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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 transporting oxygen from the solid state to a
condition suitable for breathing.

The analysis was made for two crnditions of oxygen storage - with con-
tinuous use by crew members, and under conditions where oxygez, is not being
continuoasly used during the storage period. Practical storage vessel designs
were selected for the study having supports to with3tand two 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 supprcritical fluid. In the caqse of cointinuous
use of the oxygen for space cabin -upply, the number of crew members and
cabin leakage were additional independent parameters. The equations were
programmed for the IBM 360 and cases were run over a range Af 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, the need to draw off oxygen at a
given rate for crew consumption nullified the major advantage of solid oxygen -

the greater heat absorbing capability of solid oxygen over the liquid and
supercritical state.

When the oxygen was not being continuously used to supply a space cabin
atmosphere for cr-w members, storage of oxygen in the solid state was found
to be significantly better from a iuration standpoint than storing the oxygen
as a saturated liqiid for a -"nercritical fluid. The gain is significant
enough to seriously consider solid oxygen in place of subcritical or super-
critical oxygen for long-term storage under these conditions. Supercritical
oxygen was shown to be poor for long-term storage due to the lower specific
heat of the fluid in the supercritical condition. The better performance of
solid oxygen, more than twice the storage life in this case, is due to the
fact that advantage is taken of the heat of fusion, heats of transition, and
the additional sensible heat in solid oxygen to extend the 2torage life.
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Experimental studl's 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 conditions.
Two transport methods .rere evaluated. One method was to adsorb the vapor
subliming from the solid oxygen on molecular-sieve cryosorption pumps cooled
to liquid nitrogen temperature. After the pump is saturated with oxygen vapor,
it is isolated frcm the vacuum storage vessel and heated to de-adsorb the
oxygen into the space cabin atmosphere. The experiments showed that this
method is feasible. However, low vapor flow conductance and slow cryosorption
pump cooldown rates were encountered in the experimental work. Practicn' appli-
cation of this transport method to space systems will require system designs
that avoid these problems.

The other transport method which was experimentally evaluated was to
physically move a solid piece of oxygen from the vacuum storage vessel to the
space cabin atmosphere. An airlock system was used to maintain a vacuum in
the storage vessel during the transfer. During transfer, one valve is opened
between the airlock chamber and the storage vessel. The solid oxygen block
is mechanically moved inro 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 solid oxygen block could be readily picked un
with a nook or with a magnet if a wire was frozen into the oxygen block.
There appeared to be no problem in adapting this transport method to a space
system.

Storage of oxygen in the solid form was shown to have significant advan-
tages over the liquid or supercritical fluid when the oxygen was consumed only
Intermittently. Transport of the solid oxygen in blocks through an airlock
valve was also found to be feasible. These methods coid be used in a practical
oxygen storage system as an emergency or reserve supply or for extra-vehicular
ac ivities.
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SECTION I

INTRODUCTION

The oxygen 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 oxygen.
Oxynen is conventionally stored as a liquid in either the subcritical or super-
critical conditions. However, volume storage capacity of oxygen can be reduced
if the oxygen is stored as a solid. Certain -enefits a~pear 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 performed a lO-month pzogram encomparsing both analytical
and experimental tasks to evalu te the use of solid oxygen for the environment
oxygen 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 informntion provided by this stildy will allow the selection
of practical approaches for further study with respect to thei.r application to
existing and future system requirements.

PROGRAM! OBJZCTIVES

Akalytical Study

The basic objective of the analytical tudy was to evaluate the
storage capability of solid oxygen in comparison with storave of oxygen in the
subcritical and supercritical condition. The comparison was to be made using
realistic cryogenic storage vessels h'-ving a range of insul-tion characteristics
and designed to survive high launch G-loads. Two storage conditions -ire of
interest for solid oxygen: (1) comparatively lonq-term storage without using
the oxygen followed by a period of usage and (2) short-term stora'-e where the
oxygen will be used for crew breathinr? as soon as the vehicle is in orbit. A
comparison of solid oxygen with subcritical and supercritical oxyRer for these
two conditions is of interest. The evalu-tion of these analytical comparisons
will indicate the practical aeplications of solil oxygen as well as the potential
gain in performance by usinf' solid oxygen.

zxpcrimenta] itudy

The basic objective of the exrerimental rro-ran• was to 'emonstrlte
the felsibility of transportiam the oxvyre- from tee snli'" .storae conditions
to the conditions svitable for use by crew members, i.e., an oxygen Pressure of
about 150 tirr at ambilnt temperature. Two methods appeared tc he of interest;
one method involves the adsorption and desorption of the oxy-en vapor on an
adsorbent, and the second method involves the mechanical movement rf' the solid
oxygen through an airlock between the two pressure and te-perature conditions.
The tests were directed toward estabiishing the feasibility of these methods
and obtaining data for a reliminnry evw•ut:tjon of' the -ractic;-lity o(f sij r
these ,ppro.-ches in an operatin;, system.
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BACKGROUND NVCHNOLOGY

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 propel-
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
durina 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 sti.. ed. However, con-
siderable work has been accomplished on solid storage of nitrogen, hydrogen,
miethane, and neon. The technology developed from working with these cryogens is
directly applicable to solid oxygen. Of particular interest is that the tech-
nology of insulating and supporting cryogenic tanks is available to design a
thermally practical, solid-oxygen storage sj. cem.

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

2



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 evaluqtion of the adsorption-desorption method
of transporting oxygen 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 cf 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
plhnncd 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 the 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 in 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 liquid helium. 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 a-plication in manned space systems for storage and
supply of breathable 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 continuous use
by crew members. The application potential of solid oxygen was to be developed
by comparison with the use of subcritical and supe-critical oxygen storage.

The work involved in the analytical phase would initially require develop-
ing the analytical procedures and then programming these procedures for use on
the IBM 360 dligital computer.

15e
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The basis for the study was to be an oxygen storage vessel, thermally
insulated, and having thermal isolntion supports 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 mptho&• can be made.

C;12:E!ý,AL OXYGNIJ FROPERTI:ZS

The physical and the.'modynamic properties of oxygen in the liquid and
solid state are important in developing the storage and transport systems
inalytically, and for esttablishing the conditions that are used 4n the experi-
mental work. Data in the liquid and gaseous state is readily available in
the literature. Information on solid oxygen, however, is not extensively
availnble, Properties of solid oxygen given in Mullins et al (1Q65) were used
in this study since it was the most complete compilation of solid oxygen data
available in the literature. The vapor pressure of solid oxygen is shown in
figure 2, and the specific heat of the solid oxygen is shown in figure 3.
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SECTION III

EEPERIMENITAL STUDY

OXYGEN TRANSPORT BY TUE ADSCRPTION METHOD

O Solid Oxygen Sublimation Labo. Aory Tests

The p•ur•ose of the initil t sts was to determine important
parameters involved in the transport of oxygen from a stored solid to a
breathable :?tate by the use of molecular-sieve adsorbents that have been
coo ed to temperatures obtainablu by passive radiation to spdce.

Test Arparatu.g

The basic arrangement for this first experimental test
is showr schematically in figure 4, and the working vessel for preparing
aind storing the solid oxygen i5 shown schematically in figure 5. A
photograph of the complete test system for transport bj adsorbents is
shown in figure 6.

The working vessel consists of a double-wall container
with associated filling and evacuation lines, a pressure sensing tube,
and art evacuati3n line leading into the space between the double walls.
The space between the douible walls can be evacuated to provide an insu-
lation space or filled with helium gas to serve as a thermal conductor.
The pressure sensing tube from the oxygen container was connected to a
pressure gauge to indicate the state of the oxygen.

The cryosorption pump provides a low pressure over
the stored oxygen and acts as a collector and pressure raising device
for the subliming oxygen. Valves are provided so that the pumps can ,e
alternately and sequentially removed from the low-temperature bath for
measurement of the amount of oxygen evolved at a breathable pressure.
By using three cryosorption pumps, this c,n be Tone on a continuous
basis.

The gaseous oxygen de-absorbed from the cryosorption
pumps by heating was condensed and measured. This was done in the
collection and measuring apparatus sho-rn in figure 6. Condensing was
accomplished by surrounding the oxygei, collection tube with liquid
nitrogen. The amount transferred was determined by measuring the level
of the liquified oxygen with a cathetometer.

Test Operations

Procedure

The procedure for operation of the test system
was as follows (see figure 4):

8
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1. The test Dewar is partially 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 wa•ls 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.

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 nitrogen 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
solid 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 3torage 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
solid 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 deadsorption 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.ig the working vessel could not be cooled by vacuum
pumping to a temperature sufficiently low to solidify the oxygen using
the e:sting equipment. The lowest temperature that can be achieved
by vacuum pumping over a solid quch a.ý nitrogen is a function of its
evaporation rate. To lower the sublimatfin temperatur- of the solid
the vacuum pumping system should be inciased 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

12



and the cover of the test Dewai. These modifications increased the
evaporation rate and reduced tle 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 oxygen in
the inner container of the working vessel would not solidify in a
reasonable length of time when the solid nitrogen temperature was
around 50K. The heat transfer rate between the solid nitrogen and
the oxygen was not suffic.ient. 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 intermed.iate volume between the two nitrogen areas was
filled with helium gas at a press re 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 continued Dumping. Curve I in figure 7 shows the tem-
peratures during cool-down 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 from the
temperatures and the properties 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 •normal resistance. The calculations indicated that a gap between
the solid 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 auea in the
test Dewar. A sketch of this modification is shown in figure 8. The

13
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tests described in the next section indicated that these problems

were satisfactorily solved by the modif'iations that were made.

Test Runs

Two test runs were made in which solid oxygen
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 jas 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 heater 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 tne 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 u'Aer vacuum until the pressure on
an absolute pressure gauge read zero. _n this test, 10.0 cc of condensed
liquid oxygen were transferred 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
three oxygen measuring tubes, the 0.625 cm ID, ths 2.19 cm ID, ard the
2.50 cm ID tubes.



TABLE [

TEST SYSTEM PUMP DOWN

OXYGEN TRANSPORT BY ABSORPTION METHOD

Run No. 1

Pressure of nitrogen Pressure of oxygen in working
in test dewar, vessel container,

Time mm Hg mmHg

0857 83 - solid nitrogen --

0932 42.3 80

0945 29.5 68.5

1007 13 57

1025 8.4 52

1040 6.5 49.4

1055 5.5 48

1120 4.5 46

1200 3.5 43.5

1300 3 42

1326 2.6 1.2 - solid oxygen

1327 2.6 1
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Test Besults

The feasibility of trane'orting 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 oxygen vapor was acconmplished
using thermal energy; no mechanical energy was used or required.

