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SUMMARY

The objectives of this program were (1) to determine analytically the
advantages of using solid oxygen for long-term storage compared to sub-
critical liquid and supercritical oxygen for space systems, and (2) to
determine the feasibility of transporiing oxygen from the solid state to a
condition suitable for breathing.

The analysis was made for two conditions of oxygen storage - with con-
tinuous use by crew members, and under conditions where oxygen is not being
continuously used during the storage period. Practical storage vessel designs
were selected for the study having supports to withaitand twe different G loads.
Both multilayer and multiple-shield insulations were used in the study.
Equations were developed to determine the initial storage system weight and
the oxygen supply duration as a function of the type of oxygen storage -
solid, saturated liquid, and supercritical fluid. Ia the case of continuous
use of the oxygen for space cabin rupply, the number of crew members and
cabin leakage were additional independent parameters. The equations were
programmed for thea IBM 360 and cases were run over a range »f potential space
missions conditions.

For the case of continuous consumption by crew members, the results
indicated that solid oxygen had a small performance advantage over the
presently used subcritical oxygen supply system. This advantage would be
nullified by the need for additional equipment to transport the solid oxygen
to a breathable state. In this application, thie need to draw off oxygen at a
given rate for crew ccnsumptior nullified the major advantage of solid orygen -
the greater heat absorbing capability of solid sxygen over the liquid and
supercritical state.

When the oxyger. was not being continuvously used to supply a space cabin
atmosphere for cr-w members, storage of oxygen in the solid state was found
to be significantiy better from a duration standpoint than storing the oxygen
as a saturated ligiid for a =vmercritical fluid. The gain is significant
enough to seriously consider solid oxygen in place of suberitical or super-
critical oxygen for long-term storage under these conditions. Oupercritical
oxygen was shown to be poor for long-term storage due to the lower specific
heat of the fluid in the sunercritical condition, The better performance of
solid oxygen, more than twice the storage life in this case, is due to tne
fact that advantage is taken of the heat of fusion, heats of transition, and
the additicnal sensible heat in solid uxygen to extend the ~torage life.

iii




Experimental studiass were conducted on transporting oxygen from the vacuum
storage condition to a condition suitable for breathing. Oxygen was solidified
for these experiments by cooling with solid nitrogen under vacuum conditiomns.
Two transport methods 'ere evaluated. One method was to adsorb the vapor
subliming from the so.id oxygen on molecular-csieve cryosorption pumps cooled
to liquid nitrogen temperature. After the pump is saturnted with oxygen vapor,
it is isoiated frcm the vacuum storage vessel and heated to de-adsorb the
oxygen into the space cabin atmusphere. The experiments showed that thic
method is feasible. Howevar, low vapor flow conductance and slow cryosorption
pump zooldown rates were encountered in the experimental work. Practicnl appli-
cation of this transport method to space systems will require system designs
that avoid these problems,

The other transport method which was experimentally evalusated was to
physically move a solid piece of oxygen frcm the vacuum storage vessel to the
space cabin atmosphere. An airlock system was used to maintain a vacuun in
the storage vessel during the transfer. During transfer, one valve is cpened
between the airlock chamber and the storage vessel. The solid oxygen block
is mechanically moved in.o the airlock chamber. When the valve is closed
between the airlock chamber and the storage vessel, and the valve opened
between the airlock chamber and the cabin atmosphere, the solid oxygen melts
and vaporizes into the cabin atmosphere. Initial transfer of the solid oxygen
was attempted by using a magnet since oxygen possesses paramagnetic properties.
Although the oxygen could be picked up and moved, these preliminary results
were inconclusive because of secondary adhesion effects due to the oxygen
freezing to the magnet. The so0lid oxygen block could be readily picked uz»
with a hook or with a magnet if a wire was frozen into the oxygen tlock.

There appeared tc be no problem in adapting this transport method to a space
system.

Storage of oxygen ir the solid form was shown to have significent advan-
tages over the liquid or supercritical fluid when the oxygen was cc¢nsumed only
intermittently. Transport of the solid oxygen in blocks through an airlock
valve was also found to be feasible. These methods could be used in a practical
oxygen storage system as an emergency or reserve supply or for extra-vehicular
ac dvities.
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SECTION I

INTRODUCTION

The sxygen c.orage and supply system is a critical component of a manned
space vehicle. The larger number of crew members now being considered for
advance space vehicles will impose severe requirements on the environmental
control system from the standpoint of reliable long-term storage of oxyeen.
Oxyren is conventionally stored as a liquid in either the subcritical or super-
critical conditions. However, velume storage capacity of oxygen can be reduced
if the oxygen is stored as a solid. Certain tenefits airpear to exist for solid
oxygen in terms of transporting oxygen under zero-G condition and for long-term
dead storage of oxygen.

Under the sponsorship of the Aerospace Medical Research Laboratories,
Aerojet-General has verformed a 10-month program encompasrsing both analytical
and exporimental tasks to evalu te the use of solid cxysen for the environment
oxyrgen supply of a manned space vehicle. This report represents the culmination
of the propram effort and contains the results of the analytical and experi-
mental studies. The information provided by this stirdy will allow the selection
of practical approaches for further study with respect to their application to
existing and future system reguirements.

PRCGRAM CBJsCTIVES
Analytical Study

The basic objective of the analytical tvdy was to evaluate the
storage capability of solid oxysen in comparison with storaee of oxymen in the
subcritical and supercritical condition. The comparison was to be made using
realistic cryorsenic storage vessels h~ving a range of insulition characteristics
and designed to survive hifh launch G-loads. Two storare conditions are of
interest for solid oxygen: (1) comparatively lone-term storage without using
the oxygen followed by a period of usace and (2) short-term stora e where the
oxy7en will be used for crew breathins as soon as the vehicle is in orbit. A
comparison of solid oxyren with subcritical and supercritical oxyger for these
two conditions is of interest. The evalu-tion of these analytical comparisons
will indicate the rractical awvplications of solil oxyren as well as the votential
fain in performance by usin: solid oxygen.

wxperimental Gtudy

The basic objective of the exrerimental rrorrar was to ‘emonstrate
the feasibility of transportine the oxypmer from tre solii storare conditions
to the conditions svitable for use by crew members, i.e., an oxyren pressure of
about 150 torr at ambicnt temperature. Two methods avpeared tc he of interest;
one method involves the adsorption and desorption of the oxyren vapor on an
adsorbent, and the second method involves the mechanical movement of the solid
oxyrsen through an airlock between the twc pressure and te-perature conditions.
The tests were directed toward establishins the feasibility of these methods
and obtaining data for a »reliminary evalu:tion of the rracticality of usine
these approaches in an operatins system.

1
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BACKGRCUND TECHNOLOGY

Solid cryogens have found many uses in advanced technology areas, primarily
for space and airborne applications. Many of these applications involve the use
of the cryogen for cooling (Plaks, 1966; Gross et al, 1962; and Gross et al,
1964). Slush or solid hydrogen have also been considered for improving prepel-
lant storage in hydrogen-fueled vehicles. The major factor involved in the
consideration of the solid phase is the fact that many problems associated with
storage of the liquid or gas can be avoided. These include liquid sloshing
durine vehicle maneuver, zero-G two-phase supply problems with subcritical liquid,
and high pressure tankage requirements for the supercritical liquid and gas
storage.

Solid storage of oxygen has not been extensively stu ied. However, con-
siderable work has been accomplished on solid storage of nitrogen, hydrogen,
methane, and neon. The technology developed from working with these cryogens is
directly aprlicable to solid oxygen. Of particular interest is that the tech-
nology of insulating and supporting cryorenic tanks is available to design a
thermally practical, solid-oxygen storage s,..cem.

The basic technology for preliminary evaluation of the solid oxygen storage
and supply system is available. The specitic problems in applying this tech-
nology to the solid oxygen system must be ascertained.




SECTION II

PROGRAM PLAN

The objectives of this program dictated that the analytical and experi-
mental parts of the program could be essentially independent of each other.
To assure that the analytical study would take advantage of any technology
developed in the experimental study, the analytical study was to start later
in the program with the experimental work on oxygen transport preceding the
analytical study. The general program schedule is shown in figure 1.

EXPERIMENTAL PLAN

The experimental effort was divided into two phases as shown in figure 1.
The initial phase involved the evaiuation of the adsorption-desorption method
of transporting oxyzen from a subliming vapor at low pressures and temperat-res
to a vapor under the pressure and temperature conditions of a space cabin., This
work was to take the form c® experiments to determine the feasibility of the
approach and to provide data to make a preliminary evaluation of the practic-
ability of the approach. Tests were planned in which the adsorption of oxygen
vapor subliming from solid oxygen would be demonstrated. Tests were also
plarned to provide the adsorption rate of cold oxygen vapor for various tempera-
tures of the cryosorption pump. The work was to be done on a laboratory scale
using solid nitrogen to prepare the solid oxygen.

The second phase of tihe experimental wcrk was to demonstrate the transport
of solid oxygen by mechanical transport from the low-pressure, low-temperature
storage area to a chamber where the oxygen could be transformed to a breathable
condition. The tests would disclose major problems ia this approach and, thereby,
provide preliminary information to indicate the best mechanical method to use.
This work was to be done on a laboratory scale using solid nitrogen to prepare
the solid oxygen.

From a temperature difference standpoint, the best method of solidifying
oxygen is with liquia heiium, However, liquid helium is expensive, and its use
becomes impractical for the scope of this feasibility program since the quanti-
ties of solid oxygen required could be prepared using solid nitrogen.

ANALYTICAL PLAN

The basic plan for the analytical phase of the program was to evaluate the
use of solid oxygen for arplication in manned space systems for storage and
supply of bresthable oxygen. The study was to evaluate the use of solid oxygen
to improve the storage life cf oxygen when it is not being consumed, as well as
the use of solid oxygen for storare and supply systems during centinucus use
by crew members, The application potential of soiid oxygen was to be developed
by comparison with the use of subcritical and supevrcritical oxygen storage.

The vork involved in the analytical phase wnuld initially require develop-
ing the analytical procedures and then programming these procedures for use on
the IBM 360 digital computer.
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The basis for the study was to be an oxygen storage vessel, thermally
insulated, and having thermal isolntion surports to handle realistic launch
G-loads. The insulation and support methods were to be considered for all
three oxyren storage methods (solid, subcritical, and supercritical) so that
comparison of optimum designs for each method can be made,

GENERAL OXYGEN PROPERTIES

The physical and thermodynumic properties of oxygen in the liquid and
s0lid state are important in developing the storage and transport systems
analytically, and for establishing the conditions that are used in the experi-
mental work. Data in the liquid and gaseous state is readily available in
the literature. Information on solid oxyeen, however, is not extensively
availnble., Froperties of solid oxyren given in Mullins et al (1965) were used
in this study since it was the most complete compiletion of soiid oxygen data
available in the literature. The vapor pressure of solid oxyren is shown in
fisure 2, and the specific heat of the solid oxygen is shown in figure 3.
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EXPERIMENTAL STUDY

OXYGEN TRANSPORT BY TYE ADSCRPTION METHOD
Solid Oxygen Sublimation Labo: .tory Tests

The purpcse of the initiel t sts was to determine important
rarvameters involved in the transport cf oxygen from a stored solid to a
breathable =tate by the use of mclecular sieve adsorbents that have been
60 ed to terperatures obtainable by passive radiation to space.

Test Apparatus

The basic arrangement for this first experimental test
is shown schematically in figure 4, and the working vessel for preparing
and storing the solid oxygen is shown schematically in figure 5, A
photograph of the compleve test 3ystem for transport b, adsorbents is
shown in figure 6.

The working vessel consistis of a doutble-wall contairer
with associated filling and evacuation lines, a pressure sensing tube,
and an evacuation line leading into the space between the double walls.
The space between the double walls can be evacuated to provide ar insu-
lation space or filled with helium gas to serve as a2 thermal conductor.
The pressure sensing tube from the oxygen container was connected to a
pressure gauge to indicate the state of the oxygen.

The crycsorption pump provides a lcw pressure over
the stored oxyzen and acts as a colilector and pressure raising device
for the subliming oxygen. Valves are provided so that the pumps can te
alternately and sequentially removed from the low-temperature bath for
measurement of the amount of oxyger. evolved at a breathable pressure.
By using three cryosorpntion pumps, this can be done on a continuous
basis.

The gaseous oxygen de-absorbed from the cryosorption
punps by heatirg was condensed and measured. This was done in the
collection and measuring apparatus shown in figure 6. Condensing was
accomplished by surrcunding the oxyger collection tube with liquid
nitrogen. The amount transferred wze determined by measuring the level
of the liquified oxygen with a cathetometer.

Test Operations
Procedure

The procedure for operaticn of the test system
was as follows (see tigure 4):
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1. The test Dewar is pertially filled with liquid
nitrogen.

2. The space between the double walls of the work-
ing vessel is evacuated, and the working vessel and Dewar cover are
installed in the test Dewar.

3. The inner container of the working vessel is
filled with liquid oxygen and the fill line sealed.

4. The space between the double walls of the work-
ing vessel is filled with helium that provides a thermal conduction path
and allows the liquid oxygen to cool to the liquid nitrogen temperature.

a 5. Vacuum pumping reduces the pressure in the test
Dewar, causing the nitrogen to solidify ana cool to temperatures of about
48 to 50K.

6. The solid nitrcgen then cools the liquid oxygen
thrcugh the helium space to a temperature where it solidified (54.36K).

7. After the oxygen is solidified, the helium is
evacuated from between the double walls of the working vessel, and the
s0lid oxygen, under vacuum storage conditions, is now available for the
adsorption experiments.

8. The cryosorption pumps are then cooled and con-
nected in sequence to the solid oxygen storage container. The pumps are
allowed to adsorb the sublimed oxygen at a pressure of 1.14 torr or less.
After adsorption on a pump is completed, the pump is isolated from the
s0lid oxygen container by means of valves, and the pump is warmed to
deadsorb the oxygen at a considerably higher pressure than the vapor
pressure of the solid. The deadsorpticn pressure was 150 torr for
these tests (the vapor pressure of oxygen at 77K) .

Shakedown Operation

Initial operations with the test system dis-
closed two areas in the test apparatus requiring modifications.

First of all, the solid nitrogen in the test
Dewar surroundi.g the working vessel could not be cooled by vacuum
pumping to a temperature sufficiently low to solidify the oxygen using
the existing equipment. The lowest temperature that can be achieved
by vacuum pumping over a solid such as nitrogen is a function of its
evaporation rate. To lower the sublimation temperature of the solid
the vacuum pumping system should be incizased in size, and/or the heat
leak into the vessel reduced. The system was modified by increasing
the capacity of the vacuum pump from 14.2 to 38 liters per second, and
a low-emissivity shield was placed between the surface of the nitrogen




and the cover of the test Dewar. These modifications increased the
evaporation rate and reduced tie heat leak rate to the point where a
nitrogen temperature of 50K was obtained as shown by the pressure
measured over it of 3 torr. This temperature is sufficiently lower
than the 54.36K required for solidifying oxygen.

The second problem was that the nxygen in
the inner container of the working vessel would not solidify in a
reasonable length of time when the sc¢lid nitrogen temperature was
around 50K. The heat transfer rate between the solid nitrogen and
the oxygen was not suffic.ent. The two major causes of a low heat-
transfer rate are the thermal resistance of the helium transfer gas
and the thermal resistance of the gap created by the solidifying
nitrogen.

To evaluate the cause of the heat transfer
problem, a special test was conducted using liquid nitrogen in the
inner container of the working vessel where oxygen is normally con-
tained. The test Dewar was charged with about 75 liters of liquid
nitrogen and the inner container was loaded with 0.88 liters of liquid
nitrogen. The intermediate volume between the two_ nitrogen areas was
filled with helium gas at a pressmre of 1.06 kg/cm absolute. The test
Dewar containing the 75 liters of liquid nitrogen was then evacuated by
connecting it to the vacuum pumps.

Figure 7 shows the temperatures observed in the
test apparatus from the vapor pressure measurements in each nitrogen
container. 'The pump-down curve for the evacuated nitrogen in the test
Dewar is shown as curve II. The section of this curve from "a" to "b"
shows nitrogen as a liquid; from "b" to "c¢" the nitrogen is solidifying,
and from "c¢" to "d" the nitrogen is a solid and continues to drop in
temperature with contirued vumping. Curve I in figure 7 shows the tem-
peratures during cool-dowi: o. the nitrogen in the inner container, and
curve III shows the heat transfer rate between the nitrogen in the inner
container and the nitrogen in the test Dewar as calculated froem the
temperatures and the prop.rties of the materials. It is apparent from
curve III that the rate of heat transfer decreases appreciably after the
nitrogen in the Dewar solidifies, approaching 15 calories per minute
after two hours. To determine whether the unexpected heat transfer
resistance was through the helium gas or in the nitrogen, calculations
were made. The heat transfer through the helium gas was over 30 calories
per mi te by conduction alone, and therefore the helium was not the source
of the .nermal resistance. The calculations indicated that a gap between
the so0lid nitrogen and the inner container of about 0.01 cm would give a
heat transfer rate of 15 calories per minute. Therefore, the reason for
the high heat transfer resistance between the solid nitrogen and the
inner container was the presence of a gap at this interface caused by
the subliming nitrogen. To solve this problem by reducing the effects
of gap resistance, copper conduction strips were attached to the bottom
of the working vessel and extended into the solid nitrogen area in the
test Dewar. A sketch of this modification is shown in figure 8. The
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tests described in the next section indicated that these problems
were satisfactorily solved by the modifizations that were made.

Test Runs

Two test runs were made in which solid oxycen
was prepared in the working vessel and the subliming vapors collected
on the cryosorption pumps. The oxygen in the pump was driven off by
heating the pump. The amount of oxygen collected in the pumps was
measured by condensing the vapors in a calibrated glass tube immersed
in liquid n'trogen and determining the liquid level with a cathetometer.

Test Run No. 1

The test Dewar was filled with liquid
nitrogen. Oxygen from a gas bottle flowed through a coil immersed in
liquid nitrogen, where it was liquefied, and then it passed into the
inner container of the working vessel. Helium gas was added to the
space between the vessels to a pressure of one atmosphere. The test
Dewar with the liquid nitrogen was then connected to the vacuum pump
and evacuation started. Table I shows the pressures measured in the
nitrogen Dewar and oxygen container during pump-down.

