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FOREWCRD

i This study was initiated by the Life Support Systems Laboratory, Aerospace Medical
Laboratory, under Contract No. AF 33(616)-6514, Project No. 6373, "Equipment for Life Support
in Aerospace,' Task No. 63124, 'Integrated Systems of Life Supporting Equipment.” Mr. Allen
Schwartz and Mr. Robert Roundy, Sustenance Branch, Life Support Systems Laboratory, served
as jcontract monitors. This report, designated Thompson Ramo Wooldridge Inc. Report No.

ERJ- 4257, was compiled to summarize the work conducted by the New Devices Laboratories,
Cldveland, Ohio, between May 1959 and May 1960. The work was performed under the direction of

Dr, N. Fatica.




ABSTRACT

Two broad aspects of using chemical energy to provide metabolic oxygen in a manned space
capsule were studied: man's ecological requirements and supply of auxiliary power. The studies
were restricted to chemicals used in propulsion systems with emphasis on by-products useful to
man.

A survey of methods for meeting environmental requirements included (a) evaluation of
passive temperature control in terms of capsule size, shape, surface emissivity, orbital altitude,
orientation, and internally generated power, and (b) evaluation of weight and energy requirements
for supplying oxygen, dehumidifying, and removing CO; in the cabin.

The best of 40 fuels and 35 oxidizers were screened for other factors: weight of the con-
tainers, general methods for converting the energy to electric power, mechanical prime movers
(their efficiencies, cycle configurations, weight, specific fuel consumption), thermionic,
thermoelectric, and electrochemical conversions. The unique adaptability of the cryogenic
hydrogen-oxygen fuel system was demonstrated. This system combined with a hydroxy fuel cell
was used in developing a prototype designed to accommodate one man for 3 days and to supply 1
kilowatt of electric power. The prototype included optimization studies of the cryogenic storage
system, an air conditioning system, and a fuel cell power system.

PUBLICATION REVIEW

Wi M0 Camd 24t

WAYNE H. McCANDLESS
Chief, Life Support Systems Laboratory
Aerospace Medical Laboratory
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1.0 INTRODUCTION

The possibilities of various chemical systems were examined during the Propellant-
Atmosphere System Study, AF 33(616)-6514, to find a system meeting both operating
power and occupant requirements for o manned space capsule on a mission of several days.
Power, oxygen, and water supplies, temperature control, and the removal of carbon di-
oxide, water vapor, and other undesirable gases within the sealed cabin were considered.
After completion of the survey, we critically examined the problem areas in a design study
of a well-integrated prototype system of minimum weight and maximum reliability.

The preliminary survey indicated that a system using cryogenic hydrogen and oxygen as
the primary chemical source could best meet the objectives, Accordingly, we proceeded
with the design of such a system, with a mission duration objective of up to three days.
WADD expressed preference for a portable or semiportable unit. Based on preliminary
analyses, a one-kllowatt power unit and environmental system weighing about 200 pounds
was selected as a reasonable design objective for the three-day mission.

To provide these requirements, we evaluated the occupant's ecological needs and
tolerances in terms of environmental parometers such as temperature, oxygen supply,
carbon dioxide concentration, relative humidity, and water supply (Section 2.0). We
considered the environmental system design on the following bases:

1. Metabolic rate of 500 Bru/hour.

2. Oxygen consumption of 2 pounds/day, with cabin air maintained at practically
100% oxygen at 5 psia pressure.

3. Carbon dioxide evolution of 2.2 pounds/day, with the partial pressure not ex-
ceeding 4 millimeters mercury at any time.

4, Moisture evolution at the rate of 2.5 pounds/day, with the cabin air maintained
at 50 £ 10% relative humidity.