The rate of oxygen trans port 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
orxgen 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 desc2ibes the tests to obtain this data and the
results of the tests.

Cryoso-ption Pump Adsorption Laboratory Tests

The major factor determining the efficiency of the cryo-
sorpcion pump, oxygen transport system is the effectiveness of the adsor-
bent. The previous tests provided preliminary data, but due to system
limitatione, the quantitative adsorption capabilities 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 temperature.

Test Apgaratujs

The test apparatus for thesa experiments used ths cryo-
sorption pumps from the previous test (see figure 6). The oxygen col-
lection and measurement apparatus shown in figure 6 was used for the
liquid oxygen supply and for measuring the quaistity of oxygen adsorbed
on the cryosorption pumps. The level of liquid o-ygen in the preciston
bore tubes of the oxygen supply system was determined by using a ctneto-
meter. A schematic of the test arrangement is shown in figure 9.

Teat Operationo

Prior to edch test, the molecular sieve was- activated
by heating to 477K for six hours while purging with dry nitrogen and
then vacuum pumping for one hour at a pressure of 10-2 torr.
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The adsorption tests were conducted with the molecular
sieves at 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 obtained by submerging the pump in a liquid nitro-
gen bach. Three molecular sieves, designated 5X, IOX, and 13X, were
tested. These were standard molecular sieves as furnished by Linde and
have 20 percent inert material as binder.

These tests were conducted in the following manner:

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

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

c. Gaseous bottled oxygen was put into the oxygen
supply tubes and condensed by the liquid nitrogen.

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

e. The pressure in the pump was measured with a pre-
cision McLeod gage, and the liquid oxygen level was measured with a cathe-
tometer 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 lOX (crystalline alumina-silicate), and type 13X (sodium
alumina-silicate), was evaluated at temperatures of 195K and 77K. No
problems -ccurred during the test operations.

Test Results

The results of the tests are presented in figure 10.
The fixst important f-ature nwted on the curves is the large difference
in the quantity of oxygen adsorbed at the two temperature levels. This
points out the importance Gf 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 lOX type adsorbed
-;proximately 10 percent more 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 lOX and 5X sieves only adsorbed about I gram of
oxygen per 100 grams of adsorbent for these sieves tit 77K.
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The data shown in figure 10 indicates that of the

three types tested the IOX molecular sieve is best suited for oxygen
adsorption. The isotherms in figure 10 include the adsorption capa-

bility of the lOX sieve which should be used in the system study.
Figure 11 is a plot of the oxygen adsorption rate for the lOX molecular

sieve at 77K as determined from the test data. The information on the
lOX 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 pamp. The
evaluation is limited to an operating temperature level for adsorption
of 77K since only 77K and 195K temperature levels were evaluated in the
teots, and the latter temperature level showed insignificant adsorption.

The information on the cryosorption pump performance 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 practical cycling conditions and to determine the number of
cryosorption pumps required.

Using the data from figures 10 and 11 for the lOX molecular
sieve, the adsorption time required for various adsorbent weights can be
developed for a given oxygen transport rate. A cyclic process is nec-

essary for the cryosorpti(,n-pump transport method to maintain a constant
oxygen supply rate. One pump is deadsorbing oxygen to the crew compart-
ment while the other pump is adsorbing the oxygen 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 supply
rate requirement of 2.26 kilograms per day, the cycle time and adsorbent
weight requirenents are shown in figure 12, This curve indicates that a
minimum adsorbent weight exists for a cycle time of 6 hours. Operation
with cycle times of less than 6 hours will result in less than optimum
capacity of oxygen adsorbed on the molecular 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 11 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 !ýnd 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 lOX molecular sieve at 195K is almost
negligible. The cool-down rate of the cryosorption pump used in the
test was approximately determined from visual observations of the liquid
nitrogen bubbling 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 2

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 approximate analysis,
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 cooled down, one pump is adsorbing oxygen, and one pump
is deadsorbing oxygen. Therefore, to obtain the basic molecular sieve
weigiit 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 finL could be used to
rapidly conduct the heat out of the adsorbent. These deuices will
add tc the weight and the complexity of the structure. Further study
of these methods would be required to establish the best method to u~e
and 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 assumptions for a preliminary evaluation of the system, and further
experimental and analytical study would be required on the deadsorption
and cool-down pha-,us for a complete system design study.

OXYGEN TRANSPORT BY MECHANICAL MANIPULATION

Laboratory Tests

The basic goal of this experiment was to demonstrate the
feasibility of transporting solid oxygen by mechanical means from a
vacuum storage space to a pressurized area via an air lock. In this
latter condition, it wovld be available as breatVing oxygen for crew
u.e init man ned 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 condensed 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 to 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 magnet, but it is suspected that a
major influence was played by the oxygen freezing on the magnet since
the magnet was initially warm. Th3 warm magnet rmelted a small e-olint
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 nitrogen is below 54.36K, sufficient
to solidi Wv 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 conditions
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 problems, modifications wure made
to the system to reduct the mass of solid nitrogen used for cooling the
oxygen (figure 19). The goal was to get the vapor preL:sure over the
oxyren to below 1.14 torr while keeping its temperature below 54K. The
first modification used a Fiberglas plate (figure 19b) on wi.ich a copper
strip was mounted. Copper oxygen buckets and a container for N, were

located on this strip. Cooling of the oxygen bucket.; was accomplished
by the solid nitrogen through the copper strip. This ocheme made it
possible to obtain a low vapor pressure, approximately I torr, over
the crygen, but the radintion heat transfer t) the large copper itrip.
surface was too great to lower the oxygeni temperature much below the
54K requir-d. A smnll amount of soli oxygen was formed but cc:.;-i:o-
tent formation of solid oxygen could not be nccomplizO)ed.
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Figure 17. Solid Ouxgen Crystals Being Raised with Magnet
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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 arrainement, 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 19d, in which a glass oxygen bucket was used. A mixture
of molecular sieve and lead shot was added to the liquid nitrogen to
improve its operation by helping to maintain good thermal contact with
the 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.

Tent 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 a magnet for moving the solid nxygen has

merit in that on-and-off control can be obtained if the magnet is an
electromagnet. The initial attempts to lift 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, lifting the solid oxygen by using its paramagnetic properties
is not ruled out by these preliminary experiments. The experiments did
show that the problem is complex. Stronger 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 in a
similar manner so that proposed for the paramagnetic oxygen method.

The solid oxygen was also lifted as shown in figure

19c 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 formed 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 figuriý 23. When the air lock
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Figure 21. Internal Arrangement of Solid Oxygen
Mechanical Transport Test System
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Figure 22. Overall View of Solid Oxygen Mechanical Transport Test System
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Figure 23. Solid Oxygen in Pressure Ch,--mber
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valve is closed, the oxyg6n melts, evaporates, and is ready for breathing
under the pressure conditions existing in the area above the air lock
valve.

Discussion 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 could 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-
clusiveiy demonstrated, and further study would be required in this area.
The practical application of these methods or similar metho-i.s of mechan-
ically moving solid oxygen, must consider the overall requirements of
the oxygen supply systep.

Evaluation and Application of Results

The experiments demonstrated Lhat solid oxygen can be trans-
ported frcm a vacuum storage space to a chamber where it can be converted
into a breathable conditaon. The solid oxsge, ma.ss was moved through an
air-lock valve and then isolated from the vacuum storage volume. This
method of oxygen 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. An electromagnet can be used to transport the oxygen mechan-
ically if a wire coil is frozen into the oxygen when it is prepared. For
automatic operation with multiple transfers, 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 rlectro-
magnet is turned off releasing the cute and the cycle repeated as re-
quired. The actual method selected for a given -,pplication wouid be the
result of a study for the specific requirements of the application

DISCUSSION OF EXPEUIMENTAL RESULTS

The experimental work has demonstrated the feasibility of trans-
porting oxygen from the solid state to a condition suitable for breathing
by two methods, the cryosorption pump method 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 system.
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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 probizm 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 of the adsorbent transport system for any given appli-
cation will be the size and weight of the system. In addition, the
modification of 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 and
which can nrovide 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 lalje 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 mf 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
space. Oxygen stored as solid, osubcritical 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 capacity, heat of fusion, and increased
density of the solid to increase its storage life. This can be done for
the subcritical storage system by launching it as a solid and then allow-
ing it to liquefy after Ihunch. Similarly to increase the storage life
of oxygen in a supercr 4 tical 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 transformir.g the oxygen, it can be maintained by sub-
liming it to space in the solid state, from which condition it is trans-
ported to a breathable condition. A combintion of the two methods
investigated in the experimental study (transport by adsorbents and by
2:echanical manipulation) could be used to achieve maximum usage of the
solidified oxygen. An example fould be the case in which a portion of
the solid oxygei. is sublimed to space prior to liquefaction. Instead
of wasting that part of the oxygn which would be lost to space, it
could be sublimed to adsorhents ;hat would be used to raise its pressure
to a breathable level.

Apperndiceo I through V fornuall-te the weights, heat transfer, usage
rittes, and mission length in terms -f the storage container geometry,
number of' men, space cabin leakagie, ,upport loading, and the oxygen
ph'i.-re being -,tored. The formul:,tion-s were programmed for the I11M 360
dit-ital computer :1?d virametric data wtre developed for the following
range of input pakramneterv:

Number of men are 1 to 1 , eic arirr 1.15 kilogram/day

.,pace cabin le.,kag:e i:1 0 t o I kit½orrtns o" oxypar. per d:ay



Extra-vehicular activities consider an airlock of 1.5 cubic
meters opened once per day for 0 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 loaded with
safety factor of ]..67 of the yield strength.

• Oxygen container radius of 5 to 125 centimetdrs.

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

Number of shields from 0 to 5 for the rigid radiation shield
insulation.

BACKGROUND TECHNICAL DATA

Seve.-al 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 internal energy of the various states.

Stewart (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 at saturated conditions.

The density of v-trious solid oxygen phases is reported by Mullins,
et :;I, (1965) rnd is repr-duced in table II of this report. Solid phase
I (43.8 K to the triple point) Yts a r•ns 4 ty of 1.300 gm/cc, solid phase
II (23.8 ti. 43.8 K) has P density of 1.397 Fm/cc, and sý,lid phase III
(0 to '3.8 K) has a densitv of 1.461 em/cc. There is a .14v increase in
density f'rcm phase I to Il aind a I2.4% increase in density from phnse II
to III for the solid. From "Otewart (196(9. the d1nf•ity of liquid oxyven
at tne normLl boiling point (90.18 K) is 1.140' gm/c.-. Thu,; in cooling
a fixed ma.• of liquid ox,0'Ftr. to i solid at the triple point, the mass
increa'ei i:,. density 1v 13.4. Coolint- the liquid to a :nolid at 50 K
--'sults in .! increas:e in de-ýsity of Y.4it,a'n, cooling to si clid -it .20 K,
an increase of ."'.l' is reaLlized.

Enet cf .~~iiinOf niolid oxyszeri and hetof va:'oriz.ai 1on c< tpz

oxyý,en for , temperature rar,#.e of 20 to 130 K were taken. from the work of
Mulli-.:1, et uil, '•i•9', a,, commpared vi"ý, similair data initiailly 7alcalated
for thi: stiI t -,.• t 1;e ,itn riven by ';teward ( 19t6) at the lowe.t tempera-
ture, 65 K, and heýt cap-'ci ,t data presented by 2cott (1959) a;nd re-rolicea
in table II of this report. The two nets of data -igree witi,ii: u. 5 wi:ich
is within the presented accura-Lcies of experimental data used in the work of
Mullins, et , 1965)



TABLE II

MOLAL VOLUMES AND DENSI7IES OF SOLID OXYGEN

7.mperature range Molal volume Density
K cc/gm-mol Rm/cc Phase

0 to 5 21.9 1.4612 C(or III

5 to 8 21.9 1.4612 O(or III

8 to 23.781 21.9 1.4612 or III

23.78. to 43.770 22.9 1.3974 or II

43.772 to 54.352 24.62 1.2998 Tor I

Data from: U. E. Gross et al (1962, pp. 126 - 134)
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TABLE III

HEATS OF SUBLIAATION AND VAPORIZATION FOR OXYGEN

Latent heat(a) La'-ent heat

Temperature v-see
K Cal/R-mol jig = T - A/

100 1551.02 202.76 202.4 (b)

90.18(N.B.P.) 213.3 (b)

90 1631.25 213.25 213.5 (b)

80 1700.77 222.33 223.0 (b)

70 1763.44 230.53 230.8 (b)

60 1822.50 238.25

54.352(a) 1855.20 242.52 241.50 (b)

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) 2182.30 285.28 284.43

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 (c)

23.781(a) 2224.-)8 290.8F 290.08 (c)

20 2414.50 ,289.49

(a) Gross et al (1964, pp 126-134)

(b) Stewart (1966)

(c' CRlculated from data in Scott (1959) and (b)

44



The latent heat of sublimation and vaporization are plotted in
figure 24 as a function of temperature. Liquid data is from Stewart
(1966) and solid data is from Mullins, et al (1965) along with the
cal:ulated data for this study. The heat of sublimation reaches a
maximum 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 43.771 (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).

STORAGE SYSTEM DESIGN FOR THE 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
container must support an external collapsing pressure, and the inner
container will always support a net positive internal pressure except
when the solid oxygen is stored below a temperature of 30K. However,
both liquid and solid oxygen containers must be strong enough to withstand
an internal pressure of one atmosphere. For this study, the inner c':n-
tainer for the supercritical storage must be able to withstand a iimum
pressure of 55 atmospheres.

Tho two insulations selected for this study are of the high-per-
formance type and require a high vacuum to fully develop thbir lot
heat-transfer properties. The flexible multilayer insulation consists
of alternate leaers ol' thin, aluminized mylar and a thin spacer mate-ial.
The aluminized mylar can be coated on one or both side, making it a
highly reflecting radiation shield. A shield configuration of 80 layerse
(mylar and spacer) per inch with a density of approximately 0.0933 ,em/cm3

was used for this study. The thermal performance of this insulation is
presented in Appendix I.

The second insulation selected for this study consists of rigid
multiple radiation shields, coated with a highly reflective metallic
material such as silver, alum.&num, or gold on the shield base surface.
The base surface cin be metal sheets such as aluminum or magnesium or
they can be formed sheets of impregnated Fiberglas. Vacuum-deposited
gold (room temperature emiasivity of 0.02) on both sides of 0.5 milli-
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meter thick aluminum shields was used for this study. 'he number of
shields is a variable in the studs and the shields are separated by a
spacing of 0.5 centimeters. The container surfaces facing the shields
were also considered to have a similar gold coating to further increase
the insulation performance.

The supports for the inner o:intainer were selected for a combination
of low heat conduction and high ;t:aength 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 direction to 5) G in three directions were
considered. The latter condition will give an 86.69 G-load on any single
support wire that was the basis of the design analysis, These 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 iupports 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 would circumscribe the outer
container. Rigid tubes would extend the vacuum jacket from the container
to the end of the supports and simultaneously act as legs for the whole
container. It was uýecessary 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 total
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)

P•essure regulator (supercritical)

Heat exchanger for solidification (solid)

These items are low in weight compared to the overall storage system, and
these weights are essentially the same for all systems. Therefore, neg-
lecting these weights in the analysis does not introduce a significant
error.
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STORAGE OF OXYGEN WITH NO USAGE

Many potential applications exist for future storage of oxygen
for long periods of time without usage. Standby oxygen *:,steas 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 sith them only the oxygen necessary for the flight
phase. The oxygen supply system for extra-vehicular activities can
possibly be made more practical if it is separated from the -in oxygen
supply source serving the cabin atmosphere.

The various methods of storage of oxygen without usage have been
analytically evaluated. The discussion of the analysis and the results
of the analysis are - esented in this section.

Analytical Procedures

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 )xygen at various initial temperatures.

The heat leak into the liquid oxygen containers was handled
in two ways; in one case, oxygen was allowed' to vent at one atmosphere
pressure, and in the other case, th6 pressure was allowed to rise to
supercritical pressure conditions, 55 atmospheres, before venting. The
he Lt leak into the containers with solid oxygen was allowed to raise the
temperature og the solid through its sensiblo heat, and to change the
state of the oxygen through its transformation and melting phases. Sub-
limation orccurred in some cares when the density decreased and a constant
volume of oxygen is to be maintained.

The study was made with difl'rent sise storage vessels which
have supports to handle two different launch G-loads of 10 G and 86.6 G.
The arwIyses also included the performance evaluation with a varying
number of rigid radiation shields and with different thicknesses of
multilayer insulation.

The equations that were used in this parametric analysis are
developed in Appendices B, D, and M. These equations were programmed in
FORTRAN IV for the IBM 360 computer, and oases were run over the range
of the parameter.

Results of the Analyses

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

The working cur., s are presented in figures 26 through 29 foz
solid oxygen stored at 54.36K (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 2 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 oxygen in terms of the percentage of oxygen remaining
in the container after a given period of time. Figures 30 through 37
show this comparison for selected tank sizes, insulations, and G-loads.
ill of the figures show the performance, or storbge capability of satu-
rated liquid 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 atmospheres before
venting.

Discussion of Results

The ircreased storage capacity when using solid oxygen is
clearly shown in these fignues. 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 Ozxyen Condition Remaining gfter 250 davs Storage

Solid oxygen @ 12K 100%

Solid oxygen 0 43.8K 86%

Solid oxygen 0 54.36K (triple point) 58%

Saturated liquid oxygen 0 90.18K 14%
(vented at 1 atm)

Saturated liquid oxygen @ 90. 8K 7%
(vented at 55 atm)

Referenc, weight is saturated liqui4 _gen at 9'2.13K, 95% full.
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Ri = 30 CM, TINS = 1.0 CM, 86.6 G LOADING ON THE SUPPORTS

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

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

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

91.2 4. SOUID OXYGEN INIT IALLY AT 12 Kq (PHASE P), 95 PERCENT FULL AT 43.8 K
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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 M1, 95 PERCENT FULL

4. SOLID OXYGEN INITIALLY AT 12 K
(PHASE D, 95 PERCENT FULL AT 43.8 K
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Figure 33. Comparison of Soli-j as a Function of Liquid Oxygen
Storage Times, Flexible Multilayer Insulation

R 70 CM, TINS 1.0 CM, 86.6 G's

I33



INITIAL CONDITIONS
1.4 1, SATURATED UQUID OXYGEN AT 90.18 K,

95 PERCENT FULL

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

,k.2 3. SOUD OXYGEN INITIALLY AT 43.8 K
(PHASg 11),95 PERCENT FULL

4. SOLID OXYGEN INITIALLY AT 12 K
2 34(PHASE r),95SPERCENT FULL AT 43.8 K

2-34

w

0
,0

XW 1 2 3 4

>U.

w V) .4

,o . 2

N

0 40 80 120 160 200 240

TIME, DAYS

1ý,'"4. Comp:arisoni of Solid niw a FLwc'icn of Liquil Oxygen
Storage Times, Rigid Shield Insulation

R. -30 CM, N = 0, 86.u V'ý

'59

IT



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
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00 4. SOLID OXYGEN INITIALLY AT 12 K
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INITIAL CONDITIONS
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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 II), 95 PERCENT FULL

"4. SOUD OXYGEN INITIALLY AT 12 K
(PHASE I), 95 PERCENT FULL AT 43.8 K

2 3 4

200 240 280 320 360 4GO 440 480

TIME, DAYS

Figure -1. Comparison of Solid as a FPnction of Liquid Ozxycn
Storage ?.me'j, Rigid Shield I•:iulation

-j 10 C., i - 2, WO G's
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This same ratio of percent of oxygen remaining holds generally for other
tank sizes, insulation design, and load requirements at the maximum time
where the solid oxygen stored at 12 K has 100% of its oxygen remaining.

The ratio of improvement in storage capacity can provide a
guiee 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 venting 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 properties of the supercritical oxygen, primarily the
specific heat. The supercritical oxygen curves level out at a constant
stored amount, which is tho 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 a sub-
critical liquid. This is showa by figure 30 where the oxygen stored as
a solid at the triple point can be stored for over 50 days without loss
compared to twelve days for the supercritical liquie and zero days for
the subcritical liquid (oxygen is vented immediately). The ground ý; .',ara-
tion of triple-point solid oxygen i. not difficult using liquid hellai or
neon as a coolant.

Another major step in improving the storage capabilities can
be achieved by cooling the srtid oxygen to a temperature of 43.8 K. Con-
sistent with the disci:ssion aoove, solid oxygen stored at 43.8 K (below
the Phase I/Phase II transition point) will remain for about 78 days cca-
pared to the 50 days for 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 iF 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 K. This extends the storage life bofore loss of oxygen to about 92 >1-ys
comnared to the 78 days for the 43.8 K solid. This last gain, however, is
obtained by reducing the iolid temperature to 12 K which can be -;..complished
by using liquid helium to prepare the solid oxygen.

Tn summnry, the lngth of oxygen storage life nan be substan-
tially improved by initially storing the oxygen as a solid. The lower
the initial storage temperature of th,3 solid oxygen, the longer the
storage life will be. The most practical initial temperature for storage
of solid oxygen is 43.8 K, just below the Phase I-Phase I1 transition.
At this point, 85% of the potential storage capability of the solid is
available. To achieve the remaining 15% atorage cap|bility 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 exchanger and
large quantitiea 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 maintained as a solid by
subliming it to space. Upon demand, oxygen can be transported to a
breathable condition by raising the pressure and temperature 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 tli study, or discrete units of the solid 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 solid storage with liquid and supercritical storage where the solid
is delivered to 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 parameters, among others, must be
considered: weight and size constrairts, power limitations, and the
launch environment to which the oxygen system shall be subjected.
Ideally, 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 be raised to the cabin temperatire 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 saiinps.

Analytical Procedure

A heat transfer analysis wea first made to develop the
equations describing the heat leakage into the container configuration
desoribed in Section !I!, Subsection titled, "Oxygen Transport by
Mechanical Manipilation". 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 Thicknc:s and/or
support length may be reduced to increase 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 mission length, the number of crew members,
and the amount of iA~sulation 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 develip 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 pa-ameter. These figures also include ono kilogram per day
total leakage rate and no air losk usage. Superimposed upon these
figures is the misoion length versuis the weight of oxygen when the heat
supplied is equal to the heat transfer through the insulation and supports
(launch loadirng of 86.8 G); curves for various insulation thicknesses
are shown.

Figures 41 through 43 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
min are the same for the two figures because the same weight of oxygen
should give the same mission length for the equal usage.
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For supercritical oxygen 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 du.-ing supercritical storage due to the decreasing density
(E e figure 61 in Appendix II. The "dashed" curves of figures 40 and 43
are for the minimum (q/J) paramete±e of 73 wtatts 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,
liquid and solid storage shoo.s that the supercritical storage method
requires more insulation than the liquid or solid storage methods to
provide the same mission length for the longer missions. Likewise, the
liquid storage me~lhod 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 48 present the total system wei~ht including
insulation and structure versus mission length comparing solid, liquid,
and supercritical oxygen storage, with thc nubgr of men (1,. 7, 15) as
a parameter. This type of data has been evaluated for diff,.rent insulation
thicknesses ranging between 0.5 and 10 cm, as well as for rigid shield
insulation. The comparisons are shown for insulation thicknesses of 0.5
cm and 5 cm as representative of the results for total _ontainer weights.

Discussion of Results

The results presented in figares 38 through 43 show the regions
where heat must be added to supply oxyren (to the left of the dotted curves),
and where heat transftr would be greatec 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 oxygen when the insulation
thicknes,, i• equal to 0.5 cm. For an insulation thickne- of 0.5 cm, the
weignt of oxygen required to supply a given mission length in excess of
133 days is given by values on the dashed curve abo',e Point A. More
oxygen is required in this case because oxygen usage does not keep pace
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with the oxygen generation r&te and the excess must be dumped overboard.
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 Point 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 ere required
for 2.0 cm of insulation as compared to 1030 kilograms for 0.5 cm.
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 comparison 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
zero 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, -s the total usage rate is 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 requirer, 8.5-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 the required
increase in heat transfer.

Sec-nd, solid oxygen provides a longer mission than either
liquid or supercritical storage in all regions of parameters considered.
The relative performance of the three st-'rage phtses does not change.
This is due primarily to solid orygen's larger latent heat of sublimation.
By the same token, solid oxygen requires more external power than the
liquid if the container heat transfer is lower than for the required
usage rate.
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The comparison of storage :.ontainer total weight (with oxygen)
is presented in figures 47 and 48 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 mission longth. 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 (149) when utilizing a solid instead o. a "iquid.

3. The advantages of a solid oxygen continuous supply system
over a liquid system are Lutweighed by the consideration Lhat 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 of potential storage and
supply systems can be made from the data. In this section, three potential
systems are described using the information generated in the study.

Systems for Space Cabin Oxygen Supply

The analytical data prc'sented in Section Il provides the
information for selection of the oxygen storage 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 compartment from a subliming
solid would require the 3-pump systems shown in figure 49. To use this
system, an improveaent 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 14-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 solid subliming system for large number of crew members and
short mission durations (small Lupply 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 requirrd 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 cconventional system and
would be usable as soon 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 since no advantage is gained with lower tempera-
ture solid during use by crew members. Since no real performance advantage
is gained in using the solid oxygen over the liquid oxygen during crew use
(except for elimination of two-phase problems of the liquid), solid oxygen
should only be considered for special cases. One possible case is where
only intermittent 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 oxygen for long-term :;torage
without usage. This is due to the heats of fusion and transition of the
solid as well as 'he sensible heat.
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During the phase transitions and melting of the solid, n,.
loss of mass occurs. Siný: the solid has a greater density than liquid,
some oxygen must be vented off before the oxygen is melted. For greatest
storage effectiveness, thia oyygen should be subliming to absorb heat
leak thermal energy rather than allow it tc be lost as a liquid. There-
fore, sublimation will occu% to some extent during long-term storage. The
rate of sublimatioin in this cLse is only dictated by the heat leakage into
the storage vessel, and generally, the rate will be very small. For example,
the rate of oxygen sublimation from a 60-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 cm2 of oxygen surface area. The surface area of
the solid in this tank when 95% full is over 1000 cm2 , 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
conductance must be critically examined for any specific system design to
assure satisfactory system oneration during sublimation.

Long-term storage of oxygen can best be ý'complished by starting
with solid oxygen. The lower the initial temperature of the solid oxygen,
the longer the storage life will be. The system design for long-term storage
of oxygen will be simple, except where subliming vapors are to be recovered
and in some cases where subliming vapors are rejected to space. The complica-
tions are encount6red due to the low vapor pressures 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 solid 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 Actirity Supply

Certain future applications will require that a long-term storage
system for oxygen be available and designed so that a certain mNss of Ihe
oxygen can be removed for individual use for short periodn, of ti-,e. Extra-
vehicular qctivity from space stttions aind search activiti-'i on the lunar
surface are two possible applicationrn. For these requiremei,ts, a solid
itorage system with a mechanic:il 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 remoTed
through an air-lock valve into capsules where they can be liquidfied
for breathing purposes.

The system for solid oxyjen removal by mechanical methods will
require a development study to determine the most effective way of
acccmplishing the task. The experimental work in this program demonstrated
that this could be done simply by lifting the solid oxygen through an
air-lock valve in a one-G field. Operation of the system under zero-G
ard during maneuvering of the vehic*e will require a different approach.
In any case, the air-lock valve is required to maintain vacuum ccnditions
in the solid storage system during transfer.

The system of oxygern storage and transfer for extra-vehicular
activity will consist of a simple storage system having an air-lock transfer
system. The specific des-gzi of the hs-t trarsfer s:istem can be established
in a design and development program.



SECTION V

CONCLUSIONS

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

The u•e of .solid oxygen in syitems where the oxygen is continuously being
used by crew members h'is only a small advanta- e over the use of subcritical
oxygen. 3ome complic: Lions are added to the oxygen transfer system when solid
oxygen is used since the oxygen vqpor pressure must be raised to cabin pre-sure
eithe by a cryosorption pump with vapor transport or by une of an airlock with
solid mechanical transport. ITc benefit to be gained by solid oxygen in terms
of langer mission duration does not n-pear to warrant the added complexity of
the transfer system.

The benefit in extended storage time of solid can be of major importance
i. standby emergency sy-tems or systems for extra-venicular acLivity. The
solid extended storage sy-t:?m combined with a mechanical transfer system to
brinzi oxygen blocks through an airlock woild ..;rovide a practical system for
these requirements.

The followinp specific conclusions can also be made.

.1olid oxypen transfer through an airlock to a hiph-pressure area
can be accomplished with a mnchanical transport system.

* Transport of subliming oxygen varors o v cryosorption purnp to a
hirh-pre-;sure area can he accomplished, but vapor flow restrictionq can seriously
limit the application to some syptems.

* ?Moving solid oxygen with a magnet using, the paramarnetic properties
of oxyger does not appear practical from the preliminqry work done in this study.

T 1he preparition o _oli. oxygen by usinp the coolinT effect of solid
nitrogeii oan only be done on a smill scale by havin7 good heat transfer between
the nitrogen -ind the oxygen, low heat ]Iak into the oxygen, an, a 0ood 'Vacuu-
pum,' to reduce the vapor prt.esure over' the oxygen to around 1 torr.
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SECTION VI

RECOMMENDATIONS

On the basis of the work conducted in this progra:- the following
recommendations can be mad6:

0 The long-term storage of solid oxygen is substantially better
then for subcritical and supercritical liquid storage, and experimental
tests should be conducted on a prototype storage system to substantiate
the storage capabilities and to ýva]uate the system design requirements.

* Transport of solid oii, en from the vacuum storage area to a
breathable state by mechanically trw, 'ferring oxygen blocks through an
air lock should be developed for fucure EVA and emergency oxygen supply
requirements.

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

0 Design study of specific application requirements should
be made to further define the suitability and benefits of using 1olid
oxygen in the srecific application in place of liquid oxygen.

ý,7



APPENDIX I

ANALYSIS OF HEAT TRANSFER TO THE STORED OXYGEh

HEAT TRANSFER THROUGH THE INSULATION

The heat transfer through the insulation will be calculated assuming
the temperatures and their gradients are steady (i.e., assuming that the
temperature changes are slow). For the solid and subcritical storage
methods, this assumption is valid; however, for the supercritical storage
method, the fluid temperature in the container increases during the thermaldT
pressurization. The C f (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, T., 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 insulation in the form of
a spherical shell is given by

47k ins (TO - Ti)

QINS 1__ (i)
ri+t ro

where

QINS = Heat transfer into the oxygen by way of the flexible
multilayer insulation, watts

k. = Thermal conductivity of the insulatic-, w/cm Kins

ri = Inside radius of the inner container, cm

t = Wall thickness of the inner jontainer, cm
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r = Inside radius of the outer container, cm
0

Ti = Temperature of the inner container, K

T = Temperature of the outer container, K

Figure 52 shows the geometry used in defining the parameters of equation (i).

The inner container wall thickness is given by

fP r - f~irl(2)

2S
y

where

f = Safety factor

P. = Internal pressure1

S = Yield stress

for the solid 02 and subcritical 02 storage and by

t = ri 1 1 + f~S -i (3)

for the supercriticel 02 (higher pressure) storage. (see Appendix IV,
Analysis of Weights for Oxygen Storage Systems).

The insulation thc'mal conductivity is a function of the
temperature on each side. The ambient temperature will be assumed to be
298 K, which will also be T . The oxygen temperature (and Ti) will depend
upon the method of oxygen s~orage.

Solid 0 2 : 12 K to 5.'.36 K

Subcritical 0,,: 90.1i K (i artm)

Supercritical 0,: 104.' K ý55 atm; initially 95% full

of liquid at 1 atm) initially and
increasing with time (or amount of
fluid remaining as shown in Appendix
Iv)
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The laboratory measured thermal conductivity on flat samples is approxi-
mately 0.173 x 10- 6 w/cm-K for temperatures at 77 K and 300 K.
For the insulation applied to a spherical container with overlpping and
penetrations, the value is approximately twice that of the laboratory value:
0.35 x 10-6 w/cm-K. Using a temperature variation for thd thermal con-
ductivity given by Wang (1961), the relation to be used for this analysis is

T'+ + .OU)qTJ+TZ 112TZ +T

+(T1 9 " [0.0374 * 2 + 00 x 1O -w/cm-K (4)

For TI = 77 K and T2 = 298 4X,

T 1+ T 2IT 2 IT2
100 3.75 \ + \100/ 9.475

k(77,298) = 106 (0.140'3 4 0.2097) = 0.35 x 10-6 w/cm-K

At TI T 2 298 K

T1 +T2 Tk') IT 2 1 2
100 =5.96; + = ý- 17.76i4

- -6 -6/k(298,298) 10 (0.223 + 0.625) = 0.848 x 10- w/cm-K

Multiplying Equation (4) by (T - T2) gives

kAT 0.0374[(1) 100 ()0] -F

10-4 (w/cm) (5)



For T1 = 298 K

(T1/lOO)2 = 8.8804 K2

(T1 /100) 2 = 78.8615 K4

So that

k(T,298)(298-T) = [7.9741 - 0.374 - 0.059 1x 105w/cm (6)

The results of equation (6) for T from 0 K to 298 K are shown

plotted in figure 53. The parameter

(298 - T) k(T,298)

will be used in place of k. s(T - 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 alominum 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 K and lower) and the emissivity of vacuum-depoeited gold varies con-
siderably with temperature (see figure 54), the radiation exchange factor
for two closely spaced surfaces (shields)

•1 (7)
, ij - 1 1(

*Vapor-ccoled shields are where the vent tubing for the cryogen vapors
is coiled around each shield and the exhaust vapors cool part of the
incoming heat.
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is not strictly valid (in this equation, C and C represent the emiesivity
of surfaces i ani j respectively). However, for en4 rgy at any wavelength
A , the relation holds (see Eckert and Drake, 1959, pp. 403-404) such that

q bli- + A, (8)

A 1

where

q = Heat flux transferred from surface i to surface j per
qX unit increment of wavelength, w/cm2 -_

E J j= Planck's blackbody radiation function with temperatures of
surfaces i and J, respectively

CI1 A-5

bAi C2/AkT -1

se -i

Ai Emissivity of surface i at the wavelength A

='j Emissivity of surface j at the wavelength A•I

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

qT f qA dI.

0

or 06

f E býX - 'bXj dA (I0)

o + 10i CAJ

T'.



Multiply-ing the right side of equation (10) by CAc /C =-

gives

00 f, Ai E j -(E -F e.X (n)
A~i*E ACiCA ~

0

as a general relation.

In the problem with the vacuum deposited gold shields, IIAE -Cl (C -'ý 0.02),

and IEi E' can be neglected in comparison with CAi . Also with

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

= kr (12a)

=kr (12b)A j r A.1
where

k -= A constant, 62.8 (41) -ohm -cm
r

Pi = Electrical resistivity of surface i
,D = Electrical resistivity of surface j

X = Wavelength

Then substititing equations (12a) and (1b) into e.uation (11) and
defining .":

+~2L F-J 'approximato.I-L0 ,3
- Cswtl A(3



and defining J and J

00

and

00

~~- d' .
-5 4 -Aoo A

3 0
gives

T = .i. Ebi - ij Ebj

For the approximateJX in equation (13)

±00 -
k'4 o/i P f F (T X)- CI(AT,)- dA T,

0 e

r ji~O ~i j (14)

bvhere

K C (AT )- 2 J measurement
r i - corrected for

o e -1 gold

For gold (and most pure metals) D3lov approximately 300 to 400 K. the
el~ctrical resistivirv is linear with temperature.



) J/P in ohm-cm

T
T {T in K

Tising this relation in equation (14) gives

[oKr T, T.( .
T

- -T.T.T.
= 0.74 - Zc

y Ti TS

Ther for both i and j

0 Po /.1~

04 [ T. J 0 . 7 4,

JT.

Note that

7. or --

Then 7
T.T (- 4 (o.° -- - -I 7A , ( T 4T_ (1T"

Equation (15) can be written as

T Tj V



where Q( ... s the absorptivity of a surface at temrerature Ti of energy
from a radating source at temperature Tj (or vice versa). Both surfaces

radiate according to the Hagen-Ruben's Equation and P = T T. UsingT
0

Kirchhoff's law and equation (12a)

S= = k r

whereC j.i is the spectral variation of Cij. By definition,

o ( Aij b ij C ( j).

rd (T1T'~ •[j_½ dT

= "o e • _

or

O~i =Kr " PoTT: OV o

k ) T.

or

(X 3  KI T.T. = 0.74 0 F7

A similar analysis shows Ci = 0.74 . . Thus, whon T. =Tj

* - s-aA•fying Kirchhoff's law for equilibrium.

Severa', sources of emissivity ani absorptivity data for gold
!ire plotted as a finction ef temp-erature from 0 to 300 K in figure 54. The
data for the measured absorptance was used in equation (16) for the solution
of the shield tomperaturep and the heat transfer Iy radiation through thp
shield- to the oxygel,.



ý0.21 T-1
•ij (o, o2i/Ti = 0.667' 1O-4 •

Equation (16) applies to any two adjacent shields and qT
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.

qi =q (17)

and equation (16) with 0( ij = 0.667-10 T.T. becomes

qi o0"667-10-4 T -Ti4 T. +5 (1)

Q A q.., Aj = 4W R, 2  (19)Qij =ji' Aj1

.th
where Q. is the heat ... ns-7,r through the total area of the j shield, watLt

A. is the area of the j " shield, cm
J

R. is the radius of the j th shield, cm
J

and R. is gi+en by

Rj.. ri + t + jI



where

r = the inside radius of the inner container, cm

t the thickness of the inner container, cm

th
j = the j 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 outer container temperature fixed at
the ambient temperature of 298 K. Once the temperatures have converged
ýin th: computer program), the program compares the radiant heat transfer
through the shieldz. Solutions 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 - 0, iteration is
not necessary, anr the heat transfer can be calculated immediately from
equation (16) similar to the following:

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

12 1 4.5 4.51
q 1 2 =;T ,~. 7.T, [T1 4  T 2

4 2
Use T = 300 K, then T 0.0459 w/cm

and T2 = 777 K, then T = 0.0002 w/cm2

T IT2= 152 K

'12 0.667(10-4 T

or from data on figure 54

cx 0.0101?z•= ~l

lh)i



S~ ~~17.32 0.5

17.32 + 8.95 -26.27

;F2 8,95 8. 0.330
17.32 + 8.95 26.27

q 0.0100 [0.659(0.0459) - 0.330(0.0002) = 2.93 x 1074 N/cm2

The results of this analysis, equations (15) or (16) are very
similar to and 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.

h'AT TRANSFER THROUGH THE SUPPORTS

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

The support material will be a titanium alloy such as Type 4AI-4Mn.
The thermal conductivity of this type of titanium is shown in fgure 55
as a function temperature. The heat conducted through the four suipports
is T

AS3  /

qs 4 ASL k(T) dT (,0)
T i

where L and A are the support length and cross-section area, respectively.
S S

Defining the average thermal conductivity as
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T

k(T,- T) 1 T k(T) dT (21)
k0 T - T 1

T i

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

q 4 (T 0 T) L (T T (22)
LS iO

For all the different oxygen storagq methods, 1I will be 298 K;
Ti will vary with the type of storage. 0

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

fW a

A T (23)
S S

y

where

WT = Initial total support weight (mass), grams

a = G-loading (10 to 50 -F3), G

S = Titanium yield strength, grams/cm2

f = Safety factor

The four supports shown in figure 52 are radial, high-strength,
titanium alloy wires which extend from the inner cont&iner through the
outer container to the corners of an imaginary tetrahedron circumscribing
the outer cc:itainer. Rigid tubes would extend the vacuum jacket from the
container to the end of the supports and simaltaneously act as legs for the
whole conlainvr. It was necessary to mnke the supports long in order
reduce the heat transfer to the order of mngrnitude of that through tl
insulation. However, for some missions where the oxygen usage rate iru
hit'h, shorter suppo-ts and higher heat loads can be tolerated. When the
oxygen ic to 'e stored for extended periods of time before usage, a
minimum total heat lo:,d i:. required. For the support ccnfiguration selected,
the supporto exter.d outside the outer contdiner a distance of Pr ; thus the0
total ziupport length in givern by



LS = 3r - ri - t (24)

where

r = Inside radius of the outer contaiher, cm0

r. = Inside radius of the inner container, cm

t = Wall thickness of the inner container, cm

The total weight is
WT =W + +25)
T= W2 + WIC + WINS

where

WO2 = Stored oxygen weight, grams

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 temperature and 300_Y upper temperature are shown plotted
in figure 55. The dashed curve kfT.3GO) will be used in equation (22) for
computing +he heat conduction through the supports. For a high temperature
of 298 K

(T - 298) k(T,298) : (T - 300) k(T,300) - (300 - 298) k(298,300)

= (T - 300) k(T,300) - 0.1754

where

298

29(8,T f k(T) -T

T

1 4.1
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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 calculation 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 = KO(P (T2 - T) (26)
gc2 1

where

W = Net energy transfer per 2unit time per unit area of inner
container surface, w/cm

K = = 0.0159 w/cm 2-mm of Hg-K for P measurel
87TMT at 300 K, N2 gas

R = Universal gas constant

M = Molecular weight of the gas

T = Temperature of the gas

7 = Ratio of specific heats, cp/cv

P = Pressure, mm of Hg

0 = Overall accommodation coefficient 1 + k'2 -?\2AI/A 2

A =Area

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

For the present configuration -..d for no shields

AI A,

1 ,2



and from Vance and Duke (1962, p 156)

U 2 = 0.85, UY = 1.0, for T = 300 K, T - 77 K.

The temperature difference is

T2- T1 300-77= 223 K.

0=°0'85 = 0.85
1.0

W = 0.0159 (0.85) P (223) 3.01 P

P 9cM 1w/cm2

10-5 3.01 x 10-5

10-6 0.301 x 10-5

10- 0.0301 x 10-

Comparing the residual gas conduction with radiation where there are no
shields but the inner and outer container have a low emissivity,

t 1 "2 = 0.015 (average)

77 K, , =300 K

r 4(T4 - 4)
A al-



J, C2 (0.015), 0.015

-f + (1- C2) el -: 0.015 + 0.015 (0.95) - i.95

= 0.00756

T2 = 300 K, (dT24 = 0.0459 w/cm2

T1 = 77 K, 4 =0.0002 w/cm2

S(T24 - T14) = 0.0457 w/cm2

r -= 0.00756 (0.0457) x 10-5
A

= 34.5 x 1075 w/cm2

at P = 10-4 mm of Hg, W is 90% of q/A

at P = 10-5 mm of Hg, W is 9% of qr/Agc

at P = 10- 6 mm of Hg, W is 0.9% of qr/A

For N shields:

Assuminb, W = h AT, A 1i = temperature differential between any two
gc gc

shields are hj changes negligibly with temperature,gc

then
h

gc N 2 1

where T, - T is the overall temperature difference.
e 1

Assuming that the emissivity changes are negligible with temperature
of shields, the radiant energy decreases by a factor of 1/(N * 1). Thus,
both ... iant energy transfer and residual gs conduction decrease at the
.,ame rate as the nut ber c' shIeldn' in ;ncrentsed.

i( .



Looking at the shields on the cold side for the case of many shields,
p = 10-6 mm-Hg and KP = constant (see Scott, 1959, pp. 145 - 147), conduction
b3 tha residual of gas is

[Ai = 1.0 (0.0159) (1O0) ( -- 1.o0)

Lt
= 0.159 x 10-7 w/cm2 -K

The radiation between assumed shield temperatures of 77 K and 100 K with
• .. , (0..0o6)c

surface properties of C1I C2  0.06,.-i_2 = 0.006 + 0.006 (0.995)

0.006 - 0.00301, is (using the linearized radiation equation):
1.99%

- 4(0.00301) (5.669 x 10-12) (88)3

= 0.466 x 1-7 w/cm2 -K

Thus: Radiation is 3 tnmes the residual gas conduction at a pressure of
10-6 1torr

hndiatiori is 30 tdmes the residuall gas conduction at a pressure of
i0-7 torr

For the ,'igid radi:-Ltion shield insulation, the pressure in the vacuum
region will bo':cc i.sued to be 10-7 torr and the residual gas conducti on will
be neglected.

'r..?ALHT "'"A-F•R '..' TE "TU.E; OXYEN

Tihe tot'(l hen tr-'.ofr • •-e storeo oxygen tot) iq giveon by

toto,tot • )"• ;)7

• t 0¼



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

= qT + s (28)

The component heat transfer relations given in Sections I and II
and in equations (27) and (28) were programmed for solution on the IBM 360
digital computer with the storage container 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 -Cransfer
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 -nd 59. Figure 58 illustrates the
heat transfer tc the ojgen at its initial temperature of 104.2 K. Figure
59 presents the same data when the oxygen Is at a temperature of 158 K.
This latter temperature corresponds to the condition at which minimum
heat transfer is required to deliver a constant flow rate, i. This
phenomena of a reduction is heat input requirements is due primarily to
the reduction in the specific heat capacity of oxygen near the critical
point of the material. (See figure 60 and figure 61 of Appendix !I, Heating
Requirements for Oxygen Delivery.)
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APPENDIX II

HEATING REQUIREMENTS FOR OXYGEN DELIVERY

SUPERCRITICAL OXYGEN HEATING REQUIREMENTS FOR PRESSURIZATION

The pressure in the storage container is to be held constant at
55 atm. The initia] density (p0 ) is 1.0839 g/cm3 or 33.8717 g-mol/liter.
This density was calculated assuming the container was initially filled
.ith liquid at one atmosphere to 95% of the container volume.

The fluid heac 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

6h (29)

where

q = Rate of heat transfer (by any method) into the vessel, joules!
see or watts

= Weight or mass flow out of the vessel, mol/sec

h = Erthalpy of the fluid in the vessel, joule/mol

P = Pressure of the fluid in the container, atm

- = Density of the fluid, g/cm or mol/cm

It is noted that the fluid density is directly proportional to the
1•. density and the fraction of the initial tank contents remaining in

the vessel at any time, Thur the fluid heat input is directly proportional
to delivery rate and to a quantity which can be determined from the thermo-
dynamic properticn of the fluid stored. Thin quantity, -p(b,/bp)p, is

a furzction of fluid density at given constant presaure and thus varies
&urir• operation. Fluid temperature also varies durirng operation.
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However, since there is only one phase and pressure is held constant, only
one other thermodynamic variable is necessary to define the procecs, i.e.,
temperature or density.

The specific heating rate equation (29) was calculated numerically

from tabulated thermodynamic data givon by Stewart (1966). The results
of equation (29) are plotted in figure 6U as a function of percent weight
remaining in the container where 1

Percent Remaining Weight = 100 ITO-
Figure 61 shows the fluid temperature as a function of percent

weight remaining in the container for constant pressure delivery of
supercritical oxygen at 55 atmospheres. This curve will be used to
calculate the heat transfe: into the container.

LIQUID STORAGE WITH HEATING AND VAPOR REMOVAL

For this study the liquid will be considered to be stored at co:,stant
pressure. The two phases will be considered separated in the storage vensel
with only the vapor removed.

hV

- Pressure and temperature are constant.
U Applying the First Law of Thermodynamics

P ,to the process,

656Q. 6 u Vh,. 6 m (30)

where

OQ H Eeat added in time 6 0
6 U . Change in internal Ynergy ct.4ng* ot the fluid in the veassi

h. Frthalpy of the vented vapor (in this cn.•q, ent!halpy of the
saturatol vapor at the prosaur* F)

6 a Vapor reoyved in tiao .Q



The change in internal energy ia

6U = u -U

where

U1 = Internal energy at time 9

U - Internal energy at time 9 + 60
Also

6U = m2U2 - Yl

where

u = Intrnal energy per unit mass

m = Mass (liquid + vapor) in the vessel

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

SU = m2LL + '2VV ( - ( ÷ •V)

(31)

m 'L(m2L ' Id) + V('V - lv)

Performing a mass balance on phasei it-: 4 de the centainer,

"ML -, 6o , +" (,2v - IV) (32)
1L 7L32

5 m IL "2L "( -v (3)

.o. saituting equAtion (32.) into eqiuatior ()I' gisrt

(34)"~ - S, * -in) ( " -11
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Substituting the definition of enthalpy of the liquid (hN = UL + P/OL)

into equation (34), where PL is the liquid density, gives

'UI=-6 o +6m(/p '+(m2V - lV) (V - 'd

Also

'IV -uL -hV •h L P ( -- P , (36)

and

2V - m1v Pv AVL

where

AVL is the volume of liquid evaporated

But

orAv, --L(ml, m2v)
PV ( Mor

m2V- mlV pLL lL - m2L) (37)

Substituting equation (32) into equation (37) gives

"m - mv = 6 + 2V (v 2 lV)

or

PV ~ 2 El 1 PL

a nd 2V EV 6m. (38)
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Substituting equations (38) aid (36) into equation (35) gives

or

6u= 56mh, +m Mj (VPL4V -hL)
"" l& "f, (• "•')(39)

Combining equations (39) and (30) gives

6(V I-JL +6 -h. 6m h hL) PL~v
)

Dividing by the time interval Q and letting

IV hL =UVL

•ive•3

(q T2 `/mV (40)
where

HVL = Heat of vaporization of the liquid at the pressure P, j/g

= Vapor removal rate, g/s$ac

q Rate of heat addition, vat-as
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For liquid-oxygen storage at 1 atm (1.0333 kg/em2 )

35.6471 mol/liter

V C.1396 mol/liter

=L 35.6471 0.1396
-35.5075 1 + 35.5075 1.00392

HVL= 6825.8 j/mol = 2133.0 jlg

and from equation (40)

q = i(213.30) (1.00392)

q = 214.14 i (liquid storage at 1-atm absolute pressure)

= 214.14 w/g/sec (constant)

SOLID STO&AGE WITH HEATING AND VAPOR REMOVAL

The equation for heating and vapor removal of constant pressure
for liquid storage also applies tc solii storage (with solid and vapor in
equilibrium below the triple point pressure) with the substitution of the
heat of subliaation for che heat vaporizaticn and the solid density for the
liquid density. Thus for solid storage
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where

q = Heat addition, watts

= Mass rate of vapor removal, g/sec

= Heat of sublimation, j//g

= Density of the solid at the container pressure andtemperature, mol/liter or g/eu cm

1V = 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)
becomes:

q Ac• (42)

For solid oxygen slightly below the triple point (T.P.) (54.36 0K and
1.14 torr), the heat of sublimation is

As = 8176.0 j/lol (at T.P.)

= 255.50 j/g

and

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

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

ANALYTIC STUDY, COMPARISON OF LIQUID VERSUS

SOLID OXYGEN 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 either the subcritical or supercritical storage
systems, advantage can be taken of the sensible hoat capacity, heat of
fusion, and increased denaity of the solid to increase its storage life.
This can be done by launching it as a solid 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 sublimed 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
pressure to a breathable level. However, when the solid is being melted,
the container would be sealed.

The general procedure is to start with solid oxygen 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 heat of solid and liquid finally ending up
with a container of liquid, extended storage time can be achieved. Also,
the extended storage timi can be increased by cooling the solid below
the triple point to achieve a greater density loading of solid oxygen.
(Due to solid phase changes, loadings of up to 28 percent by weight
greater than liquid can be achieved.) In addition, the cooled solid has
a greater h3at of sublimation, as well as the increased sensible heat
of the cooled solid.

Three procedures were analysed which involve starting initially
with solid oxygen and ending with liquid. The three procedures for
calculation purposes, shown schematically in figures 62 and 63, are
described in the following paragraphs.
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PROCEDURE I, FIGURE 62

The container starts 95 percent filled (by volume) with solid
oxygen at the triple point (Phase I) and having a density of 1.300 g/cc.
Enough solid oxygen i8 allowed to 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 yield
l±quid at the triple point. Thirdly, the liquid pressure and tempera-
ture is allowed rise without venting 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 solid 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 liquid) oxygen after storage time G
(with sublimation or evaporation) is given by

W02R = W 02 - (43)

where

9 = time, days

= vapor removal rate, kg/day

W = initial weight of oxygen, kg

WOR = weight of oxygen remaining, kg
2

The vapor removal will be gover:.,A by the total heat leak, Qtt into
the container. For both solid and liquid storage,

q AK (44)
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where

q = the heating rate necessary to yield a vapor removal
rate of i (kg/day), watts

K = a constant, though different for solid and liquid,

K = 2.4785 watts/kg/day for liquid storage at the normal
boiling point and K = 2.9618 watts/kg/day for solid
storage at the triple point,

With q = tot (45)

ThetW 0 R (46a)Th O2R= 30 K -

II t °--O (46b)

In general, the information desired is the storage time, ,
for W of the solid to be equal to the initial weight of liquia which

0O2R
would fill 95% of the original container.

KS

0 K (w W days (47)
Qtots 0 WO2L

Also, the time for the remaining solid to melt, 0m, is
m

qm = WORIf (48)

where H = the heat of fusion at the triple point, watt/hr/lg,
(Hf = 3.660 watt-hr/kg for oxygen)

q = the average heat leak melting the solid, wýti,.

Since the temperature is constant during *he melting,

Qtotse49



where Qtots = the total heat transfer into the solid oxygen.

Then W2R (386)

0 = .(4 days (50)
S (24) ots

or whenWR = WO

9 0.161 0 days (51)
m Q tots

At this point, the stored oxygen has been raised to the liquid
state at 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 oxygen. Additional storage time can be
realized by letting heat be absorbed by the liquid (maintaining a
sealed container) and raising the pressure and temperature of the
liquid. The sensible heat absorbed in changing the saturated liquid
at the triple point to a saturated liquid at the normal boiling point
is 16.332 watts-hr/kg for oxygen.

The time for this sensible heat change, 0L (days), neglecting
the small hiat capacity of the contai:ir and part oA the insulation,
is given by

"24 0L' (52)

where i is the average heat leak into the liquid. Since the temperature
changes from 54.36 K to 90.18 K in the sensible heat change, the heat
leak will vary from Q t for the so.Ld to Q . for the liquid. How-
ever, neglecting the stall change in thermal SoAductivity of the insula-
tion and supports with temperature,

L 2 (tots + Qtotl
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and the heat leak is proportional to the ambient to oxygen temperature
drop, or

2 98-TL

totl = tots 2 9 8-TS

where

T = liquid oxygen temperature, K
L

TS = solid oxygen temperature, K

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

Q Q 207.821 = 0.854 Q

totiti 243.64) tots

Then

- 1. 1.854
" = 0.927 Qtots

and from equation (52)

016.332 0O2L

L 0.927(24) Qtot

o r , = 0. 73,.5 W0 (d ays,, ) 
( 54 )LQtots

The total time is QT 0 S 0 m + 0 L Combining equations (47),
(51), and (5-4) gives

K K

0T Q 2! Q 0 L Q 'f0,
{I 'J')f

tots 02s tots o 2

2 tot



For K = 2.962 watts/kg/day and W0 2S = 1.1395 W0 L
2 2

(ratio of densities)

OT 1.310 (55b)% = .31oLqtots]

The derivation of equation (55b) is for t- condition W0 = WO2L

2 2

a function of the container radius. Qtots is a function of ri and tins'

the insulation thickness. The results of equation (55b), using computer
generated data, are plotted in figures 26 and 27 (,f the report.

Figure 26 presents the total storage 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
for insulation. This storage life is based upon starting with the
container 95% full of solid and allowing sublimation until the amount
of solid is enough such that, vnen melted, it fills the container to
95% full of liquid. Of this storage time, apjroximately 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,
ani during the melting portion, no venting would b- required.

The time to vaporize the remaining lquid oxygen is given by

QV 2.4785 WOL/Q (days) (36)

0 totl
2

where Q = the total heat tra-.fer into the container, watts (liquid
Soxygen 90.18 K ana the supports designed for solid oxygen,

95% fu~ll),

V 0OL the initial woia'ft of liquid ozygen, kg.

t5 1
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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 solid oxygen at
43.79 K (Phase II) having a 4ensity of 1.397 g/cc. Enough solid oxygen
is allowed to sublime (with venting) to yield a solid oxygen weight
equal to the desired liquid oxygen wei;ht (95% full by volume). The
remaining solid is allowed to warm up without venting to the triplo
point temperature and pressure. At this point, the procedure is the
same as in Procedure 1, with the melting solid and sensible heat change

of the liquid.

There is initially 1.397/1.300 = 1.075 times the initial weight
of solid oxygen as in 1?rocedure I, and there is an increased heat of
sublimation also, K = 3.300 watt-day/kilogram (w-day/kg). The weight
is

S= 1.225
02S 1.141 02L WOL
2 2 2

Equation (47) for this procedure becomes

0 = (1.225 - 1.000) (o3oo) WO .2/Q

giving

I 1 OS = 0.7420 W02L/QII (57)

where QI is the heat transfer experienced on path II.

From state 0 to @in figure 63, the heat capacity of the soiid

from figure 3 of the report is

AEIII 117.60 + 11.05(10.563) = 294.32 cal/mol

= 0.4453 w-day/kg

132



The time for the temperature rise in the solid oxygen is

L

n = 0.4453 (58)IIII

where Q is the average heat transfer into the solid along path III

(figure 3) whore the solid oxygen temperature changes from 43.78 K to
54-36 K.

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

State@ to@

GV = 0.1608 Q-2 (59)
IV

and for state to

WO2

= 0.6805 2 (60)

where Q and are the heat transfer experienced on paths IV end V,
respectively.

Computer results for QT', QITI' Q.V, and QV, equal to the total
heat transfer for the terperaure experleuced at the state points shown
on figure 63, were used to compute GII through QV. The total time is
plotted on figures 28 and 29 of the report as a function of container
radius and insulation thickness. Approximately 1.85 times the extended
storage time is achieved by Procedure II as by Procedure I.

Figures 30 throujh 37 of the report show the relative weight of

oxygen as a function of time for Prcoedure II as curve number "3".

PROCEDURE III, FIGUP 63

Procedure III is the same as Procedure II except that the 95%
full container at 43.78 K is cooled to 12 K initially to gain the extra
seusible heat of the solid from 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 from state 0
(12 K) to stateD (43.78 K). The heat capacity from figure 3 of the
report is

E = 22.42 + 8.05(19.914) + 2.76 (11.886)

- 215.53 cal/mod = 0.3261 w-day/kg

The added storage time is

@ = 0.3261 WO /Q = 1.225 (0.3261) W L/QI = 0.3995 W /Q
OS 1 2 0L 1 (61)2 2 2

@ extends the total storage of Procedure II by approximately 16%.
Figures 30 through 37 of tho 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 (sqaled container) to reach the superc-itical
state at 55 atmospheres is governed by the mass of oxygen and the change
in internal energy of the two states, A ES From Stewart (1966).

Sc.

AEs S= -3574.3 - (-4280.4) = 706.1 J/mol = 0.2554 w-day/kg

The time to reach 55 atmospheres is
WOL

S = C. 25 5 4 -0 (62)
SC QSc

Where Q C is the average heat transfer for the oxygen at 90.18 K and
104.2 i, watts.

At thiL point, the aupercriticai fluid container would begin to
vent (by pre-•ure 1,iaV^) Hoever, the vent rate varies ...........

because of the ristw in oxygen temperature (figure 61 of Appendix II),
and because of the variation of the specific heat capacity (figure 60
of Appendix II). The calculation is as follovs:



I

The mces flow of supercritical fluid is
Q Qtot(R)

Q (R) (63)

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 transfr:- to the oxygen which is a function
of temperature which varies with R as given in figure 61, watts

Dividing equation (63) by WO2L gives

SQ~tot(R

r WL - W o2~s(R) (64)
0 O 02LKSC

where

S= the "reduced" mass flow rate, g/secr

WO0L = the initial weight of oxygen, grams.

The Qtot variation with temperature is obtained from the IBM

360 computer heat-transfer program. Values for i are computed then as
a function of R, using equation (64). The variatfon of R with ti.me (Q)

is given by a numerical integration of the reciprocal of z with respect
to R a- follows r

R
R r (i R 055)

1.0

135

i



or numerically by

r 
(66)

where • is the average i over the interval of AR.
r 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 II).
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APPENDIX IV

ANALYSIS OF WEIGHTS FOR OXYGEN STORAGE SYSTEMS

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

STORED OXYGEN

Refer to figure 04.

Subcritical (Liquid)

W PLVYI 
(67)LO 2

where:

W Weight of liquid oxygen, gm
LO

2

PL = Density of liquid oxygen, 
gm/cm 3

V = Container volume, cm 3

K = Fill factor, 0.95

for a spherical container, the contained volume is

V Tr r 3 (66)
3

where:

r inside radiul- of the inner container

Then:
4 3

r (69)
LO "L'
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C Vacuum Region
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Supercritical

Wsco Psc V (70)
2

where

W Weight of superoritical oxygen, gm

SC = Density of supercritical oxygen, gm/cm3

K = Fill factor is included in the density

Then

W = A77 r 3 P (71)WSCO 2 3=
2

from 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 (consLant volume
and mass). Then

Isc = 0.95 PL + 0.05 (72)

where

= Density of saturated licuid at one atm,L
= Density of saturated vapor at one atm.rV

= 1.1407 gm/cm3

L3

= 0.0045 gm/cm3

Then

SC "95(I'1407" . OOA'• = ],149 - 0.01 (1.140? - 0,(,45)

1.0839 gm/cm3

piaticllythez!= n2theiiq-.Aý' wit)i the fill frictor.
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Solid

w = PsV (73)
WSO, )S (

where

WO = Weight of solid oxygen, gm
WSO 2

D= Density of solid oxygen, gm/cm3

'S

Then:

From equations (68) and (73)

• ri 3  OS K (74)WSO 2 3 S

Figure 65 presents the freight of contajined oxygen as a functions
of inner container radius (ri) for solid, liquid, and *9upercritical storage
of oxygen.

INNER CONTAINER

The inner contaJner will always be subjected to an internal pressure
because of the vacuum jacket for the insulation. Thus, the internal
pressure, Pi, will be the maximum absolute pressure experienced by the
inner container for each storage mode considcred. The container con-
figuration will be a 3phere.

Subcritical

The maximum pressure will be one atmosphere absolute P =

1.0333 kK/cm2 . A safety 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 yield stress of 1.23 x lO4 kg/cm2 .

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

t = fPiri/ 2 s (75'
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for a "thin-wail" container (t/ri<< 1), where:

t = Wall thickness, cm

P = The maximum design pressure, kg/c m2

ri = Inside radius of the inner container, cm

S = Yield stress of the container materi~l, kg/cm2

f = Safety factor, dimensionless

For the c material given above, equation (75) gives t/r = 0.70 x 10-.

The weight of the spherical container is given by the
relation:

WI..IL(r + t) 3- 3
ICL 3 1 m ( + ri

=4*f rm r2t 1 + ri + t ) 2

With t/r = 0.70 x 10-4 , the last two terms are negligible and inner
container weight becomes:

WICL = 47 7ri2t p (76)

where

WICL The weight of the inner container, gm

A--P = The inner container material, density, gm/cu 3

Combing equations (75) and (76) gives

fP -: 3
V 27-r- r (7
ICL
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Supercritical

The maximum pressure will be 55 atmospheres absolute,

Pi =56.83 kg/cm2 . A safity 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/cm3 and a yielV' 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

t = r 1 + -•-1- (78)

where the symbols have all previously been defined. With the container
defined in the first paragraph, t/r = 0.00385 and P f/S = 0.00771.

The weight of the spherical container is given by the
relation 477 (ri t)•3 rl 379

WICSC 3 f - .r i + m(9

where

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

Combining equations (78) and (79) gives
. • - 3 .f 3 1 1 2

W frj 3  (1 + -- ) - 1 (80)
ICSC 3 ii S

Pif ,/ P-f P'i f
Since -S-<< 1, then v+ = 1 + 2-I and equation (80) becomes

"* r Pif 3W ICSC 2 S71 s + 3S r, (81)

W i21I 1+-

14
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Solid

Solid Continuously

With solid oxygen storage, the maximum internal
pressure experienced by the inner container will be one atmosphere. Thus,
the inner container weight for the continuous solid 0 storage will be the
same as for the subcritical storage, i.e., equation (07) becomes

W = 2 s r7r (82)

where

W = The weight for the inner container for storingsolid 02 continuously, gm

Solid Initially. Transformed to a Subcritical Liquid

With the 02 initially stored as a solid and then
transformed to the subcriticai liquid state with a pressure no greater
than one atmosphere, the inner container weight will be given by equation
(77).

Solid Initial!_y. Transformed to a Supercritical Fluid

With the 02 initially stored as a solid 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 iirqulation, flexible multilayer arid multiple radiation
shields (rigid), will be considered. A vacuum environment will be re-
quired for both types of insulation.

fultilayered Shields

:nis insulation consists of alternate layers of aluminirzed
mylar and a thin spacer material. The density is approximately O.(•33
gu/cm3 for 80 shields (mylar and spacer) per inch.
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The volume of the flexible multilayer insulation, independent

of the stored method, ie given by

V 7r [ro3(r + t)' (83)VINS- 3"(r

and the weight of the insulation is given by

W = n r -(- + t)31 (84)
INS 3 !"ins

where
3

VINS = The insulation volume, cm

WINS = The insulation weight, gm

r = The inside radius of the outer container, cm
0

= The density of the insulation material, g/cm3
-ins

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 ' -
weight of the insulation depends upon the number of shields and their
spacing.

Ch = Density of the shield material, gm/cm3

X = Shield spacing, cm

6 = Shield thickness, cm

Ajsh = Area of the jth shield, cm2

t = inner container thickness, cm
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If it is assumed that 6<<5x, the volumes and weight are, respectively,

S~N

Vh = 6 Ajh (85)sh j= h

N

Wsh =Ls~h 6 Ash (86)

For one shield

Alsh = 4 IRT 2

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

Alsh = 47(ri + t + X)2

For two shields

A2sh = Alsh + 47r(ri + t + 2x) 2

= 4 7r[(r. + t + xt)2 + (ri + t + 2x)2]

Then for N shields

N

ANh = Ajsh

As = 4 F 4 (ri + t + x) 2 + (ri + t ý 2X) + (ri + t + 3x))

+ (ri + t + Nx)2]



r 2
4 r •N(r + t) + 2x(r + t) (I + 2 + 3 + ... + N)

+ x2)l + 4 + 9 + ... + N2)2

or finally
A2s 4(11r + )+ 1) +2 N 2]

A = 4 TN(r + t) + 2x(ri + t) (N) N (87)
j=l

N

The term 2 2 can be expanded thusly
j =

N
2 2 2 2 2 2

1 j = +2 + 3 + ... + N = 1+ 4 + 9 + ... +
ji

N (N + i) (2N + 1)

Substituting this into equation (87) gives

ANsh = 4TrN (ri + t) 2 + x (r + t) (N + l) + l 2 (N + 1) (2N + 1) (88)

Substituting equation (88) into equation (86) gives

W 47-N5P7 r + 2 +x(r. +t) (N I) x2(N I) (2N + 1)(89)
sh Sn- 1 2 6 Nl ~2(~) \ J

The outer container is considered a p&rt of the insulation
since its sole purpose is to provide the vacuum region for the insulation.
However, it is treated as a separate entity 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 aissumed to be approximately balanced ly small plastic
(nylon, teflon, dacron, etc.) shield supports between each 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 container depends upon the radius (ro), the external
pressure, and. the containcý. material and its strength. The outer
container weight does not depend upon the method of oxygen storage or the
size of the internal hardware. The outer container configuration will
be spherical for this study.

The maximum external pressure tending to collapse the outer con-
tainer will be one atmosphere, P0 = 1.0333 kg/cm2 . 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 103 kg/cm2

E = 7.03 x 105 kg/cm2

V 0.33 (Poisson's ratio)

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

, = 0 (4ffro2 )C (90)oC

where

C = Thickness of outer container wall, cm

Pmo = Dqnsity of the outer container material, g/cm3

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

Pr
S - (91),2C
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However, the critical stress at which buckling would occur is given
by (see Timoshenko and Gere (1962))

S = . 2 ý92)

where

E = Modulus of elasticity, g/cm2

2= Poisson's ratio

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

Pr
0 0EC
2C -

c = fr -0 (z-121 (93)

0 2E

Combining equations (93) and (90) gives 1

V 4 Tf P[o 3(1 - ý r (94)

The radius r is related to the inner container and insulation dimensions
by r. = ri + t + (N + 1) x for shields, and

ro = ri + t + tins .or multilayer insulation in which

t -n insulation thickness. All other terms have been previously defined.
ins
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INNER CONTAINER SUPPORTS

The weight or size of the inner ccntainer supports depend upon the
mass being supported and the acceleration (G's - shock or acceleration)
and the streng'th of thI support material. Titanium alloy having a yield
strength of 9150 kg/cm will be used as the support material for all the
stcrage applications. A safety factor of 1.67 will be applied to the
calculated support cross-section area.

The dyiiamic 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 "s-riJig-mass" action).

The mass supported includes

1. Stored oxygen

2. Inner container

3. Insulation

4. Phase separator (for the liqui1 only)

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

WT = W0P + WIC + WINS

where

WT = Total weight, gm

W0 = Stored oxygen weight (any method), gm

WIC = Inner container weight (any method), em

WINS = Insulation weight (either insulation), gm

For the subcritieýl liquid storage, the weight of the phase separator

mubt also be included in equation (95).

15o
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The •1upport system will be as shown in figure 64. Each support
is being radial, the support length is given by

LS = ro - ri - t (96)

i.e., each support extends from the inner container to the outer
container. There are fcur supports 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 to a

maximum of 50'-3G (50 G in 3 - 86.6 G directions simultaneously).

Assuming the dynamic loading to be a (G), the maximum force in
any support will be

F = WTa (980) (97)

where

F = force in a support, dynes

a = G-londing, G

980 = acceleration of one-G, cm/sec 2

The stress in the support is given by

F W a(980)
T (98)-s sc

where

S = The stress (tersion), gram/cm
t s

2
A = The support cross-sectional area, cm

s

gc = The conversion factoi- of dynes to grams force,
980 gm-c/gmlf-sec'
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The yield stress will be designated by Sy, and with the safety factor,
f, the support stress must be such that

fS 5 S

s y

Using the "equal" relation, then

S W Ta

f A
s

Solving for A gives5

fYaA s= T(99)

y

With L as the support length, then the volume is5

V = AL
B 858

The weight of four supports is

w=4pL~ [%] (io

As shc-nm in Appendix I, Analysis of Heat Transfer to the Stored
Oxygen, the support longth will be calculated by:

L = 3r -r - t

With

S = 9150 kg/cm2

P = 4.52 gm/cm3

S

a = 86.6G

L = 200 cm maximum
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.T - 4(86.6)(1.67)(4.52)(200)/(9150 
x 101)W T

= 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 heat
leak in Appendix I.
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APPENDIX V

ANALYSIS OF OXYGEN USAGE

For this study, oxygen usage will be by three methods

& Crew breathing

. Space cabin leakage

• Extra-vehicular activities; dir 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:

'B

*B = 1.13M (kg/day) (i01)

SPACE CABIN LEAKAGE
The space cabin leakage rate (L ) will be varie• frcm 0 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 cabin oxygen paruia'. pressure (or
total pressure when no diluent is used) of 150 to 25o torr will be

considered.

With the space cabin at 298 K, the (.ygen densities for the 2
cabin pressures are

P = 150 torr = 0.19737 atm; P = 0.003073 mol/literc PC
= 0.0002583 g/cm3

P = 250 torr = 0.32895 atm; P = 0.013456 mol/liter
c c

= 0,0004306 g/cm3
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where

P = Cabin oxygen pressure, torr
C

,C = Cabin oxygen density, g/cm3

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

AL(l) = c(1.5) • 10 (102)

where WAL(l) is the mass of oxygen lost for one air-lock operation.

Since the air lock is ured only once per day, WAL is also the oxygen

loss per day of use. Letting F be the air lock use fraction (0 to 1.0)u

of the total mission days (duration), the total oxygen loss from the

air-lock operation is

W = 1.5 DL-l (kg) (103)
AL L

where

DL = Mission length, days

WAL = Total oxygen 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

Wo0u= DL [l.13M + Le + 1.5 F PC-1031 (kg) (104)

and

Wu
L 1.13M + L + 1. F .3(105)

e 1 5
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The total oxygen usage rate is

lO"u = 1.13M + L + 1.5 u 10(i06)

Figures 66 and 67 present the oxygen usage rate, W0 2u, equation
2 L

(106), as a function of the number of men, leakage rate, and air-lock
usage factor for chamber oxygen pressures of 150 and 250 torr,
respectively.
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