The helium was pumped out from the space
between the solid cryogens to thermally isolate the solid oxygen, and
the cryosorption pump tests started. The pumps were connected to the
solid oxygen in sequence, and after disconnecting, they were allowed to
warm up. To accelerate the warm up of the pump, an electric neater was
inserted in the center cavity of the pump, isolated from the molecular
sieve by the casing. The oxygen was transferred to the measuring tubes
by using the pumps until the pressures in the test system indicated that
further transfer was impractical. The amount of gaseous oxygen trans-
ferred by the cryosorption pump in this test was about 3 cc in tune con-
densed liquid state.

Test Run No. 2

This test run was similar to No. 1 except
that the cryosorption pumps were more extensively activated to eliminate
all traces of moisture in the molecular sieve. Activation was accom-
plished by heating the pumps to 240C v~ier vacuum until the pressure on
an absolute pressure gauge read zero. .n this test, 10.0 cc of condensed
liquid oxygen were tranasferred to the 0.625 cm ID and 2.19 cm ID oxygen
measuring tubes as a gas.

Test Run No. 3
This test was a repeat of test run No. 2.
In this test, 20.0 cc of condensed oxygen were transferred by using all

thres oxvgen measuring tubes, the 0.625 cm ID, the 2.19 cm ID, anrd the
2.50 cu ID tubes.
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Test Results

The feasibility of trancjorting oxygen from
the subliming solidified state, occurring at 1.14 torr or less, to a
pressure sufficiently high to breathe was successfully demonstrated.
An approximate 200:1 compression of the ozygen vapor was acconplished
using thermal energy; no mechanical energy was used or required.

The rete of oxygen transport from the solidified
condition by means of a 5A type molecular sieve (synthetic zeolite-
calcium alumna silicate) was 0.0854 gram per minute for 0.725 kilogram
adsorbent at 77K. For one man, 0.785 gram per minute are required, and
the adsorbent weight requirement would be 6.7 kilograms.

Because the rate of oxygen transport was limited
by the flow conductance of the apparatus tubing and the valves, and
quantitative values obtained in these tests can not be considered
optimum. This factor dictated that tests should be conducted to spec-
ifically obtain quantitative data on the adsorption capabilities of
oxygen on the molecular sieve. This type of data would be useful in
developing the practicality of the cryosorption method of oxygen trans-
port. The next section desc-ibes the tests to obtain this date and the
results of the tests.

Cryosorption Pump Adscrption Latoratory Tests

The major factor determining the efficiency of the cryo-
sorrcion pump, oxygen transport system is ihe effectiveness of the adsor-
bent. The previnus tests provided preliminary data, but due to system
limitatione, the quantitative adsorption capzbilities of the adsorbents
could not be obtained. The tests described below were directed to obtain-
ing the amount of oxygen that can be adsorbed per unit weight of molecular
sieve at a given tempersture.

Test Apparatus

The test apparatus for thess experiments used ths cryo-
sorption pumps from the previous test (see figure 6). The oxygen cnl-
lection and measurement apparatus shown ip figure S5 was used for the
liquid oxyger supply and for measuring the quantity of orygen adsorbed
on the cryosorption pumps. The level of liquid o=ygen in the precis.on
bore tubes of the oxygen supply system was determined vy using a caileto-
meter. A schematic of the test arrangement is shown in figure 9.

Tegt Operations
Prior tc each test, the mcolecular sieve was activated

by heating to 477K for six hours while purging with dry nitrogen and
then vacuum pumping for cne hour at a pressure of 10 2 torr.
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The adsorption tests were conducted with the molecular
sieves st two temperature levels. A temperature of 195K was obtained by
submerging the cryosorption pump in a CO?—trichloroethylene bath, and a

temperature of 77K was obtuined by submerging the pump in a liqui? nitro-
gen bath. Three molecular sieves, designated 5K, 10X, and 13X, were
tested. These were standari molecular sieves as furnished by Linde and
bave 20 percent inert material as binder.

These tests were conducted in the following menner:

a. The cryosorption pump was submerged in the coolant
and the pump cooled to the test temperaturc level.

b. The glass Dewar flasks surrcunding the oxygen
supply tubes were filled with liquid nitrogen.

Ce Gaseous bottled oxygen was put into the oxygen
supply tubes snd condensed by the liquid nitrogen.

d. After the level of liquid oxygen was measured, the
valve between the oxygen supplr tube and the cryosorption pump was opened.

€. The pressure in the pump was measured with a pre-
cision Mcleod gage, and the liquid oxygen level was measured with a cathe-
tormeter at intervals during adsorption until equilibrium was achieved.

The initial tests indicated that this procedure was
suitable for obtaining the data necessary to generate the desired per-
formance. Each of the molecular sieves, type 5X (calcium alumina-sili-
cate), type 10X (crystalline alumina-silicate), and type 13X (sodium
alumina-silicate), was evaluated at temperatures of 195K and 77K. No
problens cccurred during the test operations.

Test Results

The results of the tests are presented in figure 10.
The fiist important f~ature nvted on the curves is the large difference
in the quantity of oxygen sdsorbed at the two temperature levels. This
points out the importance ¢f operating the cryosorption pumps at the
lowest possible temperature level during the adsorption phase of operation.

The curves in figure 10 show a significant difference
in performance of the three molecular sieves. The 10X type adsorbed
~zproximately 10 percent mcre oxygen than the 13X type and about 25 per-
cent mcre than the 5X type for a given pressure level at 77K. The 13X
molecular sieve performed very poorly at 195K compared to the other two
types. The quantity of oxygen adsorbed by the 13X sieve was almost neg-
ligible, although the 10X and 5X sieves orly adsorbed about 1 gram of
oxygen per 100 grams of adsorbent for these sieves at 77K.
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The data shown in figure 10 indicates that of the
three types tested the 10X molecular sieve is best suited for oxygen
adsorption. The isotherms in figure 10 include the adsorption capa-—
bility of the 10X sieve which should be used in the system study.

Figure 11 is a plot of the oxygen adsorption rate for the 10X molecular
sieve at 77K as determined from the test data. The information on the
1CX molecular sieve in figures 10 and 11 can be used for preliminary
performance evaluation of the cryosorption-pump, oxygen transport system.

Evaluation and Application of Results

The results obtained in these tests are suitable for pre-
liminary evaluation of the performance of the cryosorption pump. The
evaluaiion is limited to an operating tempervature level for adsorption
of 77K since only 77K and 195K temperature levels were evaluated in the
teats, and the latter iemperature level showed insignificant adsorption.

The information on the cryosorption pump perfcrmance that
would be required for the oxygen transport system study includes the
size of pump necessary for transporting a given amount of oxygen from
the subliming condition to a breathable state. In addition, the rates
of adsorption, deadsorption, and cool-down of the pump are necessary to
establish practicel cycling conditions and to determine the number of
cryosorption pumps required.

Using the data from figures 10 and 11 for the 10X molecular
sieve, the adsorption time required for various adsorbent weights can he
developed for a given oxygen transport rate. A cyclic process is nec-
essary for the cryosorpticn-pump transport method to maintain a constant
oxygen supply rate. One pump is deadsorbing oxygen to the crew compart-
mer.;t while the other pump is adsorbing the oxyger that is subliming from
the solid. The pumps are then switched over to the opposite process
when the adsorbing pump is loaded with oxygen. Given an oxygen surply
rate requiremen® of 2.26 kilograms per day, the cycle time and adsorbent
weight requiresents are shown in figure 12. This curve indicates that =
minimum adsorbent weight exists for a cycle time of € hours. Operation
with cycle times of less than 6 hours will result in less than optimum
capacity of oxygen adsorbed on the mclecular sieve (figure 11). With a
cycle time greater than 6 hours, the rate of oxygen adsorption beyond
the 6 hour period falls off as shown by figure 11, so that operation in
this region becomes less efficient. It should be pointed out that the
data in figure 1i was developed from one test and must be considered
preliminary. The weight of the molecular sieve for one cryosorption
pump is shown in figure 13 for various cycle times as a function of
oxygen flow rate.

The other information required to evaluate the performance
of the adsorbent transport system is the deadsorption rate of the
molecular sieve and the cool-down rate of the cryosorption pump after
it has been deadsorbed of oxygen =nd prior to the next adsorption cycle.
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The deadsorption of oxygen from the molecular sieve should be rapid at
room temperature since figure 10 indicates that the adsorbed amount of
oxygen in equilibrium with the 10X molecular sieve at 195K is almost
negligibvle., The cool-down rate of the cryosorption pump used in the

test was approximately determined from visual observations of the liquid
nitrogen bu*bling when the pump was immersed in liquid nitrogen for cool-
ing. The liquid nitrogen bubbling essentially stopped after 30 minutes
of immersion. A transient analysis for this annular sieve container >
gives a value of 45 minutes using a thermal diffusivity value of 9.29cm /hr,
and assuming that the thermal resistance between the pump and the coolant
is negligible. Since this is reasonably close for arproximate arnalysis,
the cool-down rates for cylindrical cryosorption pumps of different sizes
were calculated using these assumptions, and the results are shown in
figure 14. The molecular sieve requires long cool-down times, 6 hours
for a 0.5 kilogram cryosorption pump for example, and therefore, a three-
pump system would be necessary for oxygen transport. One cryosorption
pump is being cocled down, one pump is adsorbing oxygen, and one pump

is deadsorbing oxygen. Therefore, to obtain the basic molecular sieve
weigut of the cryosorption-pump, oxygen transport system, it is necessary
to multiply the weight in figure 13 by three for the three cryosorption
pumps.

The cool-down rate can be improved by filling the molecular
sieve with a material having high thermal conductivities, such as,
aluminum or copper wire mesh, or else strip finls could be used to
rapidly conduct the heat out of the adsorbent. These devices will
add tc the weight and the complexity of the structure. Further study
of these methods would be required to estabtlish the best method to use
arnd the penalty associated with the modification.

The system analysis conducted in the analytical study assumes
that the aasorption rate of oxygen on the molecular sieve dictates the
cycle time and that a three-pump system is required. These are reason-
able assuwaptions for a preliminary evaluation of the system, and further
experimental and analytical study would be required on the deadsorption
and cool-down pha<es for a complete system design study.

OXYGEN TRANSPORT BY MECHANICAL MANIPULATION
Laborstory Tests

The basic gcal of this experiment was to demonstrate the
feasibility of transporting solid oxygen by mechanical means from a
vacuum s*orage space to a pressurized area via an air lock. In this
latter condition, it would be available as breathing oxygen for crew
uce in a manned space vehicle and for extra-vehicular activity.
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Preliminary Experiment

While the basic test apparatus for conducting these
tests was being fabricated, a preliminary experiment was conducted with
glass vessels ?figure 15) to develop the method of preparing the solid
oxygen and to visually observe some operations of moving the solid
oxygen. Figures 16 and 17 show *the solid oxygen formed in this system.
The oxygen was condeased and cooled inside the inner vessel by the
liquid nitrogen surrounding it. The atmosphere over the liquid oxygen
was connected to a cryosorption pump which was cooled tc 77K. The
pressure over the oxygen was reduced to the point where the oxygen
solidified (1.14 torr).

Since oxygen is paramagnetic, an attempt was made to
pick up the solid oxygen with a magnet. As shown in figure 17, the
solid oxygen was picked up by the mnagnet, but it is suspected that a
major influence was played by the oxygen freezing on the magnet since
the magnet was initially warm. Th2 warm magnet melted & small amonnt
of solid oxygen in contact with it, and then, after the magnet became
cold, this liquid oxygen solidified on the magnet's surface.

The initial test apparatus was designed to solidify
the oxygen by having the cavity of liquid oxygen in contact with solid
nitrogen. When the pressure over the solid nitrogen is reduced below
1.14 torr, the temperature of the rnitrogen is below 54.36K, sufficient
to solidi 'v the oxygen. Solid oxygen was formed under these conditions
for the experiments after several modifications were made to the test
apparatus to achieve the required temperature and pressure conditiouns
in the oxygen. Initial tests with the system indicated a radiation
heat leak to the oxygen and a loss of good thermal contact between the
oxygen and the solid nitrogen when the nitrogen solidified. It was
also found that because of the large mass of solid nitrogen in the
system (figures 18 and 19a) and the limited pumping capacity of the
vacuum pump, it was difficult to reduce the vapor pressure over the
oxygen to the point where the oxygen would solidify (1.14 torr).

To resolve these protlems, modifications were made
to the system to reduce the mass of solid nitrogen used for cooling the
oxygen (figure 19). The goal was to get the vapor preusure over the
oxyren to below 1,14 torr while keeping its temperature belcow 54K. The
first modification used a Fiberglas plate (figure 19b) on wiich a copper
strip was mounted. Copper oxygen buckets and u container for N2 were

located on this strip. Cooling of the oxygen bucket: wus accomplished
by the s0lid nitrogen through the copper strip. This scheme made it
possible to obtain a low vapor pressure, approximately ! torr, over
the cvygen, but the radiation heat transfer tu the large coprer atrip
surface was too great to lower the oxygen temperature much below the
54K required. A small amount of soli!l oxygen was formed but coiasin-
tent formation of solid oxygen could not be accomplished.
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The oxygen bucket was then moved into closer contact
with the solid nitrogen as shown in figure 19c. Solid oxygen could be
readily formed with this arranrement, but the quantity was relatively
small and problems arose in removing the oxygen from the copper bucket.
Small wire forms inserted in the solid oxygen aided in lifting the
solid oxygen.

The configuration which was found most suitable is that
shown in figure 194, in which a glass oxygen bucket was used. A mixture
of molecular sieve and lead shot was added to the liguid nitrogen to
improve its operation by helping to maintain good thermal contact with
tne oxygen bucket. This system worked satisfactorily and solid oxygen
could be readily formed in the glass bucket for transport studies. The
complete final test system is shown in figures 20, 21, and 22.

Te:st Operations

Several methods of mechanically moving the solid oxygen
were attempted with this equipment. These involved picking up the solid
oxygen with a magnet and with hooks.

The use of & magnet for moving the solid rxygen has
merit in that on-and-off control can be obtained if the magnet is an
electromagnet. The initial attempts to 1lift solid oxygen using its
paramagnetic properties, discussed previously in the preliminary study
section, were inconclusive. Further tests were tried using the new
apparatus but with the same results. The solid oxygen could be lifted
with a magnet, but the ability to do so was so marginal that freezing
of the oxygen on the magnet probably was the primary mode of adhesion.
However, liTting the solid oxygen by using its paramagnetic properties
is not ruled out by these preliminary experiments. The experiments did
show that the problem is compiex. tronger magnets and better contact
of the surfaces between the oxygen and the magnet may be required.

The solid oxygen could be lifted with a magnet
indirectly by placing a small steel-wire coil in the oxygen prior tc
its freezing: the solid oxygen was easily lifted with the magnet iu a
similar manner so that proposed for the paramagnetic oxygen method.

The solid oxygen was also lifted as shown in figure
19¢ by using a fishhook in conjunction with a looped wire in the solid
oxygen. This method posed no problem manually but might be difficult
to set up for automatic operation.

The final method tried was to use a wire hook arrange-
ment submerged in the oxygen during the solidification phase. The full
amound of solid oxygen formeld in the vessel could be readily lifted out
of the glass tube by this method. Solid oxygen was lifted through an
air lock val-e by this method, as shown in figure 23. When the air lock
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Figure 22. Overall View of Solid Oxygen Mechanical Transport Test System
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Solid Oxygen in Pressure Chamber

Figure 23.
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valve is closed, the oxygen melts, evaporates, and is ready for breathing

under the pressure conditions existing in the area above the air lock
valve.

Liscussion of Test Results

Various methods of preparing and mechanically trans-
porting solid oxygen were studied. For economy, the preparation of solid
oxygen was restricted to using solid nitrogen as a coolant, although the
use of liquid helium or neon would be much more suitable in a practical
system. Mechanical methods coulc readily move the solid oxygen by using
a wire-hook lifting device with or without a wire coil in the solid
oxygen. The solid oxygen could be lifted with a magnet if a steel wire
coil wes located in the solid oxygen. Direct lifting cf solid oxygen
using the paramagnetic characteristics of solid oxygen was not con-
clusively demonstrated, and further study would be required in this area.
The practical application of these methods or similar methods of mechan-~
ically moving solid oxygen, must consider the overall requirements of
the oxygen supply systen.

Evaluation and Application of Results

The experirents demonstrated .hat solid oxygen can be trans-
ported frem a vacuum storage space to a chamber where it can be converted
into a breathable conditiorn. The solid oxyge" we3s was moved through an
air-lock valve and then isolated from the vacuum storage volume. This
method of orygen transport appears completely realistic, and the application
of the method should entail no major problems,

In the experimental test, the solid oxygen was moved through
the air-lock valve by manually lifting the oxygen solidified around a
wire hook. in electromagnet can be used to transport the oxygen mechan-
ically if a wire ccil is frozen into the oxygen when it is prepared. For
automatic operation with multiple trarsfers, the basic method tested
would be mcdified depending on the specific application requirements.
For example, ice-cube trays of solid oxygen cubes could be prepared with
wire coils frozen into each cube. An electromagnet pickup could then
attach itself to a cube when turned on, and the oxygen cube moved through
the air-lock valve. After the solid oxygen cube is in place, the electro-
nagnet is turned off releasing the cube and the cycle repeated as re-
quired. The actual method selected for a given npplication would be the
result of a study for the specific requirements of the arplication.

DISCUSSION OF EXPEVIKENTAL RESULTS

The experimental work has demonstrated the feasidility of trans-
porting oxygen from the solid state to a condition suitable for breathing
by two methods, the cryosorptior pump methed and the mechanical transport
method. Data was also obtained on the adsorption of oxygen on molecular

sieves for use in determining the size of cryosorption pumps required for
a practical systemn.
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The transport of oxygen involved no major problems. The greatest
difficulty in the experimental work was encountered in preparing the
solid oxygen using solid nitrogen as the coolant. This problcm would
not exist in any practical system since the oxygen could be solidified
with liquid helium or neon.

The practicality of these two methods for oxygen transport in any
given system will have to be developed. The major factor determining
the practicality or the adsorbent transport system for any given appli-
cation will be the size and weight of the system. In addition, the
modification ot the basic system to achieve fast cool-down rates will
further increase its weight and size. The major factor determining
the practicality of the mechanical transport method will be the capa-
bility to develop a mechanical system which can operate reliably und
which can orovide oxygen at a rate to meet the demand requirements.

The mechanical oxygen transfer system has the advantage of being
more versatile as well as being potentially simpler. Since the oxygen
is transferred as a solid, the volume being handled in the transfer is
small and small transfer passages can be designed into the system. The
adsorbent transfer method, on the other hand, requires lai ;e flow areas
because of the low gas pressure, and a practical system design using
the adsorbent method could be a problem for many requirements. The
solid transfer system could be used for space cabin oxygen, for sup-
plying oxygen for extra-vehicular activity, and for quick oxygen sup-
ply from a long-term storage container in an emergency.

The mechanical transfer system is therefore considered to be the
most promising of the two transfer methods examined. The design and
operation ~f¥ a breadboard test system involving this concept would be
the next step in the experimental evaluation of oxygen transport from
the storage state to a breathable state.
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CECTION IV

ANALYTICAL STUDY

OBJECTIVE

The objective of the analytical portion of the study was to perform
a parametric analysis of the storage of oxygen for breathing purposes in
spece. Oxygen stored as seclid, suberitical liquid, and supercritical
fluid was studied for comparing various storage performance parameters.

By starting with solidified oxygen, instead of the saturated liquid
for either the subcritical or supercritical storage systems, advantage
can be taken of the sensible heat capecity, heat of fusion, ard increased
dengity oi the solid to increase its storage life. This can be done for
the subcritical storage system by launchirg it as a solid and then allow-
ing it to liquefy after lcunch. Similarly to increace the storage life
of oxygen in a supercritical system, the storage Dewar would be initially
filled with solid oxygen which would first be allowed to liquefy after
which it would be allowed to change to the supercritical state.

In lieu of transformirg the coxygen, it can be maintained by sub-
liming it to space in the so.id state, from which condition it is trans-
ported to a breathatle condit. on. A combination of the two methods
investigated in the experimental study (transport by adsorbents and by
wecharical manipuiation) could be used to achieve maximum usage of the
solidified oxygen. An example vould be the case in which a portion of
the so0'id oxygern is sublimed to space prior to liquefaction. Instead
of wasting that part of the oxygesn which would be lost to space, it
cculd be sublimed tc adsorbents ‘hat would be used to raise its pressure
to a breathavle level,

apperdices I through V forrul:ite the weights, heat transfer, usage
rites, and mission length in terms »f the storage container geometry,
number of men, space cubin lenkape, aupport londing, and the oxygen
phase being untored. The formulitions were progrummed for the THM 360
digital computer :rd parametric duata were developed for the following
range ot input parnmeters:

. Number of men are 1 to 1', ench urings 1,193 kiloyrum/duy

Spiace cabin lenkawe i O to 1 kilopgrums of oxygarn per day
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. Extra-vehicular activities consider an airlock of 1.5 cubic
meters opened once per day for O to 100% of the mission days.
A cabin oxygen partial or total pressure of 150 to 250 torr
will be considered.

. Dynamic load placed upon titanium supports in storage Dewar,
during launch phase, varied from 10 G in one direction and
50 G in three directions. Titanium supports were loeded with
safety factor of 1.67 of the yield strength.

’ Oxygen container radius of 5 to 125 centimelers,

. Insuletion thickness of 0.5 to 10 centimeters for the
flexible multilayer insulation.

. Number of shields from C to 5 for the rigid radiation shield
insulation.

BACKGROUND TECHNICAL DATA

Seveiral important physical and thermodynamic properties of oxygen
must be determined to conduct the solid oxygen storage analytical study.
The required properties are the density of the various oxygen states,
heat of sublimation of the solid, heat of vaporization of liquid, and
the specific irternal energy of the various states,

Stewrt (1966) describes the thermodynamic properties of liquid
and gaseous oxygen for the temperature range of 65 K to 298 K and for a
pressure range of 0.02 to 340 atmospheres., Density, enthalpy, and inter-
nal energy data are also presented and heat of vaporization of the liquid
phase can be calculated by the difference in enthalpy of the gas and
liquid a% saturated conditions.

The density of various solid oxygen phuses is reported by Mullins,
et 51, (1965) and is reprrduced in table II of this report. Solid phase
I (43.8 K to the triple point! %as a density of 1,300 gm/cc, solid phase
II (23.8 12 43.8 K) has & density of 1.397 gmicc, and solid phase III
(0 to °3.8 K} hus a density of 1.461 gn/cc. There is a 7.5% increase in
density frem phase I to Ii and a 17.4% increase in density from phase II
to JITfor the solid. From Stewart (1966%, the density of liquid oxygen
at tne norm:l boiling point {50.15 K) is 1.1407 gm/cc. Thus in cooling
a fixed mas> of liquid exyge: 70 a so0lid at the triple point, the mass
increases in density by 13.9%. Cooling the liquid to a nolid at 30 K
=egulte in ' increane in density of ..0.4%, and cooling to = nelid ot O K,
an increase of .+, 1% ix renlized,

Heat ¢f sublimation of nolid oxywen and hest of vaporizmation of iiquic
oxyren for ¢ temperiature rarnge of 20 to 130 X were taken Urom the work of
Muilline, ef al, {195, and compnred with similur dita initi«lly salculated
for thir stidy £ the datu piven by Uteward (1960) at the levent tempera-
ture, 65 K, and heat caprcity dnta presented by Scott (1959) snd rerroduced
in table IIi of thisx report. The two sets of data ngree withi: u.35¢ which
is within the presented accuracies of experimentnl dats used in the work of
Mullins, et .1 {1965).




TABLE II

MOLAL VOLUMES AND DENSIIIES OF SOLID OXYGEN

Temperature range Molal volume Density
K cc/gm=-mol gm/ce Fhase
O0to5 21.9 1.4612 K or III
5 to 8 21.9 1.4612 A or III
8 to 23.781 21.9 1.4612 K or I1I
23.781 to 43.77° 22.9 1.3974 Per 11

43,772 to 54.

N

0
ro
~
N

o
~)

32 1.2998 Tor I

Data from: U. T, Gross et al {1962, pp. 126 - 134)




TABLE III

HEATS OF SUBLT#ATION AND VAPORIZATION FOR OXYGEN

_ ___ latent heat(®) La‘ent heat
Temperature ¥=sec
K ___ Cal/g-mol Me=_ g . il/e
100 1551.02 202.76 202.4 (b)
90.18(N.B.P.) 213.3 (t)
90 1631.25 213,25 213.5 (b)
80 1700.77 222.33 223.0 (b)
70 1763.44 230.5% 230.8 (b)
60 1822.50 238.25
54.352(a) 1855.20 242,52 241.50 (t)
54,352{a) 1961.50 256.4 255.50 (b)
52 1971.19 257.67
46 1995.58 260.87
43.772(a) 2004.70 262,06 261.21 (c)
43.772(a) 2182.30 285.28 284.473
40 2196.12 287,09
34 2207.94 288.53
30 2209. 28 288.80
28 2208.22 288,67 ,
23,781(a) 2202.56 287.93 287.15 {¢)
23.781(a) 2224.98 290, 8F 290.08 (c)
20 2:14,50 289,49

(a) Gross eu al (1964, pp 126-134)
(») Stewart (1366)
(e Calculated from data in Scott (1959) and (b)




The latent heat of sublimatiun and vaporization are plotted in
figure 24 as a function of temperature. Liquid data is from Stewart
(1966) and solid data ie from Mullins, et al (1965) along with the
cal:ulated data for this study. The heat of sublimation reaches a
maxiwum at 22.78K (Solid III) and decreases on further coolirg. For
the Solid II phase there is a maximum at approximately 30K, and cooling
the solid below 43.77K (Solid II) results in only a small increase (2%
maximum). However, the heat capacity (figure 3) from a low temperature,
say 12K,to 43.77K is 20% of the total heat capacity from a solid at 12K
to a liquid at the normal boiling point (90.18K).

STCRAGE SYSTEM DESIGN FOR TEE ANALYTICAL STUDY

A relatively simple Dewar configuration was selected for the analyt-
ical study. A cut-away view of the oxygen storage con.ainer is presented
in figure 25. The basic components of the storage container considered
in this study are:

. Inner container (spherical)

. Insulation (two vacuum types; multilayer and radiation shields)
. Outer container (vacuum jacket)

. Wire supports

With the vacuum region at approximately 10_'7 torr or lower, the outer
zontainer must support an external collapsing pressure, =nd the inner
container will aiways support a net positive internal pressure except

when the sclid oxygen is stored below a temperature of 30K. Hecwever,

both liquid and solid oxygen containers must be strong enough to withstand
an internal pressure of one atmosphere. For this study, the inner con-
tainer for the supercritical storage must be able t¢ withstand & wo<imum
pressure of 55 atmospheres.

The two insulations selected for this study are of the high-per-
formance type and require a high vacuum to fully develcp their low
heat-transfer properties. The flexible multilayer insulation consists
»f alternate layers of thin, aluminized pylar and a thin apacer aaterial.
The aluminized aylar can be coated on one or both side, making it a
highly reflecting radiation shield. A shield configuration of 80 layers
(mylar and spacer) per inch with a density of approximately 0.0933 gm/cm
was ugsed for this study. The thermal performance of this insulation is
presented in Appendix I.

3

The second insulation selected for this study consists of rigid
multiple racdiation shields, coated with a highly reflective metallic
material such as silver, aluminum, or gold on the shield base surface.
The base surface can ba metal sheets such as aluminum or magnesium or
they can be formed sheets of impregnated Fiberglas. Vacuum-deposited
gold (room temperature emissivity of 0.02) on both sides of 0.5 milli-

45




LATENT HEAT OF YAPORIZATION OR SUBLIMATION, JOULE/GRAM OR WATT-SECONDS/GRAM

300 T | I

STEWART (1966)

. (TR — — . — STEWART (1966) AND
T SCOTT (1959)

9 MULLINS ET AL (1965)

280

————-tb

260

240
20| SOLIONT | | j".' \
SOLIDII |

SOLIDT

jo—— LIQUID
200

18° -
\

160

T

0 20 40 60 80 100 129
TEMPERATURE, °K

Pigure 24. latent Hya’ of Vaporisation and Sublimation of
Oxygen as a Function of Temperature

46




Spherical Outer Contsiner
{Vacuum Jacket)

Vicuum Extension for Supports

Support

Insulstion and Vacuum Region

Spherical inner Container

Figure 25. Cut-Awey Viaw of the Oxygen Sworage Dewer-Anslyticel Stidy

47




meter thick alumirum shields was used for this study. The number of
shields is a variable in the study and the shields are separated by a
spacing of 0.5 cen:imeters. The container surfaces facing the shields
were also consider~di to have a similar gold coating to further increase
the insulation performance.

The supports for the inner container were selected for a combination
of low heat conduction and high s’rength to withstand the effects of acceler-
ation and shock loading during launch. Loadings on the oxygen (inner) con-
tainer of from 10 G in one directicn t¢ 0 G in three directions were
considered. The latier condition will give an 86.69 G-1l0oad on any singie
support wire that was the basis of the design analysis. Thecs values
are representative of what can be experienced by the inner container and
include any amplification by the supports and container (loaded) acting
as a "spring mass" system. Of course, with the greater G-loading,
supports with larger cross-sectional area will be required which would
consequently incur a higher heat conduction penalty.

The four supports are radial, high-strength, titanium alloy wires
that extend from the inner container through the outer container to the
corners of an imaginary tetrahedron which wouid circumscribe the cuter
container. Rigid tubes would ertend the vacuum jacket from the container
to the end of the supports and simultaneously act as legs for the whole
container. It was wecessary to make the supports long to reduce the
heat transfer to che order of magnitude of that through the insulation.
However, for some missions where the oxygen usage rate is high, shorter
supports and higher heat loads can be tolerated. When the oxygen is to
be stored for extended periods of time before usage, the minimum totsl
heat load is required.

Several items associated with actual oxygen storage hardware were
not considered in this analytical study. Some of these items with the
type of storage are:

. Heater (solid, liquid or supercritical)

.  Phase separator (liquid)

. Pressure regulator (supercritical)

. Heat exchanger for solidification (solid)

These items are low in weight compared to the overall aturage system, and
these weights are esssntially the same for all aystems. Therefore, neg-

lecting these weights in the analysis does not introduce a significant
error.




STORAGE OF OXYGEN WITH NO USAGE

Many potential applications exist for futiire storage of oxygen
for long periods of time without usage. Standby oxygen : vstems in
manned space systems could provide a practical means of eitending
oxygen supply as well as serving as an emergency oxygen supply source.
A standby oxygen supply on the lunar surface or in crbiting space
stations would allow the manned shuttle vehicle or manned transport
vehicle to carry #ith them only the oxygen necessary for the flight
phase. The oxygen supply system for extra-vehicular activities can
poesibly be made more practical if it is separated from the main oxygen
supply source serving the cabin atmosphere.

The various methods of storage of oxygen without usage have been
analytically evalugied. The discussion of the analysis and the results
of the analysis are :‘.ssented in this section.

Analytical Procadures

The basic procedure for analysis of the extended storage of
oxygen was to assume an initial starting condition of the oxygen and
then to determine the quantity and state of the fluid at various inter-
vals of time. The analyses were made for liquid oxygen, initially at
the triple point, and for solid »jxygen at various initial temperatures.

The heat leak into the liquid oxygsn containers was handled
in two ways;: in one case, oxygen was allowe’ to vent at one atmosphere
pressure, aud in the other case, the pressure was allowed to rise to
supercritical pressure conditions, 55 atmospheres, before venting. The
he it leak into the containers with solid oxygen was allowed to raise the
temperature or the solid through its sensible heat, and to change the
state of the oxygen through its transformation and melting phases. Sub-
limation occurred in some caces when the density decreased and a constant
volume of oxygen is to be maintained.

The study was made with diflerent size storage veasels which
have supports to handle tvo different launch G-loads of 10 G and 86.6 G.
The anrlyses also included the performance evaluation with a varying
nuzber of rigid radiation shields and with different thiclmesses of
multilayer insulation.

The equations that were used in this parasetric analysis are
doveloped in Apperdices B, D, and E. These equations were programmed in
PORTRAN IV for the IBM 360 computer, and cases were run over the range
of the parameter.

Results of the Analyses

The data froa the computer runs were plotted in various ways
to (a) provide working curves for determining storage time as a function
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of tank size, innulation design, and support requirements, and (b) to
compare the extended storage capsbilities of oxygen when stored initially
under different conditions .

The working cur.s. nre presented in figures 26 through 29 for
solid oxygen stored at 54.35K (triple point) and at 43.8K (transition
point between Phase I and Phase II). These curves show the storage time
as a function of inner container radius and Z G-loads. Figure 26 is for
flexible multilayer insulation of various thicknesses and figure 27 is
for different numbers of rigid radiation shields, both for the solid
oxygen stored at the triple point. Figures 28 and 29 are the same curves
as 26 and 27 respectively for solid oxygen stored at 43.8K.

The storage performance of these systems can best be compared
by normalizing the ocxygen in terms of the percentage of oxygen remeining
in the container after a given period of time. Figures 30 through 37
show this comparison for selected tank sizes, insulations, and G-loads.
A1l of the figures show the performance, or storsge capability of satu-
rated liauid oxygen for comparison. In addition, figures 30 and 31
show the storage capability of saturated liquid oxygen when it is allowed
to self-pressurize to a supercritical pressure of 55 atmcspheres before
venting.

Discussion of Results
The ircreased storage capacity when using solid oxygen is
clearly shown in these figures. For example, figure 31 shows that the
percentage of oxygen remaining after 250 days of storage (in the same
size tanks with equal insulation and G-loads) is as follows:

Relative Weight of Oxygen »

Initial Orygen Condition Regaining after 250 days Storage
Solid oxygen @ 12K 100%
Solid oxygen @ 43.8K 86%
Solid oxygen @ 54.36K (triple point) 58%
Saturated liquid oxygen @ 90.18K 14%

(vented at 1 atm

Saturated liquid oxygen € 50. 8K 7%
(vented at 55 atam)

* Neference weight is saturated liquid ..iygen at 90.13K, 95% full.
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RELATIVE WEIGHT OF OXYGEN IN DEWAR,
(122.0 KILOGRAMS OF SATURATED LIGUID OXYGEN AT 90.18 K=1.000)

1.4

INITIAL CONDITIONS 1. SATURATED LIQUID OXYGEN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 K, 95 PERCENT FULL

3. SOLID OXYGEN INITIALLY AT 43.8 K
(PHASE 1), 95 PERCENT FULL

4. SOLID OXYGEN INITIALLY AT 12 K
(PHASE D, 95 PERCENT FULL AT 43.8 K

NN

o A

0 40 80 120 160 200 240

TIME, DAYS

Figure 32. Comparisor ot Solid as a Punction of Liquid Oxygen
Storage Times, Flexibie Multilayer Insulation

Rj = 30 CH, TIHS = 1.0 CH, 86.6 G's
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INITIAL CONDITIONS
1. SATURATED LIQUID OXYGEN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 K, 95 PERCENT FULL

3. SOLID OXYGEN INITIALLY AT 43.8 K
(PHASE ID, 95 PERCENT FULL

SOLID OXYGEN INITIALLY AT 12 K
(PHASE D, 95 PERCENT FULL AT 43.8 K

N AN
200 240 280 320 360 400 440 480 520
TIME, DAYS

Figure 33. Comparison of Soliu as a Function of Liquid Oxygen
Storacse Times, Flexible Multilayer Insulation

- - ]
Rj = 70 CK, TINS = 1.0 CM, £6.6 G's
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RELATIVE WEIGHT OF OXYGE) IN DEWAR,
(122.6 KILOGRAMS OF SATURATED LIQUID OXY.F'. AT 90.18 K= 1,000)

-
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INITIAL CONDITIONS

1. SATURATED LIQUID OX'YGEN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 K, 95 PERCENT FULL

3. SOLID OXYGEN INITIALLY AT 43.8 K
(PHASE T1),95 PERCENT FULL

4, SOLID OXYGEN INITIALLY AT 12 K
A3\4 (PHASET), 95 PERCENT FULL AT 43.8 K

|
40 80 120 160 200
TIME, DAYS
Fi-wre "4, Comparison ol Solid as a Functicn of Liquil Oxygen

Storage Times, Rigid Shield Insulation
RJ =30 C4, N =0, B86.0 ('s
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RELATIVE WEIGHT OF OXYGEN IN DEWAR,

{122.6 KILOGRAMS OF SATURATED LIQUID OXYGEN AT

90.18 K=1,000)
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INITIAL CONDITIONS
1. SATURATED .iQUID OXYGEN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 K, 95 PERCENT FULL

3. SOLID OXYGEN INITIALLY AT 43.8 K
PHASE ] ), 95 PERCENT FULL

4. SOLID OXYGEN INITIALLY AT 12 K
(PHASED, 95 PERCENT FULL AT 43,8 K

1 \ 3 4
L \ \ \
40 80 120 160 200
TIME, DAYS
Figure %5. Comparison of Solid as a Fun.tion of Liquid Oxygen

Storage Times, Risid Shield Insulation

sz}OCH.N=O, 10 G's
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RELATIVE WEIGHT OF OXYGEN IN DEWAR,
(122.6 KILOGRAMS OF SATURATED LIQUID OXYGEN AT 90.18 K =1.,000)
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INITIAL CONDITIONS

1. SATURATED LIQUID OXYGEN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 K, 95 PERCENT FULL

3. SOLID OXYGEN INITIALLY AT 43.8 K
(PHASE ID, 95 PERCENT FULL

A 3\g 4 SOLID OXYGEN INITIALLY AT 12 K
(PHASE 1), 95 PERCENT FULL AT 43.8 K

o

4
.6
4
'2
0 40 80 120 160 200
TIME, DAYS
Figure 36. Comparison of Solid as a Punction of Liquid Cxymen

Storage Times, Rigid Shield Insulation
Ry =30 cM, N 2, 86.6 G's
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INITIAL CONDITIONS
1. SATURATED LIQUID OXYGEWN AT 90.18 K,
95 PERCENT FULL

2. SOLID OXYGEN INITIALLY AT THE TRIPLE
POINT, 54.36 X, 95 PERCENT FULL

3. SOLID OXYGEN iNITIALLY AT 43.8 K
(PHASE 1D, 95 PERCENT FULL

4., SOLID OXYGEN INITIALLY AT 12 K
(PHASE 1), 95 PERCENT FULL AT 43.8 K

200 240 280 320 260 460 440 480
TIME, DAYS

Figure 37. Comparison of Solid as a Function of lLiquid Oxygen
Storage Times, Rigid Shield Iuoulation
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This same ratic of percent of oxygen remaining holds generalily for other
tank siges, insulation design, and load requirements at the maximum time
where the solid oxygen stored at 12 K has 100% of i%s oxygen remaining.

The ratio of improvement in storage capacity can provide a
guice for selection of the practical storage method for a given require-
ment. It is noted from figures 30 and 31 that the oxygen which is allowed
to go to supercritical pressure (55 atmospheres) before verting has better
storage life initially then for liquid oxygen vented at 1 atmosphere pres-
sure, but as the time is extended, the storage capacity drops below that
for the oxygen venting at atmospheric pressure. This is due to the vary-
ing thermodynamic proverties of the supercritical oxyger, primarily the
specific heat. The supercritical oxygen curves level ovut at a constant
stored amount, which is the condition where a gas exists at 55 atmospheres
under ambient temperature conditions and no further heat leak occurs.

Storage of oxygen initially as a solid at the triple point pro-
vides a major improvement wher compared to storage of oxygen as & sub-
critical liquid. This is show: by figure 30 where the oxygen stored as
a solid at the triple point ciu be stored for over 50 days without loss
compared to twelve days for the supercritical liquid and zero days for
the subcritical liguid (oxygen is vented immediately). The ground .. jpara-
tion of triple-point solid oxygen i: not difficult using liquid hejia» or
neon as a coolant,

Another major step in improving the storage capabilities can
be achieved by cooling the sr'id oxygen to a temperature of 43.8 K. Con-
sistent with the discussion avove, s0lid oxygen stored at 43.8 K (below
the Phase I/Phase II transition point) will remsin for about 78 days cca-
pared to the 50 days fer the triple-point solid. This is due to the fact
that the latent heat of the transition from Phase I to Phase II of the
solid is actually greater than the latent heat of fusion. The ground
preparation of solid oxygen at 43.8 K should pose no major problem using
liquid helium or neon as the coolant.

Storage life can be further improved by storing the solid at
12 ¥. This extends the 3storage life bofore loss of oxygen to about 92 “.ys
comzared te the 78 days for the 43%.8 K so0lid. This last gain, however, is
ob.ained by reducing the s0lid temperature to 12 K which can be =ccomnlished
by using liquid helium to prepare the solid oxygen.

In summary, the longth of oxygen storege life can be substan~
tially improved by initially atoring the oxygen as a solid. The lower
the initial storage temperature of thz solid oxygen, the longer the
sturage life will be. The most practical initisl temperature for storage
of so0lid oxygen is 43.8 X, just below the Phase I-Phase Il transition.
At this point, 85% of the potential =torage capebility of the solid is
available. To achieve the remaining 15% storage capedility requires cool-
ing down to around 12 K, which would be more difficult than cooling to 43.8 K
and which would require a more sophirticated internal heat sxchunger und
large quantities of liquid helium.
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STORAGE OF OXYGEN WITH USAGE

In lieu of transforming the solid oxygen to either the liquid
state or the supercritical state, it can be maintesined as a solid by
subliming it to space. Upon demand, oxygen can be transported to a
breathable condition by raising the pressure and “smperature of the
vapor which has been sublimed from the solid state., The pressure may
be raised by the use of adsorbents such as used in experimental portion
of tL. 1 study, or discrete units of the sclid oxygen can be mechanically
moved to a place outside the storage container to allow controlled melt-
ing and vaporization. The subject of this section is the comparison
of s80lid storage with liquid and supercritical storage where the solid
is delivered io the breathable state by sublimation and raising the
pressure by adsorbents.

The choice of method for using solid oxygen for respiration in
space depends on the following independent parameters:

. Mission Length

. Number of Men

. Space Cabin Leakage

. Extra-Vehicular Activities

In addition, the following perameters, among others, must be
considered: weight and size constraints, power limitations, and the
launch environment to which the oxygen system shall be sub;ccted.
Idealliy, the heat will transfer into the container at a rate just
sufficient to supply the required oxygen for breathing, cabin leakage,
etc,, in order to minimize the power requirements., The cold oxygen
vapor leaving the container (either solid, liquid or supercritical)
can Le raised to the cabin temperature by circulating through a heat
exchanger with cabin air on the "hot" side of the exchanger. Since
the cabin must be air-conditioned, this procedure also results in a
power sairings,

Analytical Procedure
A heat transfer analysis wes first made to develop the
equations describing the heat leakage intu the container configuration

deacribed in Section 111, Subsection titled, "Oxygen Transport by
Mechanical Manipulation". The heat transfer or "leakage" into the
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container sublimes solid, vaporizes liquid, or drives off surercritical
fluid in order to maintain a constant pressure. With a given initial
weight of oxygen a mission length for the container can be computed and
compared with the weight of oxygen required for a given number of men,
mission length, leakage, etc., to determine if oxygen must be "dumped"
(heat leak greater than usage requirements), or if external power is
required (heat leak less than usage requirements). If the result is
that oxygen must be "dumped," a better container with more insulation
and lower-conducting supports should be designed for the mission. If
the result is that power is required, the insulatior thickne_.s and/or
support length may be reduced to increuse the heat leak into the con-
tainer,

Results of Analysis

The parametric data developed for oxygen supply systems
which yield a continuous flow of vapor are presented in figures 38
through 48. These figures show the storage system weight and oxygen
weight as a function of missjion length, the nurLer of crew members,
and the amount of insulation on the storage vessel. Because of the
large number of variables involved in the analysis, curves are required
for some secondery factors (such as heat leak as a function of insulation
thickness and vessel radius) in order to fully develup the performance
characteristics of the storage systems. These curves are presented in
Appendix I.

Figures 38 through 40 present the weight of oxygen required
for a given mission length with the number of men using 1.13 kilograms
per day as a purameter. These figures also include onc kilogram per day
total leakage rate and no air lock usage. Superimposed upon these
figures ie the misoion length versus the weight of oxygen when the heat
supplied is equal to the heat transfer through the insulation and supports
(launch loadirg of 86.8 G); curves for various insulation thicknesses
are shown,

Figures 41 through 4% present similar results for a launch
loading of 10 G. Figures 38 and 41 are for solid storage, figures 39
and 40 are for liquid storage, and figures 40 and 43 are for supercritical
storage. The curves for the amount of the oxygen required per number of
mon are the same for the two figures because the same weight of oxygen
should give the same mission length for the equal usage,

65




-l

» mauacg

& o @ﬂﬂ@s

) S S - ranm
= NOTES: 1) Full Usage of Oxygan: Supplementary Hesting ————————— (Portion j! ~ l
L Required to Supply Vapor for Breathing. To the Left of any Deshed” i,
B {1 kg/Dey Leskage, 1.13 kg/Day/Man and No Curve) ’ I
Air-Lock Usege).
B 2) Oxygen Dumped Ovarboerd: Hest Input Through | —= ~~ —— ~—— (Portion ~— T~ —y—[
Insulstion end Supports is Grester than Required uny “Solid" [
- to Supply Vapor {Supports Designed for 86.6 G Turve] —V0 A —[HhH
Maximum). VPJ[ I
3+ 3} T, = Insulation Thickness of Flaxible Multilayer Type. =/ / ”’ ‘/
4) K = No. of Rigid Radistion Shields with Vacuum Deposited / Y
2 Gold (Also Goid Finish on Inner and outer Container). — - /A
| | V"/
| /
000 4/ ——/ —'l
9 ————— —A . i w——
: s AT
| 11 _14)
: pAV4 SRy all
A4 1y
. 4 // A y
. yAy.any’ I}_ /
E 4 / / /' I I /[l_/m.o
2 y—___g 74 ~+ T so_cm
o ' 1.0
3 AV ARD A ER S~
Pg A 1.4
5 4 Z /
L g — A /
| £ AV yd /
7/ / // /
1 / /
2 / / // 1/
/ /' L/
/ /
/
9 // //
s . I
? V4 L 1
6 / y 8 Year
717 , Motre
i A4 ko
/ ‘
3 Week
2
T Mion Lt Do,

10 2 3 4 5 8 728910 2 J 4 5 6789100 2 3 4 5 67 8891000

Figure 38. Required Initisl Oxygen Weight as a Function of Mission Length and Number
of Mer: and Hest Tranafer into the Containes for Solid Oxygen Storage

(2D

| V.



Oog 1 | (U N D A 1 B | I I 0 IS 4 I
8h- I I LR 1 1 1777 T 1/
7 b NOTES: 1) Full Usage of Oxygen: Supplomentary Hesting | ——————— {Portion 1
sl Required to Supply Vapor for Bresthing, To the Left of any ""Dashed” / / I .
(1 kg/Day Leakage, 1.13 kg/Day/Man and No Curve)
5 Alr-Lock Usage). l_]L
L
2) Oxygen Dumped Overboard: Heat Input Through —e e e == (POrtion / Y _I/
4 Insulation and Supports is Grester than Required Above any ““Solid”’ / /
to Supply Vepor {Supports Designed for 86.6 G Curve)
al- Maximum
3) Tim = |nsulation Thickness of Flexible Multilayer Type.
4) N = No. of Rigid Radiation Shields with Vacuum Deposited
2= Gold (Aiso Gold Finish on Inner and Cuter Container).
000
9
8
7
6
5
4
3
2} §’ '
§
AON
00 1~ g
9l & 4
8l- %
7L ©
6%
o &
Py /
|74
3 yil
i 1
/ L/ )
1/ . |
2 i/ /r 1 . Yoor
// Month Mcnths

\
N

N

~ P DN mOO

NN
N

g._"
<

Mimion Length, Deys

3 4 5 6 78910 2 3 4 5 6789100 2 3 4 5 6 78 91000

Figure 39. Required Initisl Oxygen Weight 8s 8 Function of Mission Length and Number
of Men snd Hest Transier into the Container for Liquid Oxygen Storage

.

-
o
~




10,000 FRoves 1T T T TTT1 — T T 17
8 | 1) Full Usage of Oxygen: Supplementary Heating —_—reee— (Portion
7t Required to Supply Vapor for Breathing. To the Left of Any “Dashed’ N 0
{1 kg/Day Leskege, 1.13 kg/Dsy/Man and No Curve) ) [_l
6  AirLock Usege). — - /
5 | 20 Oxygen Dumped Overbosrd: Heat Input Through | — —— —— — (Portion — _ﬁ_/.
Insulation snd Supports is Grester than Required Above any ““Solid” / / /
4 10 Supply Vepor (Supports Designed for 86.6 G Curve) / — t_
Maximum). / V
3k 3 Tlm = Insulstion Thickness of Flexible Multilayer Type. ’I yi
4) N = No. of Rigid Radistion Shields with Vecuum Deposited / / 7
2 Gold {Also Goid Finish on Inner and outer Contasiner). / | -l
1000
9
8
7
[}
6
4
3
2} E
§
Ao"
ol 2
‘ b
of §
8P x
71 ¢
6 % &
L3
2 /
4 / e’ Yoar
3 (R—
| / %
10 e
9 —1/
8
7 -
6 Week
‘ /]
4
3
2
|
1 I
ey Mimsion Length, Deys
L | — ' e ry
10 2 3 4 6 678910 2 k] 4 5 867 889100 2 3 4 5 87 891000

Figurs 40. Required Initisl Oxygen Weight as a Function of Mission Length snd Number
of Men and Hest Tranctor into the Contasiner for Supercritical Oxygen Storage

&8




10,000

j v . v Irrl | | S R N

4 I IR LR I T T TTTT AN
8 NOTES: 1) Full Usage of Oxygen:. Supplesmentary Heating ———————— (POrtion A l
11— Raquirad to Supply Vapor for Breathing. to the Laft of any “Dashed"”’ / Y/
86— (1 kg/Day Leakage, 1.13 kg/Day/Msn and No Curve) Y

Air-Lock Usage). ydy)
5 2) Oxygen Dumped Overbosrd: Heat input Through] —= = = —— (Portion / /,I
41— Insulation and Supports is Greater than Requirad Above any "Solid”’

to Supply Vepor (Supports Designed for 10.0 G Curve) / /

Maximum). / /
3 3) T, = Insulstion Thickness of Flexible Multilaver Type. .

£

N = No. of Rigid Radiation Shields with Vacuum Deposited / / /’
2 Gold (Also Gold Finish on Inner and Outer Container). . / /.'
4
L

|
i f
o yab’ ,/ AL
5 A4 aum
3 7 1 /
: — /] / / /. Z;
5 W18, LA | /

EN
N
N
N
N\

: 5 / I
2r g / /
= Ve / /
§° I 3 L’I cim
1o§ E g PV /[ 7 p / / L Insulation Thickness
a1 g /) ]I g /'/ y, / u.5'cm
6 t g ; / 4 "
i /l / 1 // A
4q v V

-

N | N
AN
\\\
AR

Yeer

Eor
i

+

2|
.:.,; |
1 Mrmion Longn. Owvt | |

1.0 2 3 4 5 6 T8¢8E0 2 3 4 5 6789100 2 3 4 5 67 8 91000

Figure 41. Reguired Initisl Oxygen Weight as 8 Function of Mission Length and Number
of Ms:: and Hest Trensfer into the Container for Solid Oxygen Storsge
(B




m_‘ L v LU LA LB B L L 1 T v r vriuver
: — NOTES: 1) Full Usage of Oxypen: S.pplementsry Hesting ——saeeeeeeen { PO LI ON ,
Required to Supply Vapor fcr Breathing. To the Left of any “’Dashed”’ [
T+ {1 kg/Day Leskage, 1.13 kg/Day/Man and No Curve) !
s Air-Lock Usege). ]~ e
51— 2) Oxygen Dumped Overboerd: Hest Input Through — e e e e {POYiON . /
Insuistion and Supports is Grester than Required Aboys any “Solid”’
Py 2 to Supply Vapor {Supports Designed for 10.0G Curve)
Maximum),
al- 3) Ting = Insulstion Thickness of Flexible Multilaysr Type.
4) N = No. of Rigid Radistion Shisids with Vacuu~ Deposited
Gold (Also Gold Finish on inner snd Outer Cc'.  .av).
2 ‘
[141) J
: Iy Ay 4
Number of /
7 Men = 15 / 4
6 L
. A
) /L. /
. // Y
2| E
< // //<‘ /
- 3
3 /]
] / l
[0 i /A s 2 M —t—
8 2 4 i
yd [ 1.0cm
s 7 2 ]
6 2 f
5 E § )4 / 0.5¢cm
. $ / 7/ R ﬂ, | / Insulation Thickness
3 /

/ 4 / o «j——

-

» ;v O NPOOO

N TR
N
\

w

S\

b d
'-.
-

N\

g-
N\

Mission Length, Deys
I e W

™~

~ - —

3 4 5 678910 2 k) 4 8 67869100 2 J 4 8 67 891000

Figure 42. Required initisl Oxygen Weight as a Function of Mission Length and Number
of Men and Hest Transfer into the Container for Liquid Oxygen Storege

-0




P

000
9
8 } noTES: ” /
7 [ 1) Full Usage of Oxygen: Suppiementary Hoating e e P OPLION ' [} l I
6t Required to Supply Vapor for Bresthing. To the Left of sny “'Dashed’’ 4t —t
(1 kg/Day Leakage, 1.13 kg/Day/Men and No Curve) y y/
B} Air-Lock Usege). 'n 7TA /
4 } 2) Oxygen Dumped Overboerd: Hest Input Through —— —— s e (POCLION 2
Insulation and Supports is Greater than Required ony "‘Solid” F
to Supply Vapor (Supports Designed for 10.0 G urve)
3F Maximum).
3 Ti". = |nsulation Thickness of Flexible Multilayer Type. /
2+ 4 N =No. of Rigid Radistion Shivids with Vacuum Deposited d
Gold {Also Gold Finish on Inner and Outer Container).
000
9 -
g A
7 =
] -
5 y—T—i
4
TE
2r 3
_.QN
z
100 - é
st &
8+ %
v 2
6 g
5
4
/7
y
3 -/
, /
10
9 pA
8 4
7 y4
6 / - l —
[} — Montins
7/
+ / ,
/ | Month r
3 P 1
/
2] /
1
Dey
]
Miesion Length, Deva J
Y A A i
10 2 k] 4 S5 6 789 2 3 4 5 678 9100 2 J 4 % 67 891000

Figure 43. Requirsd initisl Oxygen Weight s 8 Function of Mission Length and Number
of Men and MHest Transter into the Contsiner for Supertritical Oxygen Storage




MISSION LENGTH WITHOUT DUMPING, DAYS

600

500

400

300

200 ¢

100

NOTES: 1) USAGE RATE FOR ONE MAN AT 1.13 KG, ‘DAY

PLUS 1 KG/DAY LEAKAGE
2) 86.6 G MAXIMUM SUPPORT LOADING

ONE YEAR

s — . —— — — . s — —— s —— — s ——

LIQuID

SUPERCRITICAL
/_L/"/ﬂ

2 4 6 8 10
INSULATION THICKNESS, CM
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NOTES: 1) USAGE RATE FOR THREE MEN AT 1.13 KG/DAY/MAN

MISSION LENGTH WITHOUT DUMPING, DAYS

PLUS 1 KG/DAY LEAKAGE
2) 86.6 G'S MAXIMUM SUPPORT LOADING

3) "ZERO" INSULATION THICKNESS IS WITH
A GOLD COATED VACUUM DEWAR

600

500 }-

400

LiQuin
JNE YEAR

300

200

SUPERCRITICAL

100

1 1 1 t

0 2 4 6 8 10
INSULATION THICKNESS, CM

Figure 45,  Misvion Leax*h Without Dumpine Oxygen as n
Functicr of Ir:sulstior Thickreasz {(Three Men Uan,ce)




e =T

MISSICN LENGTH WITHOUT DUMPING, DAYS

700

600

500

400

NOTES: 1) USAGE RATE FOR SEVEN MEN AT 1.13 KG/DAY
PLUS 1 KG/DAY LEAKAGE

2) 86.6 G MAXIMUM SUPPORT LOADING

SOLID ’//”’////,—”/,,,4,,4—
/LIQUID

___________ OMEYEAR =
300
200 SUPERCRITICAL
100 -
0 2 T 6 8 10

INSULATION THICKNESS, CM

Figure 4b. Mission Length Without Dumping Oxygen as a

Munction of Insulation Thickness (Seven Men Usaxe)




10,000

RO o -1 7
[ 14 — /
[ I V/
/4 4
BOTES: 1) 1.13 KG/BAY USAGE CATE PER MAN y/. 1/
8 2) W0 LEAKAGE OR AR-LOCK USAGE 11/
P
WMl 4
W
1,000 1 F—— . T n
S EmesEEiliE i _
2
’:__—_;4 1T -t FFTEER ‘l//A ’ 5 —_—
) y/
N S| A4 ;%fL
/ 1%‘. Iﬂ

TOTAL WEIGHT thOT) XILOGRAMS
-t
8
g
]
N
NN
AN\
NN N
) AN
| i \\ !
: R \
| RN
|
“)
\S

A0 1 Tt

- L

! / . - - -+ - e e 1

/ ,,,,, 4- L 11 i
% !

[EUENG S T Y - — i

t—t—+
1B

|
t
!

|
i
3 4 S ¢t789%D 7 % & & 80 100 200 300 00
MISSION LENCTYN, CAYS

Figure 47. Total Weight as a Punction of Mission Length and
Number of Men (Insulation Thickness = 0.5 Centimeters,
FlexiLla Multilayer Type)

5




10,000

WOTES: 1 1.13 KG/DAY USAGE RATE PER MAR 17
2 NOLEANAGE ORAR-LOCKUSAE | 4

V4 /
1,000 /| 7/

/i
FWFTEEN MEN 74
y ' ]
2t /
/]
7 Z
] A/ sEven v
§ // /7/
2 4 /
3 100 NN
g s — —a
'g A ONE MAN
g V. —d e
2 7 T
v S T

~— =~ —— SUPERCRITICAL STORAGE
$OLI2 AND LIQUID STORAGE
SR G A A 00 BN 6 B ',"ff'

10|

-

P S S —_—p L

- —

R S - — ko

, I
1 i L J l
| R 3 20 30 & 0 8 120 200 300 400
ESSION LENG\N, DAYS

Pigure 48. Total Weight as a Punction of Mission Length and
Number of Men (Insulation Thicikness = 5.0 Centimeters,
Flexible Multilayer Type)

76




For supercritical oxygern storage (figures 40 and 43), the
"dashed" curves actually vary with time during the mission. This varia-
tion is caused by two factors: (1) the orygen temperature increases
continuously during supercritical storage due to the decreasing density
(¢ e figure 61 in Appendix II. The "dashed" curves of figures 40 and 43
are for the minimum (q/h) parameter of 73 watts per gram per second at
32.5 percent weight remaining in the Dewar and where the oxygen tempera-
ture is 158 K, The "dashed" curves should then represent an approximate
minimum mission length without having to dump oxygen overboard because the
heat transfer is greater than that required to supply oxygen.

A comparison of the performance curves for supercritical,
lignid and solid storage shows that the supercritical storage method
requires more insulation than the 1liquid or solid storage methods to
provide the same missicn length for the longer missions. Likewise, the
liquid storage method requires more insulation then the solid storage
method. Figur- +4, 45, and 46 present this comparison for the case where
the support loading is designed for 86,6 G and for missions for one-, three-,
and seven-man crews, respectively. These figures were drawn from the inter-
sections of the "dashed" and continuous curves of figures 38 through 40.
Similar ccmparison curves can be drawn for other crew sizes, leakages, and
support loading by using figures 38 through 43 as working curves.

Figures 47 and 45 present the total system weight including
insulation ard structure versus mission length comparing solid, liquid,
and supercritical oxygen storage, with the nuwber of men (1. 7, 15) as
a parameter. This type of data has beesn evaluated for different insulation
thicknesses ranging between 0.5 and 10 cm, as well as for rigid shield
insulation. The comparisons are shown for insulation thizknesses of 0.5
cm and 5 cm as representative of the results for total Lontainer weights.

Discussion of Results

The rezults presented in figures 38 through 43 show the regions
where heat nust be added to supply oxveen (to the left of the dotted curves),
and where heat transfer would be greater than required, and, consequently,
oxygen would have to be dumped overboard to maintain cabin pressure (along
dotted curves above any given solid curve). For instance, for three men,
the solid curve to the left of Point A on figure 38 represents mission
lengths where heat must be added to supply orygen when the insulation
thickness ic equal to 0.5 em., For an insulation thickness of 0.5 cm, the
weight of orygen required to supply a given mission length in excess of
133 daye ic given by values on the dashed curve above Poirnt A. More
oxygen is required in this case because oxygen usage does not keep pace




with the oxygen gereration rate and the excess must be dumped overbosard.
For instance, a mission length of 200 days would indicate a requirement for
1030 kilograms of oxygen when utilizing 0.5 cm of insulation. In order to
keep from dumping oxygen overboard for a given mission, the insulation
thickness must be increased, for instance, to Peint B with 2 cm of insula-
tion would yield approximately 350 days without dumping oxygen. For the
example of a 200 day mission, only 880 kilograms of oxygen are required
for 2.0 cm of insulation as compared to 1030 kilograms for 0.5 ecm.

Similar comparisons of the effect on insulations can be drawn for liquid
and supercritical storage presented in figures 39 and 40 and for missions
with the lower loading of 10 G on the supports.

A coxparison of mission length without having to dump oxygen
as a function of insulation thickness, storage method and the number of
men in the crew is presented in figures 44, 45, and 46. The results for
gzero insulation thickness is also for no shields and the inner and outer
containers coated with vacuum deposited gold. Several facts are shown
by these curves. First, ss the total usage rate iz increased (one man,
three men, and seven men) for a given required mission length, say, one
year, the required insulation thickness decreases significantly. For
instance, with the solid storage or. the three curves:

. one man requiren 8,7%-cm thick insulation
. three men require 2.4-cm thick insulation
. seven men require 0,9~cm thick insulation

The reason for this is that for the same mission length, a larger con-
tainer is required for larger usage rates and for spherical containers,
the weight of oxygen increases as the cube of the radius, and the heat
transfer increases only as the radius squared. Thus, for larger usage
rates, the insulation thickness can be decreased to provide tne rejuired
increase in heat transfer.

Sec~nd, solid oxygen provides a longer mission than either
liquid or supercritical storage in all regions oI parameters considered.
The relative performance of the three st-rage phuses does not change.
Thic is due primarily to solid cxygen's large= latent heat of sublimation.
By the same token, s0lid orygen requires more external power than the
liquid if the container heat transfer is lower than for the required
usage rate,




The comparison of storage :ontainer total weight (with oxygen)
is presented in figures 47 and 4€ for insulation thicknesses of 0.5 cm and
5.0 cm, respectively. There is negligible difference in liquid and solid
oxygen total storage container weight for the same missior length. Also,
the loaded supercritical storage container is heavier than both the solid
and liquid containers,

The results of t'ie analyses are significant in three respects:

1. A slight saving in total weight of less than 1% is
gained by using solid oxygen instead of liquid oxygen. This result does
not include the weight attributable to the peripheral equipment required
to maintain a low pressure over the solid.

2. There is, however, a significant reduction in the volume
of oxygen (14%) when utilizing a solid instead ox a Tiquié.

3. The advantages of a solid oxygen continuous supply system
over a liquid system are cutweighed by the consideration ihat additional
weight is required for pumps to maintain a low pressure over the solid.

SOLID OXYGEN STORAGE AND SUPPLY SYSTEMS

The analytical and experimental work described previously has shown
distinct advantages for considering the solid phase of oxygen for storage
and supply systems. A preliminary evaluation ¢f potential storage and
supply systems can be made from the data, In this section, three potential
gystems are described using the informution generated in the study.

Systews for Space Cabin Oxygen Supply

The analytical data presented in Section Il provides the
information for selection of the oxygen stcocrage system design as a function
of the number of crew members and the length of the miesion. The comparison
curves of figures 44, 45, and 46 show that the solid oxygen supply system
has no real advantage over the liquid oxygen system once oxygen is being
used by crew members. If solid oxygen is initially used at launch or
during space transport to a space station, then it could be supplied to
crew members either by transporting the solid sublimating vapors or by
melting the solid and using the vapors which are evaporated for the liquid.
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The supply of oxygen to the crew compariment from a subliming
solid would require the 3-pump systems shown in figure 49. To use this
system, an improvement in the cooldown rate of the cryosorption pumps
is required as noted in the discussion of the experimental study. The
weight of the cryosorption pump material is given in figure 13, for
example a 10-man crew would require a 1l4-kilogram pump, and for three
pumps, this would mean 42 kilograms for the total molecular sieve weight
in the system. Other system limitations must be considered in this
application such as the maximum rate of sublimation from the solid
oxygen surface shown in figure 50. From this curve the surface area
requirements for solid oxygen sublimation at the triple point and for
lower solid oxygen temperatures can be evaluated for a given application.
This minimum surface area requirement can be a serious limitation to the
use of the =clid subliming system for large nurber of crew members and
short mission durations (small supply tanks) when solid temperatures are
much below the triple point. The other potential problem in the system
design for this oxygen transport method is the flow area requirements
between the subliming solid and the cryosorption pumps. Figure 51 shows
that large flow areas are required even for short lengths, especially
for the lower temperature solid where vapor pressures are very low.

(see Dushman, 1962)

The liquid oxygen supply would be a coaventional system and
would be usable as scon as the solid oxygen in the tanks (if used for
launch and transport) is melted.

The solid oxygen supply system for crew cabin oxygen supply
has several sarious limitations due to maximum sublimation rates and low
conductance. Only triple-point oxygen should be considered for the cryo-
sorption transfer method 3ince no advantage is gained with lower tempera-
ture solid during use by crew members, JSince no real performance advantage
is gained in using the solid oxygen over the liquid oxygen during crew use
(excent for elimination of two-phase problems of the liquid), solid oxygen
should only be considered for special cases, One possible case is where
only intermittert use of oxygen from storage will occur, and good storage
characteristics are required between these phases of use,

Systems for Long-Term Storage

The analytical study indicated a major advantage of solid
oxygen over subcritical and supercritical oxyger for long-term storage
without usage., This is due to the heats of fusion and transition of the
80lid as well as *he sensible heat,
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During the phase transitions and melting of the solid, nu
loss of mass occurs, Since the s0lid has a greater density than liquid,
some oxygen must be vented off before the oxygen is melted. For greatest
storage effectiveness, this oxygen should be subliming to abaorb heat
leak thermsl energy rather than aliow it tc be lost as a liquid. There~
fore, suhblimation will occui to some extent during long-term storage. The
rate of sublimation in thic cige is only dictated by the heat leakage into
the storage vessel, and generally, the rate will be very smell. For example,
the rate of oxygen sublimation from a €0-cm radius spherical storage tank
with 6 cm of superinsulation at a solid temperature of ‘N K will be 65 grams
per day and will require 75 cml of oxygen surface area. The surface area of
the solid in this tank when 95% full is over 1000 cmz, and therefore the
surface sublimation limitation will not apply. However, the flow conductance
of the low-vapor-pressure vapor can be a limiting factor if the gas is to
flow a long distance (see Dushman, 1962). If the subliming vapor is to be
collected for use, then the vapor must be routed to a cryosorption pump;
otherwise, it would be rejected directly to space. An indication of this
flow resistance for subliming oxygen vapor is shown in figure 51, The
conduc tance must be critically examined for any specific system design to
assure satisfactory system operation during sublimation.

Long-term storage of oxygen can best be ~ccomplished by starting
with solid oxygen. The lower the initial temperature of the solid oxygen,
the longer the stcrage life will be. The system design for long~term storage
of oxygen will be simple, excspt where subliming vapors are to be recovered
and in some cases where subliming vapors are rejected to space. The complica-~
tions are encountered due to the low vapor pressurec where the restrictions
to sublimation and removal of the subliming vapors from the stc_ age tank can
become major factors in the systemdesign, an alternate, though less effective,
method can be used in which less so0lid oxygen is initially stored in the
vessel aad no sublimation of the solid occurs. In this case, all the heat
leak into the vessel is absorbed as sensible heat, transition heat, and
melting of the solid.

Systems for Extra-Vehicular Activity Supply

Certain future applications will require that a long-term storuage
system for oxyren be available and designed so thnt a certain miss of the
oxygen can be remeved for individual use for short periods of tire. FExtra-
vehicular nctivity from spiace stntions and search sctivitios on the lunar
surface are two posaible applications. For these requiremeunts, a soiid
atorage system with a mechanical transport system would be of interest.




The oxygen stored in solid form under vacuum will provide
long-term storage capability. If the oxygen is in the form of blocks,
mechanical removal of blocks of oxygen from the vacuum storage system
can be readily accomplished. This was demonstrated in the experimental
work conducted in this program. The blocks of oxygen can be remo7ed
through an air-lock valve into capsules where they can be liquidfied
for breathing purposes.

The system for solid oxysen removal bv mechanical methods will
require a development study to determine the most effective way of
acccmplishing the task, The experimental work in this program demonstrated
thet this could be done simply by lifting the solid oxyger through an
air-lock valve in a one-G field. OQperation of the system under zero=G
and during maneuvering of the vehic'e will require a different approach.

In any case, the air-lock valve is required *o maintain vacuum ccnditions
in the s80lid storage system during transfer.

The system of oxyger. storage and transfer for extra-vehicular
activity will consist of a simple storage system having an air-lock *ransfer
system., The specific des‘gn ol *he heat transfer s/stem can be estavlished
in a design and development program.
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SECTION V

CONCLUSTONS

The analysis has shown that solid oxygen can substantially extend the
storage time beyond that obtained under the subcritical and supercritical
storage conditions. 7The benefits are pgreat enough to seriously consider the
use of soliu oxygen storage for all space oxygen supply systems where long-term
storage of oxygen is a requirement,

The u~e of solid oxyeen in systems where the oxygen is continuously teing
used by crew members has only a small advanta-e over the use of subcritical
oxygen. Jome complic:tions are added to the oxygen transfer system when solid
oxygen is used since the oxygen vapor pressure must be raised to cabin pre-sure
eithe- by & cryosorption pump with vapor transport or by use of an airlock with
solid mechanical transport. The benefit to be gained by sclid oxygen in terms
of longer mission duration does not arpear to warrant the added complexity of
the transrer systen.

The benefit in extended storage time of so0lid can be of major importance
1. standby emergency sy-tems or cystems for extra-vehicular activity. The
solid extended storage systam combined with a mechanical transfer system to
brine oxyemen blocks through an airlock would provide a practical system for
these requirements.

The following specific conclusions can also be made.

. Jolid oxyegen transfer through ar airlock to z high-pressure area
can be accomplished with a mechanical transport system,

. Transport of sublimine oxysen varors ov cryvosorption pump to a
high-pre-sure area can bte accomplished, but vapor flow restrictions can seriously
limit the application to some systems,

. Moving solid oxyemen with a magnet using the paramarnetic properties
of oxyger does not appear practicz] {rom the preliminary work done in this study.

. The preparation o” sulid oxysen by using the coolins effect of solid
nitrogen ~an only be done on a smill scale by havine good heat transfer between
the nitropen and the oxyren, low heat leak into the oxyeen, and a =scod vacuum
pumrv to reduce the vapor pressure over the oxygen to around 1 torr.




SECTION VI

RECOMMENDATIONS

On the basis of the work conducted in %4his progra:' the following
recommendations can be made:

. The long-term storage of solid oxygen is substantially better
then for subcritical and supercritical liquid storage, and experimental
tests should be conducted cn & protetype storage system to substantiate
the storage capabilities and to ~valuate the system design requirements.

o Transport of solid ox«;en from the vacuum storage area to a
breathable state by mecharically tru “ferring oxygen blocks through an
air lock should be developed for fucure EVA and emergency oxygen supply
requirements,

e Before consideration is given to the use of subliming oxygen
vapor transport by cryosorption p.mps, system studies should be made to
assure that the low pressures of sublimation do not cause probleus in
system design to achieve adequate flow conductance. In addition, the
cool-down characteristics of molecular sieve mwaterial must be improved
to dev.Yop a practical cycle of operation.

L] Design study of specific application requirements should

be made to further define the suitability and »enefits of using =olid
oxygen in the srecific application in place of liquid oxygen.
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APPENDIX I

ANALYSIS OF HEAT TRANSFER TO THE STOREL OXYGEN

HEAT TRANSFER THROUGH THE INSULATION

The heat transfer thLrough the insulation will be calculated assuming
the temperatures and their gradients are steady (i.e., assuming that the
temperature changes are slow). For the s0lid and suberitical storage
methods, this assumption is wvalid; however, for the supercritical storage
method, the fluid temperature in the container increases during the thermal
pressurization. The C %% (heat capacity) of the inner container and insu-
lation for the supercritical storage method will be neglected. The magnitude
of this term can be checked once a usage rate (number of men) has been es-
tablished for a given size container.

The temperature of the inner container, Ti’ will be assumed to be
equal to the temperature of the stored oxygen. "The temperature of the
outer container, To’ will be assumed to be equal to the ambient temperature,
298K,

Flexible Multilayer Type of Insulation

The heat transfer through a layer of insuletion ir the form of
a spherical shell is given by

4Tk (r -1,)

ins "o i
" (1)

+t
ri ro

INS ~

where
QINS = Heat transfer into the oxyger by way of the flexible
multilayer insulaticn, watts
kins = Thermal conductivity of the insulatio-, w/cm K
ri = Inside radius of the inner container, cm
t = Wall thickness of the inner container, cm




ro = Inside radjus of the outer container, cm
'I'i = Temperature of the inner container, K
o = Temperature of the outer container, K

Figure 52 shows the geometry used in defining the parameters of equation (l).
The inner container wall thickness is given by

fP. r

. —id
t = 35 (2)
y
where
= Safety factor
P. = Internal pressure

Yield stress

™~
K

for the solid O2 and subcritical 02 storage and by

fP

- —k _
t-ri 1+S 1 (3)

for the supercritical 0. (higher pressure) storage. (see Appendix IV,
Analysis of Weights for Oxyzen Storage Systems).

The insulation the:mal conductivity is a function of the
temperature on each side. The ambient temperature will bs assumed to be
296 K, which will also be T . The oxygen temperature (and 7,) will depend
upon the method of oxygen storage. *

Solid O?: 12 K to 5:.3%6 K

Subcritical 0,: 90.1s K (1 atn)

Supercritical O_: 104.2 K (55 atm; initially 95% full
¢ of liquid at 1 atm) initially and
increasing with time (or amount of
fl?id remaining as shown in Appendix
v
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The laboratory measured thermel conductivity on flat samples is approxi-
mately 0.173 x 106 w/cm-K for temperatures at 77 K and 300 K.

For the insulation applied to a spherical container with overlapping and
penetrations, the value is approximately twice that of the laboratory value:
0.35 x 10-6 w/cm-K. Using a temverature variation for the thermal con-
ductivity given by Wang (1961), the relation to be used for this analysis is

!
- (T1+T2 T T\ [T 12 ° -6
k(T ,T.) = {0.0374 + 0.00n9 -] x 10 w/cm-K (4)
1’2 \ 100 100 [{ ;002

For T, = 77 K and T, = 298 K,

P4 T . V¢ [V

A2 - 2. _

5o =375 | 1] * g = 9475

x(77,298) = 1078 (0.14C3 + 0.2057) = 0.35 x 10~ w/cm-—K

At T. =T =298K

175
2
Tl_+_T_2. =5 96. 31— + ll_‘?_\ =17 764
100 35 1700 \ oo} .

%(298,298) = 10°° (0.223 + 0.675) = 0.848 x 10‘6w/cm-K

Multiplyirg Equation (4) by (T, - T2) gives

e o [n,)"

1

T € T 2
D0 - (o037 |{==] - =] | +0.0059]] =] - | x
. 100 100 | [_ 100, | T00 :
-4
107" (w/cm) (5)

Q0




For T, =298 K

1
(T1/100)2 - 8.8804 K°
(Tl/loo)2 - 78.8615 K°
So that
- 7 |2 o R I
k(T,298)(298-T) = [7.9741 - 0.374 (—133 - 0.059 {755] |x 10 w/cn (6)

The results of equation (6) for T from O K to 298 K are shown
plotted in figure 53. The parameter

(298 - T) k(T,298)

will be used in place of k, (To - T,) in equation (1) for computing the
heat transfer through the insulation,

Rigid-Radiation-Shield Insulation

The rigid radiation shields (shown in figure 52) will have a
spacing of x cm, Each shield will be made of aluvminum which is vacuum-
deposited with gold. Thus, each surface will have a low emittance and
high reflection. The use of "vapor-cooled" shields* will not be con-
sidered in this study. Since the temperature range under consideration
in this analysis is from ambient (298 K) down to cryogenic temperatures
(100 ¥ and lower) and the emissivity of vacuum-deposited gold varies con-
siderably with temperature (see figure 54), the radiation exchange factor
for two closely spaced surraces (shields)

-t (7)
Fij - L, L1

*Vapor-ccoled shields are where the vent tubing for the cryogen vapors
is coiled around each shicld and the exhaust vapors cool part of the
incoming heat.
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is not strictly valid (in this equation, € , and €, represent the emissivity
of surfaces i and j respectively). However, for enargy at any wavelength
A, the relation holds (see Eckert and Drake, 1959, pp. 403-404) such that

(8)

where
q = Heat flux transferred from surface i to surface j per
)~ unit increment of wavelength, w/cm2 -
E = Planck's blackbody radiation function with temperatures of

byi’ by
A A surfaces i and j, respectively

c, A5
ElbAi = fyﬁi—_l (9)

€ = Emissivity of surface i at the wavelength )L

= BEmissivity of surface j at the wavelength )L

The total heat transfer (q ) per unit surface avea is given
by summing equation (8) over all wavelengths as indicated below:

o [ oy A

or
E B ).
b/\; bai dA
qp 2,3, (10)
o €'X1 €AJ

9%




Multiplying the right side of equation (10) by €

glives Ai €A‘j/€/\_ i GAJ o

GA €

1 Ad

= — (E .- F )dA
eii’ke)u'e,\iﬁ\j\b/\l b A3

qT=

as 8 general relation.

In the problem with the vacuum deposited gold shields, €/\<<1 (eAﬁ' 0.02),
and € i € 3 can be neglected in comparison with € i + €y .. Also with
J

the gold finish, a type Hagen-Kubens equation (Dunkle, 1963) which is
modified to give the total hemispherical emissivity and fit experimental
data of figure 54.

P’

E:li = kr T) (12a)
o\
€ k=t (12v)
A A
where
k = A constant, 62.8 (u)%-ohm%-cm%
T
pi = Electrical resistivity of surface i
P—. = Electrical reaistivity of surface j
J

>
[}

Wavelength

Then subsatit.iting equations (12a) and (17t) inte equation (11) and
defining =¥ .:

TA

€ € kryp; p} \'%
—-Ai—-Ai A lapproximate, amall €/\) (13)

Foo- .
A G S VE WV
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and defining ;} i and J7 :

and
(e29)
- 1 —l A
= = E +.d
J‘J Cqp 4 [",\ b A3
k)
gives
9 Iy By - FyE
For the approximatekzx~in equation (13)
-— rn% F A 2’ -5 \
3 KTy l/pi Py (T ¢, (A1) GA T
T ﬂ j 6 c T,
chz * J (¢} Z(A
1 "——;-
.7 \VP
= r'y V =l
Fy - (14)
A
vhere
o
o O a adn aonsurenent
e = Gy E:- { ()‘Ti) 2 C T 20740 ¢ corrected for
J dAY
o e -1 gold

For gold (and most pure metals) pilow approximately 300 to 400 K, the

electrical resistivity is linear with temperature,

v )7‘
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where (( . is the absorptivity of a surface at tem;erature Ty of energy
from a raéiating sourca at temperature Tj (or vice versa). Both surfaces

9

radiate according to the Hagen-Ruben's Equation and ;J = j;ia T. Using
°

Kirchhoff's law and equation (12&)

%
~ p'|
.. = € = k [—ﬂ

)}J ){i r |

where(ji(]ij is the spectral varistion Ofcxij' By definition,

1

K c(,h*)'5
b R m

¢ /X2, dk‘j

ij
e J--1

1}
QY
e
L‘H
N
=]
-
~op
- [
S
]

° e J--1
or
2 5
K=k =2 11 = o014 o= [TT
1) r To i To i3

A similar aralysis shows €, = 0,74 ‘\”D/T P, . . Thus, whon T, = T,
i oo i i J

Ei.: Cxii sacisfying Kirchhoff's law for equilibrium.

Several sources of emissivity ani absorptivity data for geld
tre rlotted as a function c¢f temyerature from O to 300 K in figure 54, 7The
data for the measured absorptance was used in equation {16) for the solution
of the shield tempera’ures ard the heat transfer ty radiation through the

shields to the oxyger.
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| ' _ [8.02 R
3 O(ia. = (300) _"/Timj-o.em 10 TiTj

Equation (16) applies to any two adjacent shiclds and q
must be the same between each pair of adjacent shields. Likewise,
the same must be true between either container (also assumed to be
gold coated) to its adjacent shield, This condition is true for the
assumption of negligible heat conduction through insulation stand-offs
as in the present analysis,

_ \
% and equation (16) with Cxij = 0.667-10-4 TiTj becomes
i
4 1T 4.5 4 5]
Q.. = 0.667°1077 —=d— [T, **° _{7, * (18)
ij r—
vT, + /T,
i J
O..=Aq ., A =4TTR? (19)
1] J 1) J i

where Qij is the heat :ansier through the total area of the jtn shield, wattis
! A, is the area of the 5% shield, cn”
. ) .th .
Rj is the radius of *he j = shield, cm
and Rj is given by

| Rj = ri +t + jx

1O




where

r, = the inside radius of the inner ccntainer, cm
t = the thickness of the inner container, cm

J = the jth shield from the inner container

x = the shield spacing, cm

Equations (17), (18),and (19) were programmed on the IBM 360
digital computer for numerical solution by successive iterations on the
shield temperatures with the inner container temperature equal to the
stored oxygen temperature and the ou'er container temperature fixed at
the ambient temperature of 2¢8 K. Once the temperatures have converged
(in the computer Jrogram), the program compares the radiant heat transfer
through the shielaz. Solutiors were run for 0, 1, 2, 3, 4, and 5 shields
(N) and varying r, from 5 cm to 125 cm. The case of N = Q, iteration is
not necessary, and the heat transfer can be calculated immediately from
equation (16) similar to the following:

Ir equation (16) with i = 1 and j = 2

04 .
B 12 4.5 4.5
L T - T
12 o f- 1 2 l
T + T J
i 2
4 2
Use T, = 300K, then T," = 0.0459 w/cm
and T, = 77K, then T24 = 0,0002 w/cn®
= 152
T,T, = 152 K
Xy, 0.667(10™% T,

or from data on figure 54

X, = 0.00
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1 [] 2 - 1 ] 2 —
1732 + 8.95 = 26,27 = 0659

e

][EE'

—_8.9 8.9 _
17.32 + 8,95 ~ 26,27 = 0+

q, = 0.0100 [0.659(0.0459) - o.33o(o.ooozﬂ = 2,93 x 1074 w/cm2

The results of this analysis, equations (15) or (16) are very
similar to ard are substantiated by work presented by Rolling and Tien
(1967) and Tien and Gravalho (1967) on thermal radiation between non-gray
metalic surfaces at low temperatures.

IEAT TRANSFER THROUGH THE SUPPORTS

The heat conducted to the stored oxygen through the supports between
the irner and outer containers is a function of the number of supports
(four), cross-sectional area of the supports (Appendix Iv) length of each
support, arnd the thernal conductivity of the support material.

The support material will be a titanium alloy such as Type 4Al-4Mn.

The thermal conductivity of this type of titanium is shown in figure 55
as a function temperature. The heat conducted through the four supports

is T
0
Jf k(T) 4T (20)
T

i

UF‘kJ’

g = 4

wnere LS and A_. are the support length and cross-section area, respactivelyv,

S
Defining the average thermal conductivity as
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7
[o]
- 1
k(Ti,To) = 7 f k(T) 4T (21)
o i
Ty

where k(T) is the thermal conductivity at temperature T,

A(Tr -T,) _
—S-%—-"l k(1,1 ) (22)

q, = 4
~ S

For all the different oxygen storage methods, To will be 298 K;

Ti will vary with the type of storage.

The support cross-section area I3, from Appendix IV, equation (99),

fWTa
Ay = 3 (23)
y
where

WT = Initial total support weight (mass), grams
a = G-loading (10 to 50 v3), ©
Sy = Titaniur yield strength, grams/cm2
f = 3afety factor

The four supports shown in figure 52 are radial, high-strength,
titanium alloy wires which extend from the inner container through the
outer container to the corners of an imaginary tetrahedron circumscribing
thie outer ccatainer. Rigid tubes would extend the vacuum jacket from the
container to the end of the supports and simultanecusly act as legs for the
whole container. It was necessary to make the supports long in order
reduce the heat transfer to the order of magritude of that through (i
insulation., However, for some missions where tlie oxygen usage rate is
high, shorter supports and higher heat loads can be tolerated. When the
oxygen ic to te stored for extended periods of time before usage, a
minimum total heat lond in required. For the support cenfiguration selected,
the supports exterd outside the outer contuiner a distance of Pro; thus the
total support length is given by

10




Ly = 3r° - -t (24)

where
r = Inside radius of the outer contai.er, cm
r. = Inside radius of the inner container, cm
t = Wall thickness of the inner container, cm

The total weight is

- o
¥p = "’o.2 W0t Vs 25)
where
WO = Stored oxygen weight, grams
2
wIC = Inner container weight, grams
wINS = Insulation weight, grams

For subcritical storage, the weight of the phase separator must also be
included ir equation (25).

The thermal conductivity and average thermal conductivity between a
variable low temrerature and 300_F upper temperature are shown plotted
in figure 55. The dashed curve k{T.3C0) will be used in equation (22) for
computing *he heat conduction through the supports. For a high temperature
of 298 K

(7 - 298) k(T,298) = (T - 300) k(7,300) - (300 - 298) k{298,300)

i

(1 - 300) k(T,300) ~ 0.1754

where
298
1 ,
TW& e ———— )r
k(T,.9) 58 - fm" a7
T
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RESIDUAL-GAS HEAT CONDUCTION (in the rigid radiation shields)

The magnitude of the residual gas conduction is usually very low in
a high vacuum; however, a check calculstion will be made to compare with the
other modes (multilayer insulation). Vance and Duke, (1962, pp. 154 - 156)
present the equation for residual gas heat conduction between two surfaces
in a vacuum as

w = U
- KQ(P (12 Tl) (26)
Where

L) = Net energy transfer per unit time per unit area of inner

& container surface, w/cm
X = i;; i 81¥MT = 0,0159 w/cm2-mm of Hg-K for P measureil
at 300 K, N2 gas
R = (Universal gas constant
M = Molecular weight of the gas

= Temperature of the gas
= Ratio of specific heats, cp/cv

Pressure, mm of Hg
Cr Y
[ 1 2

}'2 + :Xl/l =X

52 o] \gg ]

Overall accommodation coefficient =

YA /A,

271

A Area

Subseripts 1 and 2 refer to the inner and outer surfaces,
respectively.

For the present configuration a.d for no shields

A=
1 A?




and from Vance and Duke (1962, p 156)

O(2 = 0.85, 0(1 = 1.0, for T, = 300 K, T, = 77 K.

1

The temperature difference is

T, - Tl = 300 - 77 = 223 K.

2

=282 _ 45
1‘0
W = 0.0159 (0.85) P (223) = 3,01 P
W
o ge
2
mm-Hg w/cm
1070 3.0 x 10
1070 0.301 x 10~
1077 0.0%01 z 10™°

Comparing the residual gas conduction with radiation where there are no
3hields but the inner and outer container have a low emissivity,
61 €P = 0,015 (nverage)

i

Tl = 77 K, T2 = 300 K
o4 ot o
A Y=o A |
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F . € € ) (0.015)" 0,015
12 €2 + (1 - 62) e‘l ©0.015 + 0.015 (0.985) ~ 1i.985

= 0.00756
T, = 300K, o‘T24 = 0.0459 w/cn”
T, o= T K,U'r14 = 0.0002 w/cm®
O’(TQ4 -4 2 0.0457 w/em®

1
qr -5
- = 0.00756 (0.0457) x 10

34,5 x 10—5 w/cm2

- 1074 i
at P =10 mmof‘Hg,wgc1s90%oqu/A

at P

]

10-5 or of Hg, wgc is g% of qr/A

at P

107 o of Hg, wgc is 0.9% of qr/A

¥or N shields:

Assumin, , wgc = hgc Z&T, Zlf = temperature differential between ony two

shields are hgc cuianges negligibly with temperature,

then

i o= —BC(m _om
Wee "W + 1 \12 )

where T, - ’I‘1 is the overall temperature differerce,
<

Assuming that the eminsivity chnunges are negligible with temperature
of shields, the radiant energy decreases by a factor of 1/(N + 1), Thus,
both ..liant energy tranafer and residusl gua conduction decrease at the
aame rate 48 the nuster ¢f shieldn is increused.
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Looking at the shields on the ccld side for the case of mary shields,
p = 1076 mm-Hg and KP = constant (see Scott, 1959, pp. 145 - 147), conduction
by th2 residual of gas is

e

I

1.0 (0.0159) (10°%)  ((X= 1.0)

0.159 1 107 w/cm"~K

The radiation between assumed shield temperatures »f 77 K and 100 K with

_ (0.006)° -
2 7 0.006 + 0.006 (C.G95)

surface properties of €, Eé = 0.006,~J}1_

%‘537 = 0,00301, is (using the linearized radiation ecuation):
q - 3
T S J7
4
ANT 1-o(4C 1)

4(0.00301) (5.669 x 10’12) (aa)3

3}

i

0.466 x 10-7 w/cmz-K

it

Thue: Radgation is 3 v.mes the residual gas conduction at a pressure of
107% torr

hadiaticn is 30 times the residual gus conduction at a pressure of
107 torr

For the rigid radiation shield insulation, the pressure in the vacuum
region will bte assumed to be 107 torr und the residual gas conduction will
be neglected.

LeTAL HEAT TRAMNESFER TO THE CTORED OXYGEM

Tre totul heat transfer -0 the storea orygen (Qt ) in given by
ot

ST (27)




for the flexible multilayer insulation., For the rigid shield insulation,
the total heat transfer is given by

Qto* = QT + Qs (28)

Tne component heat transfer relations given in Sections I and II
and in equations (27) and (28) were programmed for solution on the IBM 350
digital computer with the storage coantainer size, insulation parameters
and support parameters as variables., Results are presented in figures 56
through 59.

Figures 56 and 57 present the total heat transfer (through the
insulation and supports) as a function of inner container radius for solid
and liquid, respectively. Also shown in figure 56 is the heat uransfer
with rigid radiation shields with vacuum deposited gold: the results are
of the same order of magnitude as with flexible multilayer insulation. The
total heat transfer into supercritical oxygen as a function of inner con-
tainer radius is presented in figures 58 ind 59. Figure 58 illustrates the
heat transfer tc the o..gen at its initial temperature of 104.2 K, Figure
59 presents the same data wher the oxygen is at a temperature of 158 K.
This letter temperature corresponds to the condition at which minimum
heat transfer is required to deliver a constant flow rate, m., This
phenomena of a reduction is heat input requirements is dve primarily to
the reduction in the specific heat capacity of cxygen near the critical
point of the material. (Ses figure 60 and figure 61 of Appendix TI, Heating
Requirements for Oxygen Delivery.)
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APPENDIX II

HEATING REQUIREMENTS FOk OXYGEN DELIVERY

SUPERCRITICAL OXYGEN HEATING REQUIREMENTS FOR PRESSURIZATION

The pressure in the storage container is to be held constant at
55 atm. The initial density () is 1.0839 g/cm3 or 33.8717 g-mol/liter.
This density was calculated assuming the container was initially filled
~ith liquid st one atmosphere to 95% of the container volume.

The fluid hea¢ input required for constant pressure operation in a
supercritical storage vessel can be derived from the first law of thermo-
dynamics. The result is given by

dh
i--p 0 (29)
P
where
q = Rate of heat transfer (by any methed) into the vessel, joules/
sec or watts
f = Weight or mass flow out of the vessel, mol/sec
h = Erthalpy of the fluid in the vessel, joule/mol

jas]
I

Pressure of the fluid in the container, atm

Jo

'5
Density of the fluid, g/cm’ or mol/cm3

3]

It is noted that the fluid density is directly proportional to the
111 density and the fraction of the initial tark contents remaining in
the vesael at any time, Thusn the fluid heat input is directly preportional
to delivery rate and to a quantity whkich can be deterwined from the therwo-
dyranic propertics of the Tluid stored. This quantity, - p(bn/bp)P. is

a function of fluid density at given constant presaure and thuz varies
suring operation, Fluid temperature alxo varies during operstion.




However, since there is only one phase and pressure is reld conatant, only
one other thermodynamic variable is necessary to define the procecs, 1i.s9.,
temperature or density.

The specific heating rate equation (25) was calculated numerically
from tabulated thermodynamic data given hy Stewart (1966). The results
of equation (29) are plotted in figure 60 as a function nf percent weight
remaining in the contairer where 1

p

Percent Romaining Weight = 100 7_?
‘o
Figure 61 shows the fluid temperzture as & function of percent
weight remaining in the container for constant pressure delivery of

supercritical oxygern at 55 atmospheres. This curve will be used to
calculate the heat tranafe: into ihe containar.

LIQUID STORAGE WITH HEATING AND VAPCR REMOVAL
For this study the liquid will bas considered to be stored at co.stant

pressure. The two phases will pe considered separated in the storage vessel
with only the vapor removed.

4
f"“""’“‘“{‘}“’"‘“"" Pressure and temperature are constant.
. " Applying the First law of Thermodynamics
\ N v ; to the process,
5Q « Ou - By Oa (30)

0Q = HKeat added in time "50
5E§ = Change in i{nternal snergy change of the fluid in the vessai

h, = ERrthalpy of the vented vaper {(i{n this cacse, enthalpy of the
saturated vapor at the pressury F)

é & = VYapor rexuved {n time ,& Q
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The change in internal energy ias

Su v, - U

where
U1 = Internal energy at time O
U, = Internal energy at time O + (SG

2
Also

Ov = mpy, - %
where

u

Interansl energy per unit masa
m = Mass (liquid + vapor) in the vessel

In terms of the masses of liquid (L) and vapor (V),

Ou = oty + By = (myp g + mgay)

=u(my = mp) + uglayy - o)

Performing a mass balance on phasen i:-ide the ccntainer,
myy - By, = On ¢ By -y

\

G - " 2oy~ (B =y

Soostituting equation (32) into equatior (%1 glves

L. L. . K - o .
O Cuuy ¢ ub(mlv 2,,) + “V(‘2¥ a}?)

: - ANeu f - Y fy -
Qg ¢ (oyy = ayy) g =)
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B

Substituting the definition of enthalpy of the liquid (hL =u + p/ pL
into equation (34), where /DL is the liquid density, gives

Ov - -(SmhL + Cub/D + (myy = myy) (uy = wp) (35)
Also
A .-l R -
Rk Ak el o sl ool e Tl A o o vy I
and
v=vavL
where
ZXVL is the volume of liquid evaporated
But
1
AvL N (m)y, = mpy)
or

Boy = By = pL myq, = By (37)

Substituting equation (32) into equation (37 gives

“ Ny < pv 6”“ W

PL

or

p p
p, On frar = v pZ)
and

o
Doy = By = (Sm (ﬁ) (38)
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Substituting equations (38) ad (36) into equation (35) gives

Ly, =Py \?
Cu - ~Can, + En D, + Oa ( )[hv hL-P(p:_ pZ)J:

Eu = -6mhL + Cn (E@h—) (n, - n.) (39)

Combining equations (39) and (30) gives

D
ba= -Lu(n, - hL)+6m( p)(hv ) =GO (n, - h)(popv)

Dividing by the time interval 6 Q@ and letting

Qe
q= IS
(e
Se
hy - by, = Hy
gives
q = pf - (40)
pL v
where
HVL = Heat of vaporization of the liquid at the pressure P, j/g
t = Vapor removal rate, g/'scc
q = Rate of heat addition, watts
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For liquid-oxygen storage at 1 atm (1,0333 ks/cmz)

A,

36,6471 mol/liter

P, = C€.239 mol/1iter
B sen .. 0.13%%6
L - Ly 355015 - 1t 35075 T 1090992

H,, = 6825.8 j/mol = 213,30 j/g

and from equation \40)

(213.30) (1.00392)

q::
q = 214,14 1 (liquid storage at l-atm absolute pressure)
% = 214,14 w/g/sec (constant)

SOLID STORAGE WITH HEATING AND VAPOR REMOVAL

The equation for hesting and vapor removal of constant pressurse
for liquid storage also applies tc solid storage (with solid and vapor in
equilibrium pelow the triple point pressure) with the substitution of the
heat of subliuaticn Jor che heai vaporizaticn and the solid dersity for the
liquid density. Thus for aolid s*ovage

:

q = ﬁ).s ﬁs—-:-r‘.\-] (41)
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where
q = Heat addition, watts
f = Mass rate of vapor removal, g/sec
;\S = Heat of sublimation, j/g

;JS = Density of the solid at the container pressure and
temperature, mol/liter or g/su cm

ﬁ% = Density of the vapor at the pressure and temperature
in the container, mol/liter or g/cu cm

For solid-oxygen storage, the pressure will be less than 1.14 mm of
Hg absolute where the vapor density will be negligible compared to the
density of the solid, Then for the solid-oxygen storage, equation (41)
beccmes:

q

B e (42)

[

For solid oxygen slightly below the triple point (T.P.) (54.36°K and
1.14 torr), the heat of sublimation is

As

8176.0 j/mol (at T.P.)

1}

255.50 i/g

and

255.5 watts/g/sec (at T.P.)

g
i

(19.3% greater than the liquid storage at 1 atm)
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APPENDIX III

ANALYTIC STUDY, COMPARISON OF LIQUID VERSUS
SOLID CXYGEN STORAGE

INTRODUCTION

A comparison analysis of solid versus liquid oxygen storage life
has been made where the solid is reduced to the liquid phase after the
extended storage time. By starting with solidified oxygen, instead of
the saturated liquid for sither the subcritical or supercritical storage
systems, advantage can be taken of the sensible heat capacity, heat of
fusion, and increased density of the solid to increase its storage life.
This can be done by launching it as a so0lid and then allowing it to liquefy
after launch. A comoination of methods could be used to achieve maximum
usage of the solidified oxygen. An example would be the case in which a
portion of the solid oxygen is subiimed to space prior tn liquefacation.
Instead of wasting that part of the oxygen which would be lost to space,
it could be sublimed to adsorbents which would subsequently raise its
preasure to a breathable level. However, when the solid is being melted,
the container would be sealed.

The general procedure is to start with solid oxyger in a given
Dewar where, with the increased density of the solid, a greater loading
of oxygen in the container can be realized than is possible with liquid
oxygen. (Solid is 14 percent greater.) Using both the latent heat of
the solid and the sensible neat of solid and liquid finally ending up
with a container of liquid, extended storage time can be achieved. Also,
the extended storage tim» can be increased by coocling the solid below
the triple point to achieve a greater density loading of solid oxygen.
(Due to s0lid phase changes, loadings of up to 28 percent by weight
greater than liquid can be achieved.) In addition, the cooled solid has
a greater hiat of sublimation, as well as the ircreased sensible heat
of the cooled solid.

Three procedures were analyzed which involve starting initially
with sclid oxygen and snding with liquid. The three procedures for
calculation purposes, shown schematically in figures 62 and 63, are
deacribed in the following paragraphs.
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PROCEDURE I, F1GURE 62

The container starts 95 percent filled (by volume) with solid
oxygen at the triple point (Pnase I) and having a density of 1,300 g/cc.
Enough solid oxygen is allowed tc sublime (with venting) to yield a
solid oxygen weight equal to the desired liquid oxygen weight (95 percent
full by volume). The solid is allowed to melt without venting to yleld
Jiquid at the triple point. Thirdly, the liquid pressure and tempera-
ture is allowed rise without vernting to one atmosphere and 90.2 K,
respectively. At this point, the oxygen is stored as a liquid with
venting of vapor at one atmosphere inside the container. The density
of the liquid oxygen at its normal boiling point is 1.141 g/cc.

The following paragraphs present the formulation of the storage time
when a container is initially filled 95% full of selid oxygen and allowed
to sublime until the remaining weight is equal to the equivalent of a
ontainer 95% full of liquid oxygen.

The remaining (solid or liquil) oxygen after storage time @
(with sublimation or evaporation) is given by

W, =W, -0 (43)
02R O2
where
) = time, days
o = vapor removal rete, kg/day
WO = ipitial weight of oxygen, kg
2
Wo R - weight of oxygen remaining, kg
2
The vapor removal will be gove:r:.od by the total heat leak, Qtot' into
the container. For both solid and liquid storage,
q = oK (44)




where

qQ = the heating rate neceassary to yield a vapor removal
rate of m (kg/day), watts
K = a constant, though different for solid and liquid,
K = 2.4785 watts/vg/iay for liquid storage at the normal
boiling point and K = 2.9618 watis/kg/day for sclid
storage at the triple point,
With q = Q.. . o (45)
tot
The ¥op . ¥y - —¢ (46a)
2 2
Q .07
= W, |1 - et (46b)
0 KW !
2 6] i
2 o
In general, the information desirel is the storage time, O ,
for 'o p Of the solid to be equal to the initial weight of 1iquid which
would fill 95% of the original conteiner.
KS
0, = (W, o - ), days (47)
° Uots 0,8 oL
Also, the time for the remaining solid to melt, Qm, is
a9, = Wy g (48)
2
vhere H. = the heat of fusion at the triple point, watt/hr/1lg,
(Hf = 3,850 watt-hr/kg for oxygen)
E = the average heat leak melting the solid, witi,
Since the temperature is constant during *he melting,
- I g Q\
q Qtota {49,
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where Qto = the total heat transfer into the solid oxygen.

ts
, days

tots

w0 R

h = (24) Q (50)

or when 'O,R = Wo L

Yo.1
= 0,161 —S——r d8Y8 (51)
n Qtots

©
[

At this point, the stored oxygen has been raised to the liquid
state st the triple point (pressure of 1.14 torr and temperature of
54,36 K), by sealing the container and letting the heat transfer into
the container melt the solid orxrygen. Additional storage time can be
realized by letting heat bu absorbed dy the liquid (maintaining a
sealed container) and raising the pressure and temperature of the
liquid. The sersible heat absorbed in changing the saturated liquid
at the triple point to a saturated 1liquid at the normal boiling point
is 16,332 watts-hr/kg for oxygen.

The tire for this sensible heat change, O {days), neglecting
the small heat capacity of the contai:sr and part oi the insulation,
is givern by

"o m

U¥L, = "2 ('021.' (s2)

vhere q, is the average heat leak into the liquid. Since the teapersture
changes from 54.36 K to 90.18 K in the sensible heat change, the heat
leak will vary from Qt for the aso.id to Q for the liquid. How-

ever, neglecting the aggil change in therunltgg%ductivity of the insula-
tion and supports with temperature,

s dq,  vq )

qL tots totl
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arnd tre heat leak is proportional to the ambient to oxyge- temperziure
drop, or

298-'1‘L
%ot1 = Yots 2987, (53)
vwhere
TL = liquid oxygen temperature, K

<]
[

s = solid oxyger temperature, K

For this case, TL = 90.18 K and TS = 54.36 K and

. 207.82\ _
Qtotl T Tots |243.64 ] 0.854 Qtots
Then
~ 2 l&gii -
9, = 2 Yots = 0.927 Qtots
and from equation (52)
W
o, = o2 oL
L 0.927(24 Qtots
or
'O L
9 = 0.735 . (days) (54)
tots

The total time is @, = Q. + O + 9, . Combining equationa (47),
(51), and (54) gives

K K e
o -7 sl - =% I 4L v ,] (55a
2 2" tots | “2"!

tots
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For K 2.962 watts/kg/day and W = 1,1395 W

S 0,8 0,b
(ratio of densities)
{'oaL
o, = L.310 = (55b)
L tots
The derivation of equation (55b) is for t ~ condition Wy o =W, |,
2 2

a function of the container radius. Q o is a functiorn of r, and t R

tot i ins

the insulation thickness. The rasults of equatinn (55b), ueing computer
generated data, are plotted in figures 26 and 27 of the report.

Figure 26 presents the total storsge life as a function of inner
container radius when insulated with flexible multilayer insulation.
Figure 27 presents similar data when rigid radiation shields are used
{or insulatior. This storage life is based upon starting with the
container 95% full of sclid and allowing sublimation until the amount
of solid is enough such thai, when melted, it fills the container to
G5% full of liquid. Of this atorage time, approximately 34% is accounted
for by sublimation and 66% by melting of the solid oxygen and changing
the sensible heat of the liquid to form liquid at one atmosphere of
pressure. During the sublimation portion, venting would be required,
and duraug the melting portion, no venting would b~ required.

The time to vaporise the remaining .iquid oxygen is given by

Q, = 2.4785 W, L/Q (days) (38)
2

v totl

vhere Q, .. = the total hest tra-sfer into the container, watts (liquid
oxygen 90.18 K anc the supports deaigned for solid oxygen,
95% full),

wo L ° the initial weishr: of liquid osygen, kg.
°
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Figures 30 through 37 of the report show the relative weight of
oxygen as a function of time for this procedure of extending the
storage time of oxygen as curve number "2", Curve number "1" is for
a container which is designed for initially 95% full of liquid oxygen.

PROCEDURE II, FIGURE 63

The container starts 95% filled (by volume) with solié oxygen &t
43.79 K (Phase II) having a density of 1.397 g/cz. Enough solid oxygen
is allowed to sublime (with venting) to yield a solid oxygen weight
equal to the desired liquid oxygen weizhii (95% full by volume), The
remaining solid is allowed to warm up without venting to the triple
point temperature and pressure, At this point, the procedure is the
sams as in Procedure i, with the melting solid and sensible heat change
of the liquid.

"“here is initially 1.397/1.300 = 1,075 times the initial weight
of sclid oxygen as in Trocedure I, and there is an increased heat of
sublimation also, K = 3.300 watt-day/kilogram (w-day/kg). The weight
is

W g -~ 1k W = 1,225 ¥
028 1.141 02L 02L
Bquation (47) for this procedure becomes
= - z,
O (1.225 ~ 1.000) (Z.300) wOZL/QII
giving
O = 95 = 0.7420 vOZL/QII

vhere QII is the heat transfer experienced on path II.

Fron astate @ to@in figure 63, the heat capacity of the soiid
{rom figure 3 of the report is

[SRIII « 117.60 + 11.05(10.563) = 294.32 cal/mol
= 0.4453 w-day/kg
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The time for the temperature rise in the so0lid oxygen is

w
0.L

Op; = 0.4453 -Q—g- (
11

\n
8]
N

where Q’III

(figure 3) where the solid oxygen temperature changes from 43.78 K to
54.%6 K.

is the average heat transfer into the solid along path III

The remaining state changes are the same as for Procedure I,

State @ to (®

0. = 0.1608 —=— (59)

and for state @ to @

w02L
0, = 0.6805 ——<— (60)
Qv .

where Q v and Qv are the heat transfer experienced on paths IV and V,
resPect{vely.

Computer results for Q.., QI T’ S}V' and » 0qual to the tolal
heat transfer for the temperﬁ%ure xperieuced at the atate points shown
on figure 63, wers used tc compute @7y through @y. The total time is
plotted on figures 28 and 29 of the report as a function of container
radius and insulation thickness. Approximately 1.8% times the extended
gtorage time is achieved by Procedure II as by Procedure I.

Fimures 30 throu.h 37 of the report show the relative weight of
oxygen as a function of time for Prccedure II as curve number "3".

PROCEDURE III, FIGURE 63
Procedure III is the same as Procedure II except that the 95%

full container at 43,78 K is cocled to 12 K initially to gain the extra
sensible heat of the solid froe 12 K to 43.79 K.
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The added storage time, ©_., to be added to the time for Procedure
II, is the time for the solid to rise in temperature frem state (D
(12 X) to state @ (43.78 K). The heat capacity from figure 3 of the
report is

[<a]
]

22.42 + 8,05(19.914) + 2,76 (11.886)

215.53 cal/mod = 0,3261 w-day/kg

The added storage time is

o, = 0.3261 wO2S/QI = 1,225 (0.3261) wozL/QI = 0.3995 wo,L/QI (61)

9. extends the total storage of Procedure II by approximstely 16%.
Figures™30 through 37 of the report show the relative weight of oxygen
as a function of time for Procedure III as curve "4",

SUPERCRITICAL STORAGE

The container is initially filled to 95% full of liquid; hence,
the initial weight of supercritical fluid is the same as for the liquid.
The time for the liquid (sealed container) to reach the superc—itical
state at 55 atmospheres is governed by, the mass of oxygen and the change
ir internal energy of the two states, Z&E%C. From Stewart (1966).

ZXESC = -3574.3 - (-4280.4) = 706.1 3j/mol = 0.2554 w-day/ke

The time to reach 55 atmospheres is

w02L
9., = 0.2554 —=— (62)
sc A

Where Q.. is the everage heat transrer for the oxygen at 90.18 K and
104.2 K§ watts,

At ihit point, the supercritical fluid container would begin to
vant (by rrassyre regulaticn). Heowaver the vent rats varies with time
because of the ris+< in oxygen temnpersaturs (figure 61 of Appendix 11),
and because of the variation of the specific heat capacitv (figure 60
of Appendix II). The calculation ic as follows:
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The mexas flow of supercritical fluid is

. Q4+ (R)
‘SC R
where
R = the fraction remaining in the contairer, or relative
weight of oxygen in the container
KSC(R) = the specific heat capacity given in figure 60, w-sec/gram
Qtot(R) = the total heat transfe~ to the oxygen which is a function

Dividing equation (63) by W, g, gives
2
P n_ Q"t:ot(R)
r W . W._ K. (R
02L 02L SC
where
ﬁr = the "reduced" mass flow rate, g/sec
WO L = the initial weight of oxygen, grams.
2

The Qtot variation with temperature is obtained from the IBM

360 computer heat-transfer program. - Values for m_ are computed then as
a function of R, using equation (64). The variation of R with time (9)

(63)

of temperature which varis with R as given in figure 61, watts

(54)

is given by a numerical integration of the recigrocal of ﬁr with respect

to R as follows

135

(55)




or numerically by

o - Zla)™ Ar (66)

where Er is the average ﬁr over the interval of Z&R.

The relative mass variation for a supercritical fluid was generated
for two cases, shown in figures 30 and 31 as curve number "5". The curves
steady out at 6.7% (0.067) because the heat transfsr goes to zero when the
oxygen temperature reaches the ambient temperature (figure 61 of Appendix 11).
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APPENDIX IV

ANALYSIS OF WEIGHTS FOR OXYGEN STORAGE SYSTEMS

The weights of the various components which make up the supare
Ll eritical, subscritical (liquid), and solid oxygen storage systems,
aro calculated as described herein.

STORED OXYGEN
Refer to figure 54.

Suberitical (Liquid)

b wL02 = P& (67)
f where:
@ WLO = Weight of liquid oxygen, gm
5 2
‘DL = Density of liquid oxygen, gm/cm3
N = Container volune, cm3
i
? K = Pill factor, 0.95
: for a spherical container, the contained volume is
)
; vy - 4 3
: Vo= 3 TTri (68)
§ where:
r1 = irside radiuc of the inner container
% Then:
; e _ 4 —=_3 n. ;
o = 3T MK (69)

e
[
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Supercritical

¥sco, = ﬁ%c v (70)
2
where
w = Weight of supercritical oxygen, gm
SCO2
ﬁ%c = Density of supercritical oxyger, gm/cm3
K = Fill factor is included in the density
Then
_ 4 3
Voo, =3T3y A (72)

Trom equations (68) and (70).

Initially, the Dewar will be filled with saturated liquid
oxygen at one atmosphere to 95% of capacity. The pressure will be
allowed to rise to 55 atmospheres with no bleed off (consiant volume
and mass). Then

A
Py, = ©.95 P +o0.05 (72)
where
ﬂi = Density of saturated licvid at one atm,
;:V = Density of saturated vapor at one atm.
- = 1.1407 gm/cm3
ry = 0.0045 gm/cm3
Then
;éc = 0.95(1.1407; + 0.05(0.0045) = 1,142 = 0.0° (1.1407 - 0,0045)
1.0839 gu/ca’
practically the same ae the liguid with the fill factor,




where

O 8

Then:

of oxygen.

Weight of solid oxygen, gm

Density of solid oxygen, gm/cm3

From equations (68) and (73)

_ 4 3
"302 = 3T -OSK

(73)

(74)

Figure 65 presents the wseight of contejard oxygen as a functions
of inner container radius (ri) for solid, liquid, ard supercritical storage

INNER CONTAINER

The inner contalner will always be subjected to an internal pressure

because of the vacuum jacket for the insulation.
pressure, Pi' will be the maximum absolute pressure experienced by the
inner container for each storage mode considcred.

figuration will be a sphere.

Suberitical

1.0333 kg/cm?,

The maximum pressure will be one atmcsphere absolute P, =
A safety factor of 1.67 will be applied to the yield stress,

Thus, the intermal

The container con-

The container material will he Inconel 718, which has a dersity of 8,20 g/cm
and a yield stress of 1.23 x 104 kg/cmz.

The wall thickxness for the spherical container, which is
under a "low" internal burst pressure, is given by the relation:

b= IR/
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for a "thin-wall" container (t/ri<< 1), where:

t = ¥all thickness, cm

P, = The uaximn design pressure, kg/gm2

ri = Inside radius of the inner container, cm

S = Yield stress of the container materi:l, kg/cm2
f = Safety factor, dimensionless

For the cuuvaiuor material given above, equation (75) gives t/ri = 0,70 x 10

The weight of the spherical container is given by the

relation:
_4ll A 3 3
VoL =73k [t -
2 t l1,t.2
=477 P r.“t [1 + =+ 3 (=) l
m i Ty 3 £
With t/r, = 0.70 x 10-4, the last two terms are regligible and inner
container weight becomes:
2
Voo = 4Tt O (76)
where
wICL = The weight of the inner container, guw

;3; = The inner container material, density, gm/cu3

Combing equations (75) and (76) gives

4
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Supercritical

The maximum pressure will be 55 atmospheres absolute,
Py = 56.83 kg/cmz. A safaty factor of 1.67 will be applied to the yield
stress, The_container material will be Inconel 718, which has a density
of 8,20 g/cm’ and a yiell stress of 1.23 x 104 kg/cm2.

The wall thickness for the spherical container, which is
under a "moderate" internal burst pressures, is given by the relation

“[—”Pif ]
t = 1 L\/1+-—S—-1 (78)

i
-

where the symbols have all previously been defined. With the container
defined in the first peragraph, t/ri = 0,00%385 and Pif/S = 0,00771.

The weight of the spherical container is given by the
relation

AT - 3L
Yese =73 '(ri + %) -y (79)

where

wICSC = The weight of the inner container with the
supercritical oxygen, gm

Combining equations (78) and (79) gives

Pf3/2 °
Y . B W
Ylese T T3 fary” 1+ 5 1_ (80)
P f /’ "'Pi'? P.f
Since —§-<3:1, then 1 + 5 =1 +'5§-, and equation (80) becomes
P L P.f] 5
- —2n —
Wiose = 21— 1+=3| 7 (81)
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Solid

Solid Contjpuously

With solid oxygen storage, the maximum internal
pressure experienced by the inner container will be one atmosphere. Thus,
the inner container weight for the continmous solid O, storage will be the
same as for the subcritical storage, i.e., equation (37) becomes

fPi /2n 3
S

V = 2T

1S (82)

where

W = The welght for the inner container for storing

1c3 solid O2 continuously, gm

Solid Initially, Transformed to & Suberitical Liquid

With the 02 initially stored as a solid and then
transformed to the subcritical linuid state with a pressure no greater
than one atmosphere, the inner container weight will be given by equation
(.

Solid Initially, Transformed to a Supercritical Fluid

With the 02 initially stored as a s0lid and then
transformed to a supercritical state with a pressure of approximately 55
atmospheres, the inner container weight will be given by equation (81),
assuming that the pressure in the container is much less than the yield
stress of the container material.

INSULATION
Two types of irsulation, flexihle multilayer and multiple radiation
shields (rigid), will be considered, A vacuum environment will be re-
quired for both types of insulation.
Multilayered Shieldas
“nis insulation consists of alternate layers of aluminired

mylar_and a thin spacer material. The density is approximately 0.0"33
gn/om’ for 80 shields (mylar ard spacer) per inch.

SLTY




The volume of the flexible multilayer insulation, independert
of the stored method, ies given by

YiNs = %7‘1’ [%3 -z + t)3} (83)

and the weight of the insulation is given by

_dpo L3l Ll
wINS 3 Trrins Ero ( Lt t) ) (84)
where

3
VINS = The insulation volume, cm
wINS = The insulation weight, gm
r° = The inside radius of the outer container, cm
';:';.ns — The density of the insulation material, g/cm’

Rigid Multiple Radiation Shields

The weight of this type of insulation depends primarily upon
the radius and thickness. When there is more than one shield, the tc¢..1
weight of the insulation depends upon the number of shields and their
spacing.

Fn

Density of the shield material, gm/cm3

x = Shield spacing, cm
6 = Shield thickness, cm
th 2
= £ )
Ajsh Area of the j shield, cm
t = 1Inaer container thickness, om

ks
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If it is assumed that (S<<x, the volumes and weight are, respectively,

N
v. = 0 E:

sh 351 jsh

N

¥en = Qh ) Z A jen
3=1
For one shield

A - 4R

1sh

where R is the "mean" radius of the shield; then

2
Alsh = 47T(ri +t+x)

For two shields

2
= 2
A2sh Alsh + 4‘]'["(1'i +t + 2x)

4 Tr[(ri + t + x)2 + (ri + t + 2x)2]

Then for N shields

N
.Y
Ayan 351 jsh
i “ e ( 2x)° + (
Ansh=4([(ri+t+x)+ri+tr(x + (ry

+ (ri + t + Nx)z]
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o
=4 Tf,’N(r1 + t)2 + 2x(ri +t) (1+2+3+.,..+0N)

+ 12)1 +4+9 4+ ... 4+ N2)1

or finally
N .
Ayan = 47'T[N(r f )% ox(r, + t) (v) EEd) 442 Y 3 (87)
sh i i 2
L 3=1
N
2
The term 2 J  can be expanded thusly
j=1
N
('—‘ f'\
Zd 32 = 12 + 22 + 32 + 00 + N =144+9+ ...+ N2
LRS!
= 'g (N +1) (o8 + 1)

Substituting this into equation (87) gives

ANsh = 47TN

r

(e, + )2 4 x (z, +8) (N4 1) + 2% % + 1) (¥ + 1) (88)

Substituting equation (88) into equation (86) givea

N c 2 ) 1.2
W =T S D e 0% e xlry + ) (Ve 1)+ 22204 1) (o v 1)) (89)

The outer container is considered a part of the insulation
since its sole purpose is to provide the vacuum regior. for the insulation.
However, it is treated as a separate erntity in the next section.

Several small holes would be provided in each shield to
allow trapped air to be removed during vacuum pumping. The weight of
the "holes" is assumed to be approximately balanced .y small plustic
(nylon, teflon, dacren, etc.) shield supports between eachk shield.




OUTER CONTAINER

The outer container will be subjected to an external collapsing
pressure because of the vacuum region with the insulation. The weight
of the outer contaianer depends uron the radius (ro), the external
pressure, and the containei- material and its strength. The outer
container weight does not depend upon the method of oxygen storage or the
sige of the internal hardware. The outer container configuration will
be spherical for this study.

The maximum external pressure tending ito coliapse the outer con-
tainer will be one atmosphere, P, = 1.0333 kg/cmz. A safety factor of
1.67 will be applied to the computed wall thickness. The container
material will be:

Material: Aluminum - 6061-T6
Density: 2.76 g/cm3

Yield Stress: 2.810 x 10° kg/cm2

E - 7.03 x 10° kg/cn’

vV = 0.33 (Poisson's ratio)

Assuming that the spherical shell is thin, the weight is given by

v = P, G e (%0)

oc m

vhere

c

Poao

Thickness of outer container wall, cm

Dansity of the outer container material, g/cm3

/]

The compressive stress in a thin spherical shell under a uniform
external pressure is

Pr
s = ._2.220 (91)
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However, the critical stress at which buckling would occur ies given
by (see Timoshenko and Gere (1962) )

EC

s = (92)
cr ro ;3(1 - 2/2) \

Modulus of elasticity, g/cm2

where

E

V

Poisacn's ratio

Applying a safety factor, f, to the wall thickness after equating
S, to S in equation (91) gives

Porg EC

2C =
=30 - VD)
P ¥
¢ = fr == \[30-p) (93)

Combining equations (93) and (90) gives

P
W, =4Te pmo[-é% \/3(1 - U2T ro3 (94)

The radius r, is related to the inner contsiner and insulation dimensions
by g =Ty +t + (N+ 1) x for shields, and
ro =rj + t + t; o “or multilayer insulation in which

t = insulation thickness.

ins All other terms have been previously defined.
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INNER CONTAINER SUPPORTS

The weight or sigze of the inner ccntainer supports depend uron the
mass being supported and the acceleration (G's - shock or acceleration)
and the strength of thg support material. Titanium alloy having a yleld
strength of 915C kg/cm” will be used ac the support materiel for all the
stcrage applications. A safety factor of 1.67 will be applied to the
calculated support cross-section ares.

The dynamic lcad on the inner container will be varied from 10
to 50 G's (in three directions), This dynamic load is the result of
all launch loading (including shock, vibration, acceleration, and any
amplification through the sunports due to the "srring-mass" action).

The mass supported includes

1. Stored oxygen

2. Inner container
3. Insulation
4, Phase separator (for the liquid only)

but does not include the outer container. The total weight is:

Yo = wo? * Vet Vins (95)
vhere
) HT = Total weight, gm
H02 = JStorec oxygen weight (any method), £o
W . = Inner container weight (any method), gm
W5 = Insulation weight (either insulation), gw

For the suberitical liquicd storage, the weight of the phase segparator
pust also e included in equation (95).
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The stress in the cupport is given by

The nupport systen will bte as showr in tjgure 64. Fach support
is being radial, the support lengih is given by

L = r ~r -t (96)

i.e., eech support extends from the inner container to the outer
container. There are fcur gsupporte located such that the ends form
the four corners of a tetrahedron., Any one support can take the full
load., Assuming that the loads will range from 10 to 50 G in three
directions, the "full" load could vary from a minimum of 10 G tu a

maximum of 50 V3 ¢ (50 G in3 - 86,6 G directions simultaneously).

Assuming the Aynamic loading to be a (G), the maximum force in
any suppcrt will be

F, = W (980) (97)
where
Fs = force in a support, dynes
a = Ge~lozding, G
980 = acceleration of one-G, cm/sec2

W
. Fo T_a(980)
s A A8, (98)
where

- AR ;2
SS = The stress (ter31on), gram/ Cm
Aq = The support cross-sectional area, cm2
gc = The conversion factor of dynes to grams force,

380 gm-cm/gmf-sec2




The yield stress will be designated by S , and with the safety factor,
f, the support stress must be such that

fS = S
8 y

Using the "equal” relation, then

S V a
g = I
f As

Solving for As gives

fw
A, = ‘7 (99)
S

With Ls a8 the support length, then the volume is

V = AL
8 s's

The weight of four supports is
fw_a
. = I
v, o= 4P L 3 (100)
y 4

As shcwn in Appendix I, Analysis of Heat Transfer to the Stored
Oxygen, the support length will be calculeted by:

Ls = 3r° - ri -t
With
2
s, = 9150 kg/cm
P, o= 4.52 gm/cm3
a = 86,6 G

L = 200 cmn maximum

[
N
n




v
i}
wT

4(86.6) (1.67)(4.52) (200)/(9150 x 10°)
0.064 = 6.4%

Or thus, the support weight is only a small part of the total weight.
However, equation (99) will be used in calculating the support hest
leak in Appendix I.
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AFPENDIX V

ANALYSIS OF OXYGEN USAGE

For this study, oxygen usage will be by three methods

« Crew breathing

o JSpace cabin leakags

* Extra-vehicular activities; ir lock operation
CREW BREATHING

The oxygen usage rate for crew breathing has been set for this
study at 1.13 kg/day/man. When M is the number of men in the crew,

the combined oxygen breathing rate (WB) can be expressed as follows:

ﬁB = 1.1%M (kg/day) {101)

SPACE CABIN LEAKAGE
The space cabin leakage rate (Le) will be varied frem O to 1 kg/day.
EXTRA-VEHICULAR ACTIVITIES
For this study, a 1.5 m3 air lock will be opened once per day for
0 to 100% of the mission days. A catin oxygen parvial pressure (or
total pressure when no diluent is used) of 150 to 250 iorr will be

considered.

With the space cabin at 298 K, the c¢rygen densities for the 2
cabin prassures are

P, = 150 torr = 0.19737 atm; /30 = 0.003073 mol/liter
= 0.0002583 g/cm3
P = 250 torr = 0.32895 atm; /30 = 0.017456 mol/1iter

(. 0004706 g/cm3
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where

P
c

z:

Cabin oxygen pressure, torr

Ca.in oxygen density, g/cm3

The mass of oxygen lost with each air-lock operation is

- . 10°
wAL(l)_ ,/.’)0(1.5) 10° (kg) (102)
where wAL(l) is the mass of oxygen lost for one air-lock operation.
Since the air lock is used only once per day, W, is also the oxygen

AL
loss per day of use. Letting Fu be the air lock use fraction (O to 1.0)

of the total mission days (duration), the totzl oxygen loss from the
air-lock operation is

3

W, =15F 0 D10 (ke) (103)
where
DL = Mission length, days
wAL = Total oxyger. loss from the air-lock operation, kg

TOTAL OXYGEN USAGE

When there is no oxygen "dumped" to space the total oxygen used
in the whole mission is

_ . 3] :
wo2u =D, [1.13M + L+ 1.5 F P,10°] (ke) (104)

and

w0 u
D, = 2 (105)

L . 3
13K + L+ 1. FuPc 10
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The total oxygen usage rate is

: _ 3
Vo = LIM+L +15 F, P10

o

Figures 66 and 67 present the oxygen usage rate, .y equation

W
02u
(106), as a function of the number of men, leakage rate, and air-lock

usage factor for chamber orygen pressures of 150 and 250 torr,
respectively.
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NOTES: 1) 1.13 kg/day Usage Rate per Man
2) Cabin Oxygen Pressure = 160 Torr
3) M = No. of Men
16 4) L, = Leakege Rate (kg/day)
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Figure 86. Oxygon Usage Rev> m 8 Function of No. of Men, Leskage Rete and Air-L.ock Umge Fuctr
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NOTES: 1) 1.13 kg/day Ussge Rate per Man
2) Csbin Oxygen Pressurs =~ 250 Torr
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