5. Minimum water requirements of 6 pounds/day.

6. Temperature of 70°F * 5°F,

Various means and methods for supplying environmental requirements are surveyed in

Section 3.0. Emphasis was confined to methods applicable to mission durations of one day to
three weeks. In compliance with the statement of the problem, if energy were required

for environmental control, the source was resiricted to chemical energy carried on board;
solar and nuclear energy were not considered for this capsule. These restrictions ruled out
various environmental processes, including regeneration of oxygen from body wastes {e.g.,
water and carbon dioxide).



The study of temperature control of the space capsule was also restricted, because the
magnitude of this probiem is so dependent on the system aspects of the mission and
capsule design. Internally generated heat produced at rates less than 3 to 4 kilowatts in
a 6-1/2-foot diameter spherical capsule con be dissipated from the capsule wall in orbit
under suitable conditions. This is more than the internally generated power in the proto-
type design, so no attempt was made in the design to supply cabin cooling other than that
available from the cryogenic fluids.

While the passive method of temperature control may be adequate in orbit, it is probably
unrealistic when considering re-entry heating. In either case, if additional cooling is
required, a refrigerating unit may be added to the designed prototype without any
significant alterations in the hardware and without any more of a weight penalty than if
the unit had been considered-os part of the original layout. (It may be assumed that part
of the one-kilowatt electrical load supplied is for a refrigeration unit.)

In addition to the problem of thermal control, Section 3.0 includes a comprehensive and
critical survey of the methods used to supply oxygen and remove carbon dioxide. The
survey relied heavily on the wealth of naval experience gained through control of gases
in submarines during the last 30 years.

Dehumidification was considered as a matter of comfort. The problem is handled with a
minimum weight penalty through heat exchange with cryogenics.

Because of the importance of the power unit from the weight standpoint, an exhaustive
preliminary survey (Section 4.0} of all known chemical fuels and oxidants was made to
select those with the highest available energy which were still compatible with the

occupant’s requirements. The most promising combinations are detailed in Section 5.0.

To estimate system weights, we conducted subsystem studies of cryogenic contalners, gos
expansion engine efficiencies,and cycle configurations, and of fuel cells because of their
high efficiency and applicability to this particular investigation. From the viewpoint of
minimum weight, cryogenic hydrogen and oxygen combined in the hydroxy fuel cell is
definitely superior to any other systzm considered. It is unique in that it not only has @
high theoretical energy value per pound, but also is adaptable to electrochemical
conversion with efficiencies much higher than could be obtained from present gas expander
engines and cycles. When compared with potentially more energetic chemical energy
sources, which rely on heat engine cycles with their lower efficiency, hydrogen and
oxygen combined in the fuel cell result in system weights comparable to or better than any
chemical-heat engine combination known. Thus, the hydrogen-oxygen system, based on
energy considerations alone, is the logical fuel source. In addition, and important in
this case, it is uniquely adaptable fo man's requirements, not only serving as a ready
source of pure oxygen, but also supplying pure water easily and simply.

If the use ratio of the combined gases exceeds 0.6 pound /hour, the system can dehumidify
the cabin atmosphere. At higher rates, it may also be sufficient to cool the cabin.

Excess water availoble at the higher power levels can be condensed with a small weight
penalty and the condensate used for franspirational cooling on re-entry.
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Weight was the major factor considered in the preliminary system analysis. Systems
generating hydrogen from chemicals to improve both the weight ratio and the extraction
of power per pound of chemicals were considered and are summarized in Section 5.0, but
their prospects do not appear very attractive.

The prototype design is included in Section 6.0, along with a presentation of many of the
engineering calculations, the basis for the selection of various components of the system,
and the evolution of the designs. We do not intend that the design concepts be immedi-

ately transformed to hardware without filling in many important engineering detalls. The
design is primarily illustrative.

Having appraised future prospects of chemical systems, we have little doubt that cryogenic
hydrogen-oxygen systems will find a place in manned space misstons of limited duration,
especlally If one considers the ability of this system to supply electrlc and reaction power
for the vehicle. Man's ecological requirements can be easlly satisfied with relatively
small welght penalty, so power system requirements are of prime importance. Proven
designs and adequate controls will minimize explosion hazards,

Whether conversion to electrical power Is via the hydroxy fuel cell or mechanical engines
will depend on the future rate of progress in these areas. Presently, inherently high

efficiency makes the fuel cell preferred for applications where the weight of the fuel is
predominant.






2.0 MAN’S PHYSIOLOGICAL REQUIREMENTS

The basic requirements of a human in a hermetically sealed space cabin include:
sufficient quantities of oxygen, water, and food to sustain metabolic processes;
conducive environmental conditions of pressure, temperature, and humidity; and
protection from excessive quantities of toxic gases, harmful radiation, and high accelera-
tion. With the exception of radiation and acceleration, these requirements may be con-
sidered in terms of five major independent variables: (1) size, (2) degree of activity,

(3) type of diet, {4) environmental temperature, and (5) relative humidity. The calorific
food requirements, for example, depend on the size and degree of activity. These food
requirements, when combined with the prerequisites for maintaining a balanced diet for
optimum body function, determine the oxygen requirements, and the heat and carbon
dioxide involved. The water balance, which considers both the water requirements and
fluid wastes (perspiration, expiration, urine, and fecal matter), is dependent not only

on size and degree of activity but also on the environmental temperature and relative

humidity.

In this section the above requirements are established in terms of the expected metabolic
rate of the occupant, a balanced diet, the temperature, and relative humidity. This is
followed by considerations of the tolerance limits to oxygen and CO, concentrations,
temperature, and relative humidity. Methods for meeting these requirements are treated
In Section 3.0.

2.1 OCCUPANT REQUIREMENTS
2.1.1 Expected Metabolic Rate

The metabolic rate, a function of both the size and activity of the occupant, is one of
the more important parameters to be considered in establishing the occupant requirements.
The size of the man determines a base metabolic rate (BMR). All degrees of activity can
be expressed in percentages of the BMR.

The BMR for adult males between 20 and 40 years of age*was shown by Aub and DuBois
(ref. 1) to be about 39.5 kilocalories per square meter of body surface per hour. They
also expressed the body surface in terms of the weight and height of the man as follows:

where A = Surface area in square meters
W= Weight in kilograms
H = Height in centimeters

This expression is shown In graphic form in Figure 2-1. Variations in the BMR may be
caused by various factors such as mental stress, illness, and temperature, but the most
important factor is the degree of activity of the human bedy. Numerous tabulations of
metabolic rate for various activities have been made available by physiologists. For



SWYEDOTN LHOIAM

00,1 00! 06 08 oz 09 05 or og 0z
NRNANAR
ot - e/ N // ///w/
ozl ~ mﬁr/ // N // b
ol & ¢ TN /1 // / N\ /
ol &«%& p./// .// N AN //, )
TN TN TN <
ol - o X\, : / /1 // / //
091 -1 o.e/c /./r/ // // // // N / /,
” /,// ,//,//, AN N N /
o8l N N // //. // N // // /z vy
/./ // // / 6 ﬂ,w.// // /m.( g\ A L
061 o N =™ d.z
L INCTN e /% // // Nk
002 o171 001 06 08 oz 09 05 ov 0¢ 0z

pOL X ¥BTULX cpyugLH X copin LM = (W "DS) VIV YINWIOA FHL OL ONIQUOIDV ("1H) SY3LIWILNID NI LHOIIH ANV
(*LM) SWYEOOTIN NI LHOIIM WOUS S¥3LIW TIVNDS NI NYW 30 VIIY 3DV4HNS ONINIWYILIQ 404 LavHD

ool

oLt

0gt

oet

orl

051

09t

021

08l

061

00z

SYILIWILNAD ‘LHOIIH

FIGURE 2-1



example, Appendix | gives the hourly expenditure of kilocalories of an average man (154
pounds and 5 feet 8 inches) as summarized by Mary Swartz Rose {ref. 2). With such infor~
mation, a schedule of activity may be worked out for the average man in a sealed space
cabin and his daily energy expenditure computed. This has already been done by E. B.
Koneccli (ref. 3). For convenience this schedule is reproduced in Table 2-1. The total
energy expenditure thus arrived at is 3000 kilocalories per day. This is a commonly
accepted figure appearing frequently in the literature (ref, 3, 4, 5, 6, 7).

TABLE 2-1

ESTIMATED DAILY ENERGY EXPENDITURE
FOR AN AVERAGE MAN IN A SEALED CABIN

Kilocalories Kilocalories
Condition Duration Per Hour Per Day
Sleep 8 hr 65 520
Light work 8 hr 150 1200
Rest, sitting 5hr 100 500
Rest, tying 1 hr 80 80
Light exercise 1 hr 200 200
Heavy exercise, or work 1 hr 500 500

3000 = 12,000 Btu
2.1.2 Diet Requirements, Oxygen Requirements, and Carbon Dioxide Evolved

A hypothetical but balanced diet which will supply the above metabolic requirements is
glven in reference 6 as follows:

450 grams carbohydrates
100 grams proteins

75 grams fat
625 grams

This diet has been analyzed from a chemical and thermo viewpoint in Appendix Il. The
analysis yielded the following results:

2816 kilocalorles metabollc rate
1.84 pounds O required
2.26 pounds CO9 formed
0.84 pound water formed

Respiratory Quotient (RQ) = 0.89 = Vol CO5 produced/Vol O, consumed

In practice this diet must be supplemented by approximately 25 grams of mineral salts
and vitamins, and by some palatable substances and also ballast substances of the
cellulose variety necessary for normal peristalsis (contraction) of the bowels. This may
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amount to an additional 150 grams, giving an overall total for dry food of about 800 grams
or 1.76 pounds per man per day.

The preceding analysis, based on the theoretical diet mentioned above, agrees fairly well
with the metabolic data on man given In reference 4, Tne metabolic data from reference
4 was also used In references 7 and 8 and for convenience Is summarized In Table 2-2.

TABLE 2-2

METABOLIC DATA ON MAN

Substance Input, Lb/Day Output, Lb/Day
Oxygen 2.0 Carbon Dioxide 2,2
Fecal solid 0.2
Food concentrates 1.5
Water® 4.8 Vapor 1.9
In Foods (2.6) Sweat (1.1)
In Drinks ~ (2.2) Expired air (0.8)
Liquid 3.6
Urine (3.3)
Fecal water (0.3)
Heat Output
12,000 Btu/Day L
TOTALS 8. 3%+ 7.9

* Water balance shows 5.5 pounds HyO output and 4.8 pounds input, leaving 0.7 pound
per day formed by food metabolism. This may be compared with the 0.84 pound com-
puted in Appendix If.

** Growth and matter losses account for higher intake,

The most significant point to be derived from the simplified analysis presented in Appendix
Il, however, is that the oxygen consumption and CO2 evolved can be estimated from the
metabolic rate and the type of diet specified. This latter factor is often characterized by
the respiratory quotient, RQ. There is a general agreement among various authars on the
oxygen consumption rate of 2 pounds/day for a metabolic rate of 3000 kilocalories/day

or 500 Btu/hour. The issue is not so clear for the evolution of carbon dioxide, the main
reason being that different sources do not consider the same diet. Depending on the
relative ratios between carbohydrates, proteins, and fats our calculations summarized in
Appendix || indicate that an RQ of 0.7 to 1.0 may be possible. This in turn leads to

1.9 to 2.7 pounds CO5 evolved per day.

A respiratory quotient of about 0.8 seems to be the most often quoted. This is equivalent

to 2.2 pounds COg2 which is in close agreement with the computed value. This value is
used as the basis for environmental design in this study.
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2.1.3 Water Balance

Establishing a reliable water balance is important because it determines not only the water
that must be supplied to the occupant but also the load to be applied to the dehumidifier.
This is @ quantity which, like carbon dioxide, depends on the metabollc rate and the diet
type. In addition to the water vapor expired through the lungs from the oxidation of foods,
a much larger quantity is involved In maintaining normal body temperatures by the
evaporative cooling mechanism built into the perspiration system. Table 2-3 (ref. 9)

shows the normal avenues of heat loss from an average man with a 3000-kilocalorie
metabolic rate at normal temperature (6&8°to 70°F),

TABLE 2-3

NORMAL AVENUES OF HEAT LOSS FROM THE HUMAN BODY
BY AN AVERAGE MAN AT NORMAL TEMPERATURE

Approximate Percent Approximate Calories
Method of Total Loss Lost Per Day

Radiation and conduction 73.0 2200
Evaporation from skin 14.5 450
Evaporation in lungs 7.0 200
Warming of air in lungs 3.5 100
Urine and feces 2.0 50

100,0 3000

Even duing light activity at ordinary room temperatures, evaporation accounts for 21.5%

of the tofal heat loss from the body: 14.5% by sensible evaporation from the surface of

the skin and 7% by insensible evaporation from the inner surface of the lungs. This

amounts to 650 kilocalories per day. Since the latent heat of evaporation of water at

room temperature is approximately 0.6 kilocalorie per gram, the amount of heat lost

by evaporation for this example would necessitate the removal of 650/0,6 = 1080 grams

of water from the body. This is equivalent to about 2.5 pounds of water per day that is
evaporated from the body under normal circumstances of light activity and room temperature.
This estimate is also substantiated In references 1, 2, 4, 9 and Is therefore used as the basls for
our design studies. The quantity, however, is very sensitive to the degree of activity of

the man as well as to the ambient temperature. This is graphically illustrated in Figure

2-2 (ref. 10).

The amount of water evaporated increases sharply as the ambient temperature exceeds 70°F,
Above 98°to 100°F the evaporative heat loss must be at least as large as the metabolic rate

since this is the only means available for heat dissipation by the body above these tempera-
tures. For a metabolic rate of 3000 kilocalories/day (500 Btu/hour) the minimum amount of
water lost by evaporation above these temperatures is at least 12.7 pounds/day. The actuai
amount of water lost by the body under such conditions may be considerably larger than

?



EVAPORATIVE HEAT AND MOISTURE LOSS FROM THE HUMAN BODY IN
RELATION TO DRY-BULB TEMPERATURE FOR STILL AIR CONDITIONS

EVAPORATIVE HEAT LOSS
BTU PER HOUR FOR AVERAGE MAN (19.5 SQ. FT.)
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this since much water secreted by the sweat glands may tun off as such without performing
Its intended function.

The importance of keeping the environmental temperature as low as consistent with the
occupant’s comfort is obvious. Failure to maintajn moderate temperatures will result in

at least double penalty in the sense that not only will the dehumidifier load be increased
but, at the same time, the additional water that must be supplied to the man to maintain
his water balance will impose additional requirements on the water supply. [Approximafely

two-thirds of the total body weight is water. A reduction of 20% in body water is usually
fatal (ref. 2)]

Table 2-2 shows that 4.8 pounds of water will be required daily for occupant consumption.
About half of this is supplied as the natural water content of solid foods while the remainder
is consumed in the form of liquids. These estimates are also substantiated in reference 2. The
latter fluids can almost certalnly be derived from juice concentrates and recovered water.
There is o good possibility that about another pound can be cut from the solid foods by
considering dehydrated foods. Thus, it appears that @ maximum of about 3.5 pounds of

water daily will have to be supplied for human consumption. In addition, a minimum of

2.5 pounds/day is considered necessary for personal hygