starts moving in
the tank, the vapor bubble will oscillate through the following cycle (assuming there is
enough liquid left in the tank for the vapor bubble to be spherical in shape):

. Sphere.
. Elongation (prolate spheroid).

1
2
3. Sphere.
4. Flattening (oblate spheroid).
~ 5. Sphere.

The period of oscillation (T) and modulus of decay (7) of the bubble are given by:
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where
T = period of oscillation,
r = modulus of decay (time in which the amplitude of oscillation sinks to :13— of its

original value),

C. = constant (0.641 for a sphere),

p = density,
o = surface tension,
D = characteristic linear dimension (diameter of a sphere),

C_ = constant (0.0125 for a sphere),
u = viscosity.

The values given for C; and C'2 apply only when the vapor bubble is oscillating in
an infinite liquid medium. When there is not sufficient liquid hydrogen left in the
tank for the gas ullage bubble to form a sphere during zero g, the constants C; and
Cy have to be determined empirically. Liquid/liquid tests at Astronautics have
verified these two equations.

12.2.2.3 Effect of Heat Transfer. Heat is transferred at 1g between a solid and a
liquid by conduction, gravity-forced convection, and forced convection due to bubble
growth and rise.

At zero g, heat is transferred by forced convection or bubble dynamics and con-
duction. Some of the bubbles created by boiling will oscillate above the heated sur-
face and some will be tangent to it. Coalescense will take place at an increased rate
as the heating rate increases.
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Tests were run at Astronautics at both zero-g and .1g conditions to determine the
heating rates necessary to initiate nucleate and film boiling in liquid hydrogen (Ref. 4).
The results are shown in the following tabulation:

ORDER-OF-MAGNITUDE ORDER-OF-MAGNITUDE
HEATING RATES HEATING RATES
NECESSARY TO NECESSARY TO
INITIATE NUCLEATE INITIATE FILM
BOILING BOILING

(BTU/HR. -FT. %) (BTU/HR. -FT. 2

Zero g

(Closed-vent condition) 250 12,500

1g

(Open-vent condition) 250 to 550 22,000 to 25,000

These heating rates were obtained with smooth surfaces; a roughened surface will
lower these values somewhat. Due to the limited zero-g time available during aircraft
tests, it was not possible to observe nucleate boiling at a lower heating rate than the
value listed. The liquid hydrogen continuously rewetted the wall behind the bubbles
during nucleate boiling.

After engine shutdown and propellant flow cutoff, a nuclear vehicle will be in a zero-
g field. It is likely that the forward bulkhead of the hydrogen tank and portions of the
tank wall will be covered by only a molecular layer of liquid hydrogen if there are no
mechanical perturbations at engine shutdown. On restarting the engine, there is a
good chance liquid hydrogen will contact the bare tank walls.

Tests were run at zero g to determine if vapor formation produced by liquid hydro-
gen striking a "warm' thin metal plate would violently force the liquid away from the
wall. The action may be compared to dropping water on a hot skillet,

Analysis of film and recorder data showed conclusively that the impingement of
liquid hydrogen against a relatively warm thin stainless steel plate--in the tempera-
ture range 100° to 300°R~-results in no appreciable rejection or repulsion of the
liquid (Ref. 5). Therefore, no additional complications need be feared from the
eventuality of liquid hydrogen contacting a warm thin tank wall.
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12.3 ZERO-GRAVITY LIQUID/GAS SEPARATORS

During zero g, liquid hydrogen will no longer remain settled in the bottom of the tank
but will assume the configurations described in Section 12.2. If the vehicle is in a
zero-g condition for a considerable length of time, heat transferred into the tank by
solar radiation, albedo, and heat sources on the vehicle will raise the vapor pressure
in the tank. When the vapor pressure reaches certain design limits, gas will have to
be vented overboard. Preventing liquid hydrogen from being swept overboard with the
vented gas is the unique problem encountered during zero g. An alternative to venting
gas overboard is to provide refrigeration aboard the vehicle. The final choice between
the two systems depends on reliability requirements and weight tradeoffs.

There have been two approaches at Astronautics to the problem of designing a
liquid/gas separator for zero-g operation: static designs with no moving parts, and
dynamic designs.

12.3.1 STATIC SEPARATORS. Originally, it was hoped that static separators could
be designed that would separate liquid hydrogen from its vapor. Several different

schemes were tested.

12.3.1.1 Teflon-Covered Screens. Two different geometries were tried, using
Teflon-covered wire screens with 0.014-in. openings. Two cone-shaped screens,

one mounted inside the other, were fastened over the vent hole. Another arrange-
ment had two circular screens mounted in a tube, separated from each other by a dis-
tance of 3 in. It was hoped that liquid hydrogen would not wet the Teflon. In that
event, a certain pressure differential would be required to overcome the surface
tension effects and force liquid through the screen. Vapor could pass freely. How-
ever, tests using liquid nitrogen at zero g showed that the liquid passed readily
through the screens. Additional testing has shown it is unlikely that any material will
be found that will not be wetted by liquid hydrogen.

12.3.1.2 Center Vent Tube. Tests with Teflon-covered screens indicated it was not
feasible to separate liquid from its vapor with static devices. However, since the
configuration of the vapor bubble is known at zero g, the possibility of placing a simple
vent tube in the vapor region was considered. In order for this venting arrangement to
work successfully, five conditions must be met, as follows:

1. The end of the vent tube must be located inside the gas bubble at the time of
venting.
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2. The gas ullage bubble must be large enough to prevent liquid hydrogen from
accidentally entering the tube.

3. The venting rate must be low enough to prevent turbulent mixing of the liquid
hydrogen.

4. Any mechanical perturbations at the time of venting must be of a low order to
prevent liquid hydrogen from being sloshed into the vent tube.

5. Liquid hydrogen must not creep along the vent tube at such a high rate that the
tube will fill with liquid.

Analytical studies on Centaur have shown that the liquid hydrogen will not be dis-
turbed appreciably at the planned venting rates. The tank will be 30% full of liquid
hydrogen at this time.

It has been shown in Section 12.2.2.1 that a tube passing through the liquid/gas
interface would distort the interface only a matter of inches. The portion of the tube
within the gas bubble would be covered only by a molecular layer of liquid hydrogen.
If this molecular layer of liquid hydrogen flows along the outside of the vent tube into
the tube, it is conceivable that it may become filled with liquid hydrogen, and a tube
full of liquid hydrogen would be lost with each venting.

An estimate of the rate at which this tube will fill can be made. Evaporation and
condensation processes may increase this calculated rate.

If it is assumed that the liquid hydrogen layer is three molecules thick (1 x lo-scm),
the vent tube has a diameter of 5 cm, and the liquid hydrogen flows at a rate of 10
cm/sec., the tube will fill at a rate of:

-8 10 cm (3,600 sec.)
1x10
m (5 em) ( cm) sec. hr.

= 6 X 10-3 cu.cm/hr.

If these assumptions are correct, the loss of liquid hydrogen from this source is
negligible.

The results of liquid/liquid tests and drop tests have shown that a center vent has
excellent potential as a venting device for Centaur. Rapid coalescence of the smaller
vapor bubbles formed at the walls of the tank into the ullage will tend to maintain a
large ullage bubble about the vent tube. Furthermore, surface evaporation may
provide a major source of the boiling during venting. The results of model tests
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simulating the Centaur orientation sequence showed that the maneuver would cause
considerable liquid rotation but probably would not cause liquid flow in the vicinity of
the tube inlet (located near the tank center).

12.3.2 DYNAMIC SEPARATORS. Due to the failure of static separators to separate
gas from liquid when immersed in liquid (the center vent works only when in gas),
dynamic methods were investigated. After trying several schemes which included a
rapidly rotating propeller placed over a vent hole to clear it of liquid, the final design
for the Centaur utilized a rotating separator disc.

This disc consists of a circular flat plate with radially drilled holes, equally spaced,
connected to a central hollow shaft. When this disc starts to spin, any liquid in these
holes will be thrown out by centrifugal force. This rotating disc will vortex the liquid
hydrogen, drawing the gas ullage bubble to it, thus allowing gas to vent throughthe holes.

A schematic drawing of the separator developed by Astronautics is shown in Figure
76 and a photograph of a test prototype is shown in Figure 77. The separator disc is
connected directly to a velocity-compounded impulse turbine. When the gas pressure in
the tank reaches a certain value, the control valve opens, allowing the hydrogen gas to
flow to the turbine, starting to rotate it. Since the turbine is connected directly to the
separator disc, the disc starts spinning, clearing the holes of liquid hydrogen and draw-
ing the gas ullage bubble to it. Due to the differential pressure between the tank and the
turbine housing (vented to free space), the hydrogen gas is cooled by its rapid expansion
in the turbine. In order to take advantage of this cooling process, the expanded gas is
passed through heat exchangers before being vented overboard. This heat~transfer
process cools the gas in the tank, lowering the tank pressure, and consequently, the
quantity of hydrogen vented. When the tank pressure drops to a preset value, the con-
trol valve closes.

There are two identical units in the zero-g separator, each containing a separator
disc, control valve, turbine, and heat exchanger. The two separator discs counter-
rotate to balance out their torques, preventing the vehicle from rolling during the
zero-g period of the trajectory.

Astronautics' aircraft zero-g tests on a single disc separator mounted in liquid
nitrogen proved the feasibility of this type of separator. During the test, the separator:

1. Expelled any liquid that was drawn in with the circulating vapor.

2. Expelled liquid that, due to external disturbances, would flow against the fluid
expelled by the rotor.

3. Did not "draw in" liquid in the immediate vicinity of the rotor.
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Figure 76. Schematic drawing of Centaur zero-g
liquid/gas separator.

Flight certification tests at 1g have shown that the separator conforms to minimum
requirements for actual flight. These tests included transport leakage, proof pres-
sure, vibration, and abbreviated life tests.

Other tests were run at 1g to determine the operating characteristics of the
separator in hydrogen vapor. With a temperature of 40°R, a pressure of 21 psia in
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Figure 77. Test prototype of Centaur zero-g
liquid/gas separator.
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the tank, and a mass flow rate of 100 lb. /hr. through the separator, the pressure in
the turbine housing was approximately 3 psia.

The specifications for the zero-g separator are given in Ref. 6.
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13

SPACE STORAGE

The ability to store liquid hydrogen in space for planetary missions is essential in
order to realize its performance potential in chemical and nuclear vehicles. To suc-
cessfully accomplish this, heat influx into the tank must be reduced to an acceptable
level and the tank must be protected against catastrophic meteoroid puncture. The
design is further complicated by the air condensation problem prior to liftoff and
structural integrity of insulation and meteoroid bumper systems during atmospheric

ascent.

This discussion is divided into two sections: thermal protection and the meteoroid
hazard. In one sense, this division is rather arbitrary since the meteoroid bumper
and insulation system may be combined in a single design.

13.1 THERMAL PROTECTION

The following discussion is broken into two parts, the storage state of hydrogen and
methods of thermal protection.

13.1.1 STORAGE STATE. To transport large quantities of hydrogen into space, it is
necessary to store it in liquid form at various vapor pressures, as a solid/liquid
"slush,' or in solid form.

The most practical way to solidify the LH, is to reduce the pressure over the fluid.
Approximately 24% of a given quantity of LHy at 1-atmosphere initial vapor pressure
must be evaporated to solidify the rest. Due to unavoidable heat inputs, it does not
appear practical to solidify the hydrogen completely on the ground. An alternative to
this method consists of forming a slush prior to liftoff by lowering the vapor pressure,
and then venting the tank once more when it is outside the atmosphere to complete the
solidification. Storage of hydrogen as a solid has some additional advantages beside
the longer storage time possible. No sloshing problems are encountered during in-
flight accelerations and leakage from a meteoroid-punctured tank would be slow,
allowing adequate time for repair.
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Due to the heat inputs into the tank, discussed in Chapter 11, the temperature of the
stored hydrogen will rise with time; consequently the vapor pressure will increase.
At some point in the mission, gas must either be vented overboard or reliquefied to
reduce the tank pressure. (To vent at zero g, special vent devices such as a centrif-
ugal liquid/gas separator or a center vent tube are needed; see Chapter 12 for a de-
tailed examination of these devices.) No venting or reliquefaction is necessary if the
tank is designed to withstand the contemplated pressure rise. Normally, however,
this approach leads to excessively heavy tanks. '

A discussion on active thermal protection (reliquefaction of the gas) and passive
protection (insulation) follows.

13.1.2 THERMAL PROTECTION METHODS

13.1.2.1 Gas Reliquefaction. When very large hydrogen tanks and long space mis-
sions are contemplated, reliquefying the gas becomes more economical as to weight
than increasing the insulation thickness. However, the added complexity and, con-
sequently, reduced reliability, of this system compared to insulation must be con-
sidered along with weight considerations. Studies by the Malaker Laboratories
indicate that a good-sized, flight-weight reliquefication unit/power supply combination
will weigh less than 5,000 lb. (see Table XI).

Table XI. Liquefaction unit weight.

LIQUEFACTION CAPACITY

(LB./24 HR.) 50 150 300
TOTAL SHAFT POWER

REQUIRED (EKW) 3.91 10.6 19.6
TOTAL WEIGHT OF LIQUEFACTION

UNIT (LB.) 650 960 1190
TOTAL WEIGHT OF NUCLEAR ELECTRIC POWER SUPPLY PLUS RADIATOR FOR

30 EKW =4,000 LB.

13.1.2.2 Advanced Insulation Concepts. Flight-type insulations described in Section
5.2.3 are designed to reduce the heat load during ground hold, aerodynamic heating
and for short times in space (hours) but are completely inadequate for long-term space
storage. Of the insulations available, only laminar insulation reduces heat transfer

to a point where storage of liquid hydrogen in space is practical for periods of days,
weeks, or months. (Section 5.1.2 discusses the heat-transfer process through lam-
inar insulation.)
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There are several design problems associated with using laminar insulation on
flight stages. These are:

1. Laminar insulation requires high vacuum to function properly (< 10_6 mm of Hg).

2. The individual sheets must be mechanically supported to withstand the accelera-
tion and vibration flight environment.

3. Lateral conduction heat leaks and conduction heat leaks between touching sheets
must be kept within certain limits.

4. The insulation should be capable of being installed on complex shapes.

5. The insulation must be protected from aerodynamic loads during atmospheric
ascent.

The high vacuum requirement can be met in two ways. An evacuated double skin
could be used on the LH, tank or the insulation could be allowed to outgas once the ve-
hicle is outside the atmosphere. Judging from the difficulty encountered in evacuating
the Centaur intermediate bulkhead, it appears that building a flight-weight, leak-tight,
double-walled tank that goes from ambient to LHy temperatures is indeed a formidable
task. Allowing the insulation to outgas in space appears a more feasible route to take

at this time.

A design to allow rapid outgassing is shown in Figure 78. One edge of a thin
(~ 1/4-mil) Mylar sheet, aluminized on one side, is bonded to a base sheet, similar
to shingles on a roof. This design allows gas trapped between the sheets to diffuse out
rapidly. In addition, this type of support is sufficient to allow the insulation to with-
stand the acceleration and vibration loads imposed on it. Lateral conduction heat
leaks are reduced by periodic breaks in the aluminized coating (Figure 78). Heat
leaks between touching sheets are reduced by crinkling the Mylar to reduce contact
points; this approach is used in NRC-2 insulation. This crinkling also allows the in-
sulation to be installed on complex shapes such as spheres, cylinders, and ellipsoids.
It is unlikely that this insulation would withstand aerodynamic loads imposed on it.
However, since the tank also needs meteoroid protection (see Section 13.2), the
bumper/energy-absorbing—-core system can be used for this purpose. The energy-
absorbing core material would serve the dual role of ground and atmospheric ascent
insulation and meteoroid protection. Since the choice of bumper materials is not
restricted by strength considerations (see Section 13.2.4), a porous material such as
fiberglass sheet could be used to allow outgassing of the laminar insulation.
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1/4-MIL MYLAR ALUMINIZED ON ONE SIDE GAPS TO REDUCE

LATERAL SOLID
HEAT-CONDUCTION

PATHS —___

o
BASE MYLAR SHEET 1,000 A ALUMINIZED
ADHESIVE COATING
BOND

SHEETS ARE DRAWN AT AN ANGLE TO ILLUSTRATE
ATTACHMENT METHOD. IN ACTUAL PRACTICE THEY
WOULD LIE ON TOP OF EACH OTHER ALMOST PARAL-
LEL TO THE BASE SHEET. THE SHEETS ARE CRINKLED
TO REDUCE SOLID HEAT-CONDUCTION PATHS BETWEEN
ADJOINING SHEETS.

Figure 78. Method for attaching laminar insulation to allow
rapid outgassing in space.

The component parts necessary for a combined insulation-meteoroid protection
system are shown in Figure 79. Two different combinations of these parts into an
integral meteoroid/insulation protection system are shown in Figure 80, with the ad-
vantages and disadvantages of each combination listed. There are, of course, many
other ways of combining the essential parts.

Due to the manufacturing complexity and significant weight penalty of the high-
efficiency thermal/meteoroid protection system, LHy storage will probably be di-
vided into two separate tanks for prolonged space missions. One tank will have a
minimum amount of insulation and no meteoroid bumper. Liquid hydrogen in this tank
will be utilized early in the space mission and thus will not require the elaborate sys-
tem. LH, used later in the mission will be stored in the tank with high-efficiency
thermal/meteoroid protection.

The two-tank system has another weight advantage that will help balance out the
added weight of separate tanks. The tank used first can be emptied completely (fluid
plus ullage gas) and ullage gas requirements for the second tank will be lower than for
a single large tank. Consequently, a considerable weight saving in propellant re-
quired for long space missions is effected for large vehicles of the Saturn size.
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POROUS BUMPER ENERGY=- LAMINAR VEHICLE
(E.G.,FIBERGLASS SHEET) ABSORBING INSULATION HULL
CORE (E.G., GLASS (SEE FIGURE 78)
WOOL)

Figure 79. Component parts of thermal-meteoroid protection system.

13.2 METEOROID HAZARD

Among the many problems besetting a space-vehicle designer is that of protecting the
vehicle from damage from the impact of meteoroids. These pieces of cosmic debris
travel at high velocity and, on impact with a space vehicle, may puncture its thin-
skinned, lightweight hull, even if the meteoroids are small. Fortunately, the number
of meteoroids diminishes as their size increases so that the most likely damage to a
vehicle is a small hole in the outer skin. They are numerous enough, however, that
one must consider the possibility of a meteoroid large enough to rupture a hull exten-
sively, thereby causing an explosive decompression, or to damage seriously the con-
tents of a vehicle after piercing the skin. The chance of being struck increases, of
course, with the size of the vehicle and the duration of the voyage. An indication of
the possible seriousness of this hazard was obtained when fragments from the Atlas
booster 109-D, which put the Mercury capsule Friendship 7 into orbit, exhibited ex—
tensive cratering apparently from hypervelocity impacts. (See Figure 81.) Pre-
liminary data indicates that the booster orbited the earth four to six times before re-
entering the atmosphere over South Africa.

The most straightforward method of protecting a vehicle from meteoroid penetra-
tion is to make the outer skin from a single sheet of material thick enough to resist
penetration by the largest meteoroids that would be encountered on the voyage, taking
into account the size of the vehicle, length of the flight, and maximum probability of
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ADVANTAGES

1. NO HELIUM PURGE REQUIRED

2. NO VACUUM SEALS REQUIRED

3. LIGHTER WEIGHT THAN CONFIG. B
4. MYLAR SHEETS WOULD NOT BE
COMPRESSED, PROVIDING BETTER
INSULATING PROPERTIES

5. WILL OUTGAS RAPIDLY

VEHICLE HULL

CORKBOARD, BONDED TO HULL, 0.1 PSF

LAMINAR INSULATION, 50 SHEETS,
(SEE FIGURE 78, 0.04 PSF)

POROUS FIBERGLASS BUMPER
WAFFLE-STIFFENED, 0.5 PSF

PANEL

ADVANTAGES

. GOOD METEOROID PROTECTION FOR
LAMINAR INSULATION & HULL )

. NO HELIUM PURGE REQUIRED

. NO VACUUM SEALS REQUIRED

. DAMAGED PANELS MAY BE REPLACED

VEHICLE HULL

CORKBOARD BONDED TO HULL, 0.1 PSF

ALUMINUM, 0.2 PSF

LAMINAR INSULATION, 50 SHEETS,
(SEE FIGURE 78), 0.04 PSF

GLASS WOOL
CORE, 1.25 PSF

POROUS FIBERGLASS BUMPER,
WAFFLE-STIF FENED, 0.3 PSF

CONFIGURATION A

DISADVANTAGES

1. LAMINAR INSULATION & TANK HULL NOT
PROTECTED AGAINST METEOROIDS AS
WELL AS CONFIG. B

2. DAMAGE NOT AS EASILY REPAIRED AS
CONFIG. B

CONFIGURATION B

DISADVANTAGES

1. SLOWER OUT GASSING TIME THAN CONFIG. A

2. HEAVIER THAN CONFIG. A

3. NOT AS GOOD THERMAL INSULATION DUE TO
COMPRESSED LAMINAR SHEETS

Figure 80. Typical thermal/meteoroid protection systems.
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Figure 81. Closeup of typical crater on outside surface of Atlas
109-D fragment.

encounter allowed by the level of reasonable risk for the flight. This approach, how-
ever, results in a vehicle of unacceptably large weight.

A more sophisticated approach is to construct a double hull of sheets spaced apart.
The value of this approach has been recognized for many years in the design of armor
for military vehicles, although the application to spacecraft was first suggested by
Dr. F. L. Whipple of the Harvard College Observatory. Whipple proposed that the
spacecraft be surrounded by a thin outer shell spaced away from the main hull, which
he called a meteor bumper. He suggested that a meteoroid would vaporize on impact
with the bumper (along with vaporization of some of the bumper material) and its abil-
ity to penetrate the hull would thereby be sharply reduced. On the other hand, the
meteoroid may possibly just be fragmented on impact with the bumper and not vaporize.
If this is the case, the cloud of meteoroid and bumper fragments will diverge laterally
with distance behind the bumper. (Experiments at Astronautics have shown this dis-
persion angle to be approximately 60°.) In this way, the kinetic energy of the meteor-
oid will not be concentrated in a single solid body but will be divided among the broken
meteoroid and bumper fragments. The inner hull, because of the larger affected area,
will be more resistant to penetration by the smaller, less potent particles (Figure 82).
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0.063-IN. BUMPER
0.375-IN. HULL
3-IN. SPACING

16,000 FPS

O

-lmlluf-ﬁ‘“LJ L!T| ! T3| b ‘4| |,l, ISl L-.‘.!’

HULL PLATE

Figure 82. Aluminum bumper with 3-in. spacing. S
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A refinement to this bumper concept that provides significantly improved protection
with an over-all weight savings uses an energy-absorbing core material, such as glass
wool, sandwiched between the bumper and the hull.

13.2.1 METEOROID ENVIRONMENT. The greatest certainty about the hazard to
aerospace vehicles from meteoric particles is the great uncertainty in the predictions.
Neither the number, mass, velocity, nor composition of the natural meteoric parti-
cles that constitute the local space environment is precisely known.

This problem is further complicated by the existence of meteor showers in addition
to the sporadic background. These showers have been known to exceed the sporadic
background by several orders of magnitude. Due to the variable nature of these show-
ers, only the sporadic meteoroid flux can be considered here.

Whipple (Ref. 1) reports that more than 90% of photographed meteors have densities
as low as 0.05 gm/cu.cm. Radio-radar observed meteors may have similar densities.
This applies to meteors of mass roughly greater than 1074 gm, commonly referred to
as dust balls. These dust balls may break up, however, producing smaller more con-
ventional densities, perhaps more like those of silicate rocks. The asteroids may be
the source of a large fraction of the meteoroid spectrum of smaller masses (< 10"4gm).
Brown (Ref. 2 and 3) correlates the mass-frequency distribution of meteorites with
that of the asteroids. The correlation is good. Meteorites range in density from 2.7
to 7.9 gm/cu. cm (stone-irons), the relative abundance being about 16 to 1, respec-
tively. This would place the average density of asteroidal meteoroids at about 3

gm/cu.cm.

Geocentric velocities of meteors have been measured. Whipple (Ref. 1) calculates
the average velocity of photographic meteors to be 28 km/sec. (A range of 11 to 72
km/sec. is possible in view of the fact that meteors are permanent members of the
solar system.) From theoretical considerations, one would expect smaller meteor-
oids to have lower velocities. On this basis, Whipple constructed a table of velocity
as a function of mass for meteoroids. This is plotted in Figure 83. This is probably
the most reasonable velocity distribution for meteoroids which can be presently de-
duced. A conservative figure of 28 km/sec. may be used for all meteoroids.

Data on the flux of meteoroids has been obtained from visual, photographic, and
radio-radar observations, and of late from counting devices on rockets and satellites.
Data in the first category (i.e., visual, photographic, and radio-radar) yields meteor
flux as a function of magnitude. It is then necessary to relate magnitude to the mass
of the particle involved. To date no reliable relation exists. Whipple (Ref. 1)
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Figure 83. Mass-velocity distribution of meteoroids.

assigned a value of 25 gm to a zero magnitude meteor, while Watson (Ref. 4) chose
the value 0.25 gm. On these bases, two curves are obtained of the flux of meteoroids
of mass equal to and greater than mass m, as a function of mass. These have been
extrapolated to particles of smaller mass (see Figure 84). These two estimates can
perhaps be taken as bounds on the sporadic meteoroid environment in the mass range
from 10~%4 to 1 gram.

A nearly complete list of in situ rocket and satellite measurements has been com-
piled and the most significant measurements are presented in Figure 84. They are
listed in order of decreasing significance, the solid symbols representing the most
significant measurements. The points plotted are based on an assumed velocity of
15 km/sec. since satellite sensors respond to momentum. * The data has not been
corrected for earth-shielding, as is sometimes the custom, since while in the earth's

* Russian sensors reportedly respond to the kinetic energy of the impacting particle.
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vicinity, a vehicle will see the shielded flux and there are theoretical indications that
meteoroid flux decreases with increasing altitude. The most significant measurements
have reportedly been taken on the Explorer VIII satellite, where measurements were
made in three momentum ranges. The three Explorer VIII points fall on a good straight
line, marked "Direct" in Figure 84 which also fits the other satellite data rather well.
This line may be taken at present as the best representation of the sporadic meteoroid
environment in the mass range from 1079 to 1076 gm. A closer inspection of the sat-
ellite data indicates that no altitude dependence of the flux is discernible; however,

the mean altitudes of the satellite orbits vary only 800 km and the rocket data cannot

be considered significant.

At present, then, no altitude dependence can be deduced experimentally although
Whipple and others have postulated this dependence analytically.

It can be seen that no measurements of meteoroid flux are available in the mass
range from 1076 to 104 or 10~3 gm. This is unfortunately the most important mass
regime as far as propellant losses due to puncture are concerned. Sensor surfaces
have been very small in the past due to the weight limitation, and had to be of high
sensitivity to record a significant number of hits. Consequently, a conservative mass-
flux relation must be used until better data is available. It is believed that Whipple's
curve (Figure 84) represents such a relation. Meteoroid flux will therefore be as-
sumed to follow the law

¢ =10 " m )

where m is the meteoroid mass in grams, and ¢ is the number of particles of mass
greater than and equal to m per square meter per second.

A more complete discussion of meteoroid flux is given in Ref. 5, 6, and 7.

13.2.2 HOLE AREA DUE TO METEOROID PUNCTURE. Meteoroid puncture of a
thin skin involves a hypervelocity impact process which has, of late, received consid-
erable experimental and theoretical attention. Excellent compilations and analyses of
experimental and theoretical work are presented by Herrmann and Jones (Ref. 8) and
Rolsten, Hunt, and Wellnitz (Ref. 7). Until recently, velocities attained in the labora-
tory have not exceeded 6 km/sec. Recently, some shots at velocities up to 12
km/sec. have been obtained (Ref. 9). As can be seen, meteoroid velocities have
barely been approached in the laboratory. Extrapolation of experimental data taken
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at low velocities to the much higher meteoroid velocities is strictly invalid since the
physical process involved is different. At hypervelocities, strength effects are neg-
ligible during part of the impact process since the pressures involved far exceed the
material strength.

Theoretical work by Bjork (Ref. 10) gives the depth of penetration (d) for a hydro-
dynamic impact of iron on iron and aluminum on aluminum numerically in the inviscid,
adiabatic approximation. He obtained the relations:

/3

AlonAl: d = 1.09 (mv)®

1

(2)
0.606 (mv)1/3

Feon Fe: d

where m is the meteoroid mass in gm, and v is the meteoroid velocity in km/sec.
Bjork recently suggested that the penetration in a given target material by projectiles
of different materials but the same mass and velocity is proportional to the initial
interface velocity on impact. Herrmann and Jones (Ref. 8) show the initial interface
velocities v* for impacts of dissimilar materials are given with a maximum error of

about 20% for most materials by
1/3

P
vk = ';' <—5tﬁ> v @)

for projectile velocities v above 3 km/sec., where Pp and p; are projectile and target
densities, respectively. Eq. 2 can therefore be modified for different projectile ma-
terials to yield

o 1/3
1/3
d = 1.09 <p—p> (mv) / )
Al
for impacts on aluminum targets, and
P 1/3
1/3
d = 0.606< = > () (5)
P
Fe

for impacts on iron targets.
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It has been observed (Ref. 8) that if a projectile will penetrate a semi-infinite tar-
get to a depth of d, it would puncture a thin plate of thickness 1.5 d. Therefore, in
terms of plate thickness, Eq. 4 and 5 become

1/3
pp 1/3
ty, = L64 (2 (mv) ©)
P Al
) 1/3
| 3
tpe = 0908 P (mv) o )
pFe

Eq. 6 and 7 may be combined with Eq. 1 to yield the flux of meteoroids which will
puncture a thin vehicle skin of thickness t. This will be called, after Bjork, the pen-
etrating flux ¥ . Given a skin thickness, t, and taking velocities from Figure 83 or
assuming a meteoroid velocity of 28 km/sec., Eq. 6 and 7 yield the size of the small-
est mass meteoroids which will puncture the skin.

This is called the threshold mass (myp). All meteoroids of mass greater than myy
will likewise puncture the skin. Using velocities from Figure 83 and meteoroid den-
sity p,, =P, =3 gm/cu.cm, m¢} was calculated as a function of skin thickness for
both steel and aluminum skins and appears in Figure 85. It is seen that meteoroids
of mass as low as 1078 gm may be important in contributing to propellant losses, de-
pending on skin thickness.

If it is assumed that the hole produced by a meteoroid impact is of constant diam-
eter throughout its depth (the diameter being equal to the entrance diameter produced
by the meteoroid), and the depth of penetration p given in Eq. 4 and 5 is also the
radius of the hole, then the area of a hole produced by a meteoroid of mass m is
given by:

o 2/3
2 2 2/3
am) =wp = nC p——-m— m v(m) / ®)
Al or Fe

where C = 1. 09 for aluminum targets, C = 0.606 for steel targets, and Py, is the
meteoroid density. For p,, = 3, Eq. 8 is quite accurate for meteoroids of mass near
the threshold mass, since the ratios of skin thickness to diameter of threshold me-
teoroid (assuming a spherical meteoroid) are 6 and 2.33, for aluminum and steel
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Figure 85. Skin thickness vs. threshold meteoroid mass.

-1

targets, respectively. For meteoroids of mass greater than the threshold mass,
Eq. 8 will overestimate the actual area, the overestimate increasing as mass in-
creases. This is due to the fact that the radius of a crater produced by a given pro-
jectile in a semi-infinite target is greater than the radius of a hole produced by the
same projectile in a thin plate. Since the significance (i.e., number) of meteoroids
decreases with increasing mass above the threshold mass, the error introduced by
using Eq. 8 for all meteoroids will not be substantial. At any rate, Eq. 8 gives a
conservative estimate of area.

Hole area vs. meteoroid mass for both aluminum and steel is given in Figure 86.
13.2.3 PROPELLANT FLOW FROM A PUNCTURED TANK. If the vehicle is as-

sumed to be coasting in space, Bernoulli flow from a reservoir at zero g into a vac-
uum is applicable. The exhaust velocity is therefore given by

1/2
P
v, = <i—-> )
f
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where P is the tank pressure and Ay the fuel density. The flow rate is therefore

1/2
Q = ra <£> (10)
P

where r is an orifice coefficient and a the area. The mass flow is

1/2
9 - ra <.f_P> (1)
W g
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Figure 88. Effectiveness of bumper spacing and bumper thickness.
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2. When the space between the bumper and target is less than approximately 0. 25
in., a thin bumper may be extensively damaged from material erupted or
splashed back from the crater (see Figure 89).

Work by Funkhouser (Ref. 11) and Olshaker (Ref. 12) determined the dependence
of the total penetration on the distance between the bumper and target (see Figure 90).
The spacing of the bumper in front of the target surface was varied: (1) from zero to
6 in. with a constant aluminum bumper thickness of 0.031 in., and projectile mass
and velocity of 0.0183 gram and 12,000 fps, respectively and (2) from 0.25 to 1.49in.
with a constant lead bumper thickness of 0.054 in., and projectile mass and a velocity
of 0.188 grams and 8,366 fps, respectively. There is a rapid decrease in total pene-
tration in aluminum from zero spacing to a spacing of 2 in. ; with greater distances
the total penetration is almost constant. The decrease in total penetration in lead
with a 0.50-in. spacing is even more pronounced than with aluminum.

13. 2. 4.3 Energy-Absorbing Core Materials. Energy-absorbing core materials have
been shown to significantly improve a bumper system's resistance to penetration with
an over-all weight saving.

A good core material must have moderate compressive and shear strength, low
density, directionality of mechanical properties and low ablation rates. In addition,

Figure 89. Reverse side of bumper spaced 0.25 in. from hull plate.
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When dealing with LH, the question may be raised whether the liquid might not
freeze while expanding through the hole, thus temporarily plugging the hole and de-
creasing the effective flow rate. Experience at Astronautics has shown that liquid
hydrogen escaping through a small hole will plug momentarily, then the solid hydro-
gen will break loose and the flow will resume. Whether this intermittent flow occurs
depends on the tank pressure and size of the hole.

13.2.4 METEOROID BUMPERS. Due to the meteoroid hazard, discussed previously,
experimental work has been conducted to determine the most effective meteoroid
bumper system. Some of these results are discussed in the following sections on
bumper materials, bumper spacing, and energy-absorbing core materials.

13.2.4.1 Bumper Materials. The effectiveness of the thin meteoroid bumper de-
pends on its mass. The thin bumper need not possess strength or toughness since the
impact and shear processes are fluid above approximately 8,000 fps. Work done by
Astronautics (Ref. 7) has shown that bumpers of aluminum alloy (6061-T6), magnesium-
lithium alloy (LA-141), plate glass, and stainless steel (301) are equally effective on
the basis of total weight per unit panel area. Total weight includes the weight of both
the bumper and the aluminum (6061-T6) vehicle hull. Pertinent test data is shown in
Figure 87. It can be seen that test panels with a mass and spacing in the area: (1)
above the upper curve are not perforated or cracked; (2) between the two curves may
or may not be perforated or cracked; and (3) below the bottom curve are always per-
forated or cracked. Thus it can be concluded that:

1. The degree of brittleness or ductility does not appear to be an important prop-
erty of the bumper since plate glass, aluminum, and Mg-Li alloy bumpers
function equally well.

2. Thin stainless steel and moderately thick aluminum plates, as well as plate
glass and aluminum plates of equivalent mass, function in a similar manner.

3. The mass concept permits a wide selection of materials.

13.2.4.2 Bumper Spacing. Experimental work by Astronautics (Ref. 7) with alumi-
num bumpers and aluminum targets has shown that:

1. Less total weight (bumper plus target) is required for (1) thicker bumpers at
small separation distances and (2) thinner bumpers with increasing distance of
separation (see Figure 88).
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Figure 87. Effectiveness of different bumper materials.
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Figure 90. Dependence of total penetration on bumper spacing.
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the material must not measurably contribute to the shock cone or to the fast-moving
fragments. Also, it should be capable of reducing the velocity of all particles moving
toward the main tank. Thermal stability, moderate toughness, and a uniform texture
are also desirable. Results of preliminary experiments by Astronautics (Ref. 7) with
10 core materials are shown in Figures 91 and 92. The results of this study can be
summarized as follows:

13.3

O " v B

H

Organics (foams, adhesives, etc.) are not suitable as core materials due to ex-
cessive gas formation. However, since these experiments were run in air, the
volume of gas formed may be considerably less in vacuum.

Honeycomb cores are not satisfactory since they confine both the ’particles and
the gas formed during impact. This confinement increases the particle's pene-
trating power. Figure 93 shows the extensive damage occurring to a honey-
comb core.

Glass wool is an effective core material. Both NASA and Astronautics exper-
imental programs confirm this conclusion (see Figures 91 and 94).

To be effective, core material must have a density greater than 10 pcf but
should not exceed 30 to 40% of the total bumper-core-hull weight.

NOMENCLATURE

area of hole produced by meteoroid (sq.cm)

constant (1.09 for aluminum targets 0.606 for steel targets)
depth of penetration (cm)

mass (grams)

probability

tank pressure

flow rate

orifice coefficient

skin thickness (cm)

velocity (km/sec.)
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0.57-GRAM STEEL PROJECTILE
IMPACT VELOCITY: 18,900 FPS

BUMPER
0.063 IN. —) (e Al
1.0-IN.
FIBROUS
POTASSIUM
/ TITANATE
0.25 IN. Vv v Al

BUMPER FRAGMENTED PROJECTILE; LOW DENSITY HULL
CORE MATERIAL SLOWED DOWN FRAGMENTS &
ALLOWED ENERGY RELEASED TO ACT LATERALLY;
ONLY THE LARGEST FRAGMENTS FORMED CRATERS
IN VEHICLE HULL

WEIGHT OF TEST PANEL: 5.924 PSF

VEHICLE |

Figure 92. Experiment showing the advantage of energy-absorbing core material.

13.4 GREEK SYMBOLS

P
¢
»

density (g/cu.cm)
flux (no. of particles/m? sec.)

penetrating flux (no. of particles/m2 sec.)

13.5 SUBSCRIPTS

Al

Fe

aluminum P projectile
exhaust t target
fuel th threshold
iron w mass
meteoroid
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Figure 93. Sectioned honeycomb core after hypervelocity impact to
bumper-honeycomb core-hull system.

213



VELOCITY (FPS)

GENERAL DYNAMICS | ASTRONAUTICS

12,000
10,000
L
1-IN. SPACING WITH
GLASS WOOL FILLER
8,000
/ 1-IN. SPACING
6,000 /
/___-—0 1/2-IN. SPACING
4,000 \
2,000
TARGET MATERIAL =2024 T-3 A1.-ALCLAD
TOTAL SHEET THICKNESS =0.062 IN.
PROJECTILE: 1/8-IN. PYREX GLASS SPHERE
0 1 |
0 1 2 3 4

NO. OF SHEETS

Figure 94. Variation of target ballistic limit as a function of number
of sheets and core material.
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14

PROPERTIES

This chapter summarizes some of the properties of hydrogen. If the accuracy of the
data was listed in the literature, it is included in the graphs or tables. The conven-
tion of subscripting numbers whose accuracy is in doubt is used in this section. In
some cases, more than one source was used to compile the data on a single property.
This sometimes causes a slight discrepancy in the values listed.

NASA has requested the use of standard hydrogen data for certain properties due to
the discrepancies found in the literature. This data is identified by the notation,
"NASA-recommended value. "

All the information is referenced, and a reference list is included at the end of the
chapter. Many of the values listed were taken from extensive tables. The original
source of information should be consulted if more detailed information is needed. The
data throughout this book has been transposed into engineering units, as far as was
practicable. Most of the original data was in the metric system. Any special infor-
mation relating to a specific graph or table is included on that graph or table.

Liquid hydrogen produced commercially is essentially parahydrogen. Therefore,
paravalues (100%p-Hg) or equilibrium values (99.79% p-Hy) should be used for the
liquid hydrogen data. On some of the data listed, the ortho/para composition was not
specified in the literature.

Definitions of terms, symbols, and abbreviations used are listed at the end of the
chapter. Conversion factors for converting from engineering units to the metric sys-
tem are also included.

14.1 DEFINITION OF TERMS

Absolute zero is the temperature at which a gas would show no pressure if the gen-
eral law for gases would hold for all temperatures. It is equal to -273.16°C, 0°K,
-459.69°F, and 0°R.
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Absorption coefficient (1) is defined by the equation for the exponential attenuation
of x-rays or gamma rays in matter.

I =1 e—“ d
o
Where
Io = incident photon intensity,
I = transmitted photon intensity,
d = absorber thickness.

Barn = 10~24 cm?2 (see cross-section definition).

Boiling point is the temperature at which the vapor pressure of the liquid equals the
externally applied pressure.

Compton scattering or the Compton effect is the name for a process whereby an
incident photon transfers only a part of its energy to an electron during an interaction.

The photon is not only degraded in energy but is also deflected from its original path.

Critical pressure is the pressure under which a substance may exist as a gas in
equilibrium with the liquid at the critical temperature.

Critical temperatulre is that temperature above which a gas cannot be liquefied by
pressure.

Cross-section is a measure of the probability of a particular process, such as the
absorption or scattering of an incident particle or the activation of a nuclide.

Dielectric constant of a medium is defined by € in the equation

where F is the force of attraction between two charges Q and Q1 separated by a dis-
tance r in a uniform medium.
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Dissociation constant for gases equals the product of the partial pressures of the
dissociated atoms or molecules at equilibrium divided by the partial pressure of the
undissociated gas, with each partial pressure raised to that power which is the co-
efficient of the substance in the dissociation equation.

Enthalpy is a thermodynamic quantity. It is equal to the sum of the internal energy
of a system plus the product of the pressure-volume work done on the system.

Entropy is the capacity factor for isothermally unavailable energy. The increase
in the entropy of a body during an infinitesimal stage of a reversible process is equal
to the infinitesimal amount of heat absorbed divided by the absolute temperature of
the body.

Free energy is a thermodynamic function defined by the equation:

F = H-TS
where
F = free energy,
T = absolute temperature,
S = entropy,
H = enthalpy.

Fusion temperature is the temperature at which the solid and liquid phases of a
substance are in equilibrium.

Half life is the time lapse during which a radioactive mass decays to one-half its
original intensity.

Heat capacity is that quantity of heat required to increase the temperature of a sys-
tem or substance one degree of temperature.

Heat content (see enthalpy definition).

Isotopic masses in this compilation include the mass of the nucleus and the extra-
nuclear electrons. The scale used is the physical atomic weight scale in which the
mass of an atom of 016 is assigned a mass of exactly 16. 00000 units.
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Latent heat of fusion is the amount of heat necessary to liquefy a unit mass of solid
without a change in temperature.

Latent heat of vaporization is the amount of heat necessary to vaporize a unit mass
of liquid without a change in temperature.

Mole is a mass numerically equal to the atomic weight of a substance.
Molecular weight is the sum of the atomic weights of all the atoms in a molecule.
Normal hydrogen contain 25% parahydrogen and 75% orthohydrogen.

Orthohydrogen. Each nucleus of the diatomic hydrogen molecule has a mechanical
momentum characterized as nuclear spin. Molecules in which the spins of the two
nuclei are parallel are called orthohydrogen.

Pair production is the name for a process which involves the creation of a positron-
electron pair by a photon of at least 1. 02 mev in the strong electric field near an 7
atomic nucleus. [

Parahydrogen. Each nucleus of the diatomic hydrogen molecule has a mechanical
momentum characterized as nuclear spin. Molecules in which the spin of the two
nuclei are antiparallel are called parahydrogen.

Photoelectric effect is the name for a process in which a photon of energy, hv,
ejects a bound electron from an atom or molecule and imparts to it an energy of hv-b
where b is the energy with which the electron was bound. The photon disappears com-
pletely in the process.

Prandtl number is the viscosity times the heat capacity divided by the thermal con-
ductivity (nCp/k). It is a dimensionless number.

Refractive index is the ratio of the velocity of light in vacuum to its velocity in a
given substance.

Saturated refers to the liquid phase and vapor phase of a substance in temperature
equilibrium.

Surface tension of a liquid is the force per unit length on the surface of a liquid
which opposes the expansion of the surface area.
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Thermal conductivity is the time rate of transfer of heat by conduction, through a
unit thickness, across a unit area for a unit difference of temperature.

Triple point is the temperature at which the solid, liquid, and gas phases of a single
substance are in equilibrium.

Vapor pressure is the pressure exerted when a solid or liquid is in equilibrium
with its own vapor. The vapor pressure is relatively unaffected by the external

pressure.

Virial equation of state relates pressure, volume, and temperature of a real liquid
or gas.

Viscosity is a measure of the resistance of fluids to a change of form.

14.2 DEFINITION OF SYMBOLS AND ABBREVIATIONS

atm. atmosphere

A Angstrom (10'8 cm)

Btu British thermal unit

cm centimeter

Cp heat capacity at constant pressure

C‘I’) heat capacity at constant pressure of an ideal gas
C 8 ~ heat capacity at saturation vapor pressure

Cy heat capacity at constant volume

E energy

Eg internal energy of an ideal gas at absolute zero
e-Ho equilibrium hydrogen (99.79% para)

ev electron volt

F free energy of an ideal gas, a thermodynamic function
g gram

H, h enthalpy, a thermodynamic function
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H° enthalpy of an ideal gas, a thermodynamic function
lHl isotope of hydrogen, mass 1

1H2 deuterium

K dissociation constant

°K degrees, kelvin

k thermal conductivity
' L, latent heat of vaporization

mb millibarns

mev million electron volts

n neutron

n-Hoy normal hydrogen (25% para)

Npr prandtl number

o-Hy orthohydrogen

P pressure

p-Hy parahydrogen

psia pounds per square inch, absolute
R gas constant

‘R degrees, rankine

S, s entropy, a thermodynamic function
STP standard temperature (491.7°R or 32°F) and pressure (14.7 psia)
T absolute temperature

tl/ 2 half life of a radioactive species

\'4 volume

X unit length

Z compressibility factor

0% gamma rays

€ dielectric constant
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cross-section

J1i gamma ray absorption coefficient
n viscosity

p density

(o)

14.3 PHYSICAL CONSTANTS AND MISCELLANEOUS INFORMATION

The molecular weight of hydrogen is 2.01600 (chemical scale), 2.01654 (physical
scale) (Ref. 1).

The triple points of hydrogen are shown in Table XII (Ref. 2). Table XIII lists the
critical constants for hydrogen. Table XIV presents the boiling points of normal and
equilibrium hydrogen (Ref. 2).

The fusion temperature of hydrogen is 25. 13°R and 13.96°K at 0.99 psia (Ref. 2).

Table XV (Ref. 4) presents data concerning the compressibility of solid hydrogen
as a function of pressure. Table XVI gives data concerning its expansivity as a func-
tion of temperature. Figures 95, 96, and 97 are graphical presentations of compres-
sibility data. Table XVII gives the virial equation of state.

Figures 98 through 111 and Tables XVIII and XIX present additional data on the
physical properties of hydrogen.

For the dissociation of hydrogen (see Figure 112 and 113), H2 < 2H, the equilib-
rium constant is:

2
Ku, ~ ':—H
2 H,,
where
PH = partial pressure of the dissociated hydrogen,
PHZ = partial pressure of the undissociated hydrogen.

Table XX (Ref. 2) lists data on hydrogen dissociation with increasing temperature.
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Table XII. Hydrogen triple points.

NORMAL HYDROGEN EQUILIBRIUM-HYDROGEN

(n-H,) (e-H,)

TEMPERATURE (°R) 25.12.* 24.86,,

(°K) 13.95, 13.81,

PRESSURE (PSIA) 1.044 1.021
(ATM.) 0.07105 0.0694,

*ACCURACIES BEYOND FIRMLY ACCEPTED VALUES

Table XIII. Critical constants.

n-H, (Ref. 2) e-H, (Ref. 3)
TEMPERATURE (°R) 59.74 59.3.,
(°K) 33.19 32.9,
PRESSURE (PSIA) 190.8 187.
(ATM) 12.98 12.7
VOLUME (CU.FT./LB.) 0.5320 0.510
(CU.CM/G) 33.21 31.8
DENSITY (LB./CU.FT.) 1.880 1.960
(G/CU.CM) 0.03011 0.0314

Table XIV. Boiling point at 14.696 psia.

2 2

TEMPERATURE (°R) 36.70, 36.49
K 0. .
(°K) 20.39 20.27,
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Figure 96. Compressibility factor for saturated hydrogen vapor as a function
of temperature.
Table XV. Compressibility of solid hydrogen as a function of pres-
sure at 7.6°R.

COMPRESSIBILITY
PRESSURE 1(dv n
(PSIA) v\ap /T, (PSIA)

-4
0 (0.48 + 0.11) x 10
-4
1,422 0.22 x 10

Table XVI. Expansivity of solid hydrogen as a function of

temperature.
EXPANSIVITY
TEMPERATURE 1 (dv 9
°R .
(°R) v \dT p» CR)
-2
7.6 0.13 x 10
-2
19.8 0.28 x 10
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Table XVII. The virial equations of state.

NASA-RECOMMENDED EQUATIONS

(FOR COMPRESSED LHy FROM 36° TO 59°R AND UP TO 5,100 PSIA; REF. 7);

Le]
1l

- (2.26713 X 108)0° T

A A2 =
e T

+ 0.180264609;16 o

WHERE

P =

el
i

PSIA,

2

e

_Af)z

T = °R, p = PCF, A = 0.1136468.

4 32
(0.43157596)TP3 + (59. 540726)0° + (0. 046379694)Tes" + (1. 530941 x10°)p° T 2 e
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3
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3
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aa, P = ATM, R = GAS CONSTANT (0.362216),
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Figure 98. Sound velocity in hydrogen as a function of temperature
and pressure.
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Figure 99. Refractive index of liquid normal hydrogen as a function of
temperature.
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Figure 100. Dielectric constant of saturated liquid parahydrogen as a function
of temperature (NASA-recommended values).
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FOR n-H, 25.1< °R < 36.7
1

P (PCF) = — =
0.19663 - 3.5335 x 10 T +3.1184 X 10 °T

FOR p-H, 24.9< °R < 36.5
1

PLECE) S 4 5.2
0.19786 - 3.9198 X 10°4T +3.2135 X 107°T

WHERE T = °R
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Figure 101. Density of solid and liquid hydrogen as a function of temperature.
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Figure 102. Saturated vapor density of e-Hg as a function of temperature.
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Figure 103. Density of hydrogen at low temperatures.
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Figure 104. Density of gaseous hydrogen at high temperatures.

235

N \\\
- \

\\ \\\.Q\ \"\1 500

B

\ ~d T | T
— \ ——_ 1,000
AN N R
: \\\ \\ \\\ 400
u \ ~——_
- \\\\\ \\\ 200
§ \\ \\ \\\ 60
- \ \\\
— \\ 30
- ——

\\\ 15

PRESSURE (PSIA)



GENERAL DYNAMICS | ASTRONAUTICS

1,000 [~ VXV4
= // /48 /4/6/ ///
E / / 4.4 / /
4 [ soLD._] / / / /4/2 /PCF/
i \A,’\\ / I /4.0 /
LIQUID /3.6
100 !, " \!\I i/ I
Tk [l =]
: RESiE
é B { ', ' ' VAPOR
- |
4 |I [ \J
l
: | | |
3 | I
C |
E I
- l
E /TRIPLE POINT

TEMPERATURE (°R)

Figure 105. Hydrogen phase changes as a function of temperature and pressure.
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T

WHERE: P =PSIA
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Figure 106. Vapor pressure of solid hydrogen as a function of temperature.
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Figure 107. Vapor pressure of liquid equilibrium hydrogen as a function
of temperature.
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Figure 108. Vapor pressure of liquid normal hydrogen as a function of
temperature.

239



VISCOSITY (MILLIONTHS OF LB./FT.-SEC.)

16

15

14

13

12

11

10

GENERAL DYNAMICS | ASTRONAUTICS

4.8>p> 1.94

pn=p-1.69 X 107 +2.3886 X 10712640740
+4.977 X 107 p- 4.626 X 1082 +1.8014 X 1084
f=1.41449 x 107 +1.782 X 10°3T - 2.06908 X 101172
+1.86397 X 101413 - 8.1016 x 101814 +1.356 x 10721 T°
WHERE p =LB./FT.-SEC.
/i =LB./FT.-SEC. AT 1 ATMOSPHERE

p =PCF
SR=ROR!

(NASA-RECOMMENDED EQUATIONS)

25

26

27

28 29 30 31 32 33 34
TEMPERATURE (°R)

240

35

36

Figure 109. Viscosity of liquid hydrogen as a function of temperature.
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VISCOSITY (ONE-HUNDRED THOUSANDTHS OF LB./FT.-SEC.)
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2300> T > 0
45> p>0
R 1.0
p=p+ [1.814 45.016 p + 23.191 p2-2.207 p3 +0.487 p4 ] 108
* 7 -8 1132 ge
L =1.41449 X 107 +1.782 X 108T - 2.06908 X 10711 T
+1.86397 X 101413.8.1016%10718T4 +1.356 x 102175 0.6 ]
WHERE p=LB./FT.-SEC. \
*
K =LB./FT.-SEC. AT 1 ATM. 0.4
1,500 L~/
p = PCF
= 0.3 \
T =°R 7
i ATIONS BASED UPON LEONARD-JONES MO
(NASA-RECOMMENDED EQUATIONS) 15 SAEEUE S o Lo 02
°0\v A 2 Il a2
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Figure 110. Viscosity of hydrogen.

241



(444

*aanjeroduro} Jo uorjouny ® se uaSoapAy pmbif Jo UOTSUI) 2OBLING °“[TT 2andrd

(4,) TANLVIIINIL

8y 144 o¥ 9¢ (4 8z 44

SL

001

6¢ > (do) L >92
(%01 F) AOVENODV

194

oSt

SLT
N

(*Ld4/°971 40 SHLNOI'TTIN) NOISNIL IDVI¥NS

/ 00¢

¥, = L TUTHA
"Ld/8T .01 X (LS8'9 - §'66€) = NOISNIL AOVAUNS

(944

‘SIILNYNOYLSY | SOINYNAQ TvHINTD



GENERAL DYNAMICS | ASTRONAUTICS

Table XVIII. Sound velocity in ideal gaseous normal hydrogen as a function of
[

temperature.

TEMPERATURE VELOCITY TEMPERATURE VELOCITY
(°R) (FPS) (°R) (FPS)
36 1,216 100.8 2,032
39.6 1,276 104.4 2,067
43.2 1,332 108 2,102
46.8 1,387 117 2,184
50.4 1,439 126 2,262
54.0 1,490 135 2,335
57.6 1,539 144 2,405
61.2 1,586 153 2,471
64.8 1,632 162 2,534
68.4 1,677 171 2,594
72 1,720 180 2,651
75.6 1,763 270 3,147
79.2 1,804 360 3,573
82.8 1,844 450 3,963
86.4 1,884 540 4,324
90 1,922 720 4,984
93.6 1,960 900 5,568
97.2 1,996 1,080 6,096

NOTE: NASA-RECOMMENDED VALUES; REF, 11.
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Table XIX, Dielectric constant of liquid parahydrogen as a function of temperature
and pressure.

TEMPERATURE (°R)

PRESSURE (PSIA) 36 38 40 42 44 46 48 50 52 54 56 58

15 1.2294

20 1.2296 1.2249

30 1.2299 11,2253 1.2203

40 ©1,2302 1.2257 11,2207 1.2152

50 1.2305 1.2260 1.2211 1.2157 1.2097

60 1.2308 1.2263 1.2215 1.2161 1.2102 1.2036

70 1.2311 1.2267 1.2218 1.2166 1.2108 1.2043 1.1969

80 1,2314 1.2271 11,2222 1.2170 1.2113 1.2050 1.1977

90 1.2318 1.2274 1.2226 1.2175 1.2118 1.2056 1.1984 1.1901

100 1.2321 1.2277 1.2229 1.2179 1.2123 1.2062 1.1992 1.1910 1.1811

120 1.2327 1.2284 1.2237 1.2187 1.2132 1.2073 1.2005 1.1928 1.1836 1.1710

140 1.2332 1.2290 1.2244 1.2195 1.2142 1.2083 1.2018 1.1945 1.1858 1.1745

160 1.2338 1.2297 1.2251 11,2203 1.2151 1.2093 1.2030 1.1960 1.1877 1.1774 1.1635

180 1.2344 1.2303 1.2259 1.2211 1.2159 1.2103 1.2043 1.1974 1.1896 1.1800 1.1678

200 1.2349 1.2309 1.2265 1.2218 1.2168 1.2114 1,2055 1.1988 1.1913 1.1824 1.1714

250 1.2363 1.2323 1.2281 11,2237 1.2189 1.2137 1.2081 1.2019 1.1951 1.1873 1.1782 1.1671

300 1.2376 1.2338 1.2297 1.2254 1.2208 1.2158 1.2105 1.2048 1.1984 1.1915 1.1835 1.1742

350 1.2389 1.2352 1.2312 1.2271 1.2226 1.2178 1.2128 1.2073 1.2014 1.1951 1.1879 1.1797

400 1.2401 1.2365 1.2327 1.2286 1.2243 1.2197 1.2149 1.2097 1.2042 1.1982 1.1917 1.1843

450 1.2413 1.2377 1.2340 1.2301 1.2259 1.2215 1.2169 1.2119 1.2067 1.2010 1.1950 1.1882

500 1.2425 1.2390 1.2354 1.2315 1.2275 1.2233 1.2188 1.2140 1.2090 1.2036 11,1979 1.1918

600 1.2448 1.2414 1.2380 1.2343 1.2304 1.2264 1.2222 1.2178 1,2131 1.2082 1.2031 1.1977

700 1.2469 1.2437 1.2404 1.2368 1.2331 1.2293 1.2254 1.2212 1.2169 1.2124 1.2076 1.2026

800 1.2489 1.2458 1.2426 1.2392 1.2358 1.2321 1.2284 1.2244 1.2203 1.2160 1.2116 1.2070

900 1.2508 | 1.2478 1.2448 1.2415 1.2382 1.2346 1.2311 1.2273 1.2235 1.2194 1.2152 1.2109
1,000 1.2526 | 1.2497 1.2468 1.2437 1.2405 1.2370 1.2336 1.2300 1.2263 1.2225 1.2186 1.2145
1,250 1.2570 1. 1.2456 1.2425 1.2394 1.2361 1.2328 1.2293 1.2259 1.2222
1,500 1.2610 1.2585 1.2559 1.2532| 1.2504 1. 1.2446 1.2416 1.2385 1.2353 1.2321 1,2288
1,750 1.2648 1.2623 1.2599 1.2573 1.2546 1.2520 | 1.2492 1.2464 1.2435 1.2406 1.2376 1.2345
2,000 1.2682 1.2659 1.2636 1.2612 1.2586 1.2561 1.2534 1.2508 | 1.2481 1.2454 1.2425 1.2396
2,500 1.2744 1.2724 1.2703 1.2680 1.2658 1.2635 1.2612 1.2588 1.2563 1.2537 1.2512 [ 1.2487
3,000 1.2802 1.2783 1.2763 1.2743 1.2721 1.2700 1.2679 1.2656 1.2633 1.2610 1.2588 1.2564
3,500 1.2837 1.2817 1.2799 1.2779 1.2759 1.2738 1.2718 1.2697 1.2676 1.2653 1.2632
4,000 1.2867 1.2851 1.2832 1.2812 1.2793 1.2775 1.2754 1.2735 1.2713 1.2693
4,500 1.2899 1.2881 1.2862 1.2844 1.2826 1.2807 1.2789 1.2769 1.2749
5,000 1.2943 1.2925 1.2909 1.2892 1.2874 1.2855 1,2839 11,2820 1.2802

NOTES:

1. VALUES BELOW THE STEPPED LINE REPRESENT AN EXTRAPOLATION OF p WITH DENSITY.

2.
3.

NASA-RECOMMENDED VALUES.

SEE REF. 13.
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MOLE FRACTION OF HYDROGEN ATOMS
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Figure 112. Hydrogen dissociation as a function of temperature and pressure.

Table XX. Disgociation of hydrogen molecules as a function
of temperature at a pressure of one atmosphere.

DISSOCIATION CONSTANT

Ky
TEMPERATURE 2
(°R) (ATM) FRACTION DISSOCIATED
540 18.39 x 102 21.44 x107°"
900 4.939 x 10~ 3.514 x 1021
1,800 5.174 x10™ 18 1.137 x 107
2,700 3.100 x 100 8.675 x 1070
-6 -4
3,600 2.641 x 10 8.125 x 10
-2
5,400 2.480 x 10 0. 07850
7,200 2.5236 0.6220
9,000 41.038 0.9546
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Figure 113. Orthohydrogen/parahydrogen composition at equilibrium as
a function of temperature.
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14.4 THERMAL PROPERTIES

1

Thermal properties of hydrogen are presented in Tables XXI (Ref. 2), XXII, and XXIII
(Ref. 20), and in Figures 114 through 133.

Table XXI. Heat of dissociation of hydrogen for the reaction Hy < 2H.

TEMPERATURE p-Hy o-Hy n-Hy
(°R) (BTU/LB.) (BTU/LB.) (BTU/LB.)
0 92,172 91, 869 91,945
536.7 93, 022 93, 006 93, 009
Table XXII. Latent heat of fusion of solid hydrogen.
HEAT OF FUSION TEMPERATURE PRESSURE
(BTU/LB.) (°R) (PSIA)
n-H, 25.0 25.12 1.044 (Ref. 2)
p-H, 25.0g 24.92 1. 020 (Ref. 19)
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Table XXIII. Equations for computing thermal conductivity of normal parahydrogen.

NORMAL HYDROGEN (1280 > T > O)

- - - - -2 4 -2 5
k =k + 4.45096x 10 4, 4272438 %1070 + 7.6126 x10 2p 2 - 1.14346 x10 1 p° + 7.8859 x 107 © - 2.9826 x10 %,
+ 6.4055 x 105" - 7.3610 x 10747 + 3.5245 x 107%,8
- - - - 4 -
k* = 2.42596 x 10 r 110712 10772 + 5.1766x 107 11% — 9. 6663 x 10771 + 5.9265 x 107101
WHERE k - BTZU- FT. p = PCF
FT.“- HR. - °R T = °R
kx = —Bgﬁ— AT 1 ATM. n = NORMAL HYDROGEN
FT.” - HR. - °R
PARAHYDROGEN (1280 > T >0)
N <o, 556T - 169. 78) <_ 0.556T - 169. 78> )
; 6958. 5 - ) - 169.
69585 - {0.19457e ° [- 1.3606 + 4.4522 x 107 - (:556T - 169.78) ]

P
— =1+ 0.19457e¢
kn 615667

WHERE p

PARAHYDROGEN
T="°R
NORMAL & PARAHYDROGEN (2700 > T > 1280)

USE A LINEAR EXTRAPOLATION BETWEEN THE PREVIOUS EQUATIONS & THE FOLLOWING EQUATIONS.
NORMAL & PARAHYDROGEN (9000 >T > 2700)

k=A1e + A + AT

WHERE BTU - FT
e T = °R

2
FT. - HR. - °R

VALUE OF CONSTANTS Al THROUGH A5 AS A FUNCTION OF PRESSURE

PRESSURE
A
(ATM.) A Ay Ag Ay 5
-2 -4
0.1 6.56275 434.85 3233  17.687580 X 10 1.0527 x 10
-3 -4
0.5 5.8332 500.57 3556  8.82935 x 10 1.2858 x 10
-2 -4
1.0 5.47613 532.07 3716 -3.98893 x 10 1.4503 x 10
-2 -4
2.0 5.15876 587.36 3902 -1.05226 x10 1.3378 x 10
-2 -4
10.0 4.524739 732.61 4386  6.69821x 10 1.0611 x 10
50.0 3.86798 932.3 5001 9.99047x 1072 9.378 x10°
100.0 3.51094 1013.9 5268 9.95902 x10 2 9.39 x107°
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—\ n-H2
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p'Hz
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25.2< T(°R) < 36.7 5
110 a-H, Ly, =196.1 - 0.24 (0.556T - 16.6)

30.0< T(°R) < 36.7
P - H, Ly, =193.7-0.24 (0.556T-16.6)?
WHERE L, =BTU/LB.

T=°R

: |

70

LATENT HEAT OF VAPORIZATION, Ly (BTU/LB.)

24 28 32 36 40 44 48 52 56 60

TEMPERATURE (°R)

Figure 114. Latent heat of vaporization of liquid hydrogen as a function
of temperature.
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HEAT OF CONVERSION (BTU/LB.)
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Figure 115. Heat of conversion from normal hydrogen to parahydrogen.
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HEAT CAPACITY, C, (BTU/LB.-°R)
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Figure 116. Heat capacity of solid hydrogen as a function of temperature.

251

28



GENERAL DYNAMICS | ASTRONAUTICS

3.8

3.4 /
C,, VAPOR /

S // d
/ / C,, LIQUID
%

3.0

2.6 —

18 ,/
_— | —

N\

HEAT CAPACITY (BTU/LB.-°R)

Cv' LIQUID

1.4

1.0

24 28 32 36 40 44 48 52 56
TEMPERATURE (°R)

Figure 117. Heat capacity of liquid hydrogen and saturated vapor as a func-
tion of temperature.
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HEAT CAPACITY (BTU/LB.-°R)
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Figure 118. Heat capacity of hydrogen at low pressure, ov.
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.00
2.0 PSIA
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Figure 120. Heat capacity ratio (Cp/CV) of hydrogen as a function of
temperature and pressure, Cp/CV >1.4.
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HEAT CAPACITY RATIO (Cp/Cv)
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Figure 121. Heat capacity ratio (Cp/CV) of hydrogen as a function of

TEMPERATURE (°R)

temperature and pressure, Cp/CV <1l.4.
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NOTE:
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Figure 122. Heat capacity correction from normal hydrogen to parahydrogen.
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Figure 123. Thermal conductivity of liquid hydrogen as a function of temperature.
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Figure 124. Thermal conductivity of gaseous hydrogen at 14.7 psia as

a function of temperature.
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Figure 126. Temperature-entropy diagram for normal hydrogen (0° to 270°R).
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Figure 129, Temperature-entropy diagram for parahydrogen (36° to 180°R).
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Figure 132. Prandtl number of hydrogen as a function of temperature

and pressure.
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Figure 133. Prandtl number of hydrogen as a function of temperature
and pressure.
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14.5 NUCLEAR PROPERTIES

Nuclear properties of hydrogen are presented in Table XXIV (Ref. 39) and Figures
134 through 143.

Table XXIV, Isotopic mass.

NUCLIDE % NATURAL ABUNDANCE ISOTOPIC MASS

u! 99,9849 to 99.9861 1.008142
1
u2 0.0139 to 0.0151 2.014735
1
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Figure 134. Absorption cross-sections for hydrogen as a function of neutron energy.
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Figure 135. Total neutron cross-section of liquid normal and parahydrogen as a

function of neutron energy.
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Figure 136. Total neutron cross-sections for hydrogen as a function
of neutron energy.
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Figure 137. Total neutron cross-sections for hydrogen as a function of

neutron energy.
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Figure 138. Total neutron cross-section for hydrogen as a function of
neutron energy.
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Figure 139. Range of protons in hydrogen as a function of proton energy.
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Figure 141. Range of electrons and positrons in hydrogen as a function of energy.
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Figure 142. Energy loss of electrons and positrons in hydrogen, including den-
sity correction, as a function of energy.
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14.6 CONVERSION FACTORS
14.6.1 DENSITY
lg/cu.cm = 62.428 pcf

1lg/ml = 62.426 pcf

14.6.2 GAS CONSTANT. The following tabulation gives the values of R for molecu-
lar hydrogen for temperatures in degrees rankine:

PRESSURE
DENSITY ATM. KG/CM? MM HG PSI
g/cu.cm 22.6126 23.3639 17185. 6 332.316
mole/cu. cm 45.5871 47.1018 34646. 2 669. 950
mole/liter 0.0455858 0.0471005 34.6452 0.669928
pef 0.362216 0.374252 275. 284 5.32313
1b-mole/cu. ft. 0.730228 0. 754489 554.973 10.7314

14.6.3 HEAT UNITS

1]

1 cal 0.0039685 Btu

I

1 cal/gram 1.8 Btu/lIb.

0.8929 Btu/lb.
1 Btu/1b.°R

1 cal/mole of Hy

1 cal gram °K

1 cal/cm sec.°’K 241.9 Btu/hr.-ft.-°R
14.6.4 NUCLEAR UNITS

1 barn = 10724 sq.cm

cm?/g 0.5975 barns/atom (for hydrogen)
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14.6.5 PRESSURE

1 mm of Hg = 0.019337 psia

1 atm. = 14.696 psia

1 kg/cm? = 14.223 psia

1 atm. = 760 mm
14.6.6 TEMPERATURE

1I°K = 1.8°R
14.6.7 VELOCITY

1 m/sec. = 3.281 fps

14.6.8 VISCOSITY

6.7197 X 10~2 1b. /ft.-sec.

1 poise
14.6.9 VOLUME

3.53144 X 10~° cu. ft.

1 cu.cm =

1ml = 3.53154 x 107° cu.ft.

cu.cm -3

——— = 7.9456 X 1 .ft. /1b.

s 7.9456 X 107° cu.ft./lb. (for hydrogen)

14.6.10 WEIGHT

1 gram = 2.20462 x 1073 Ib.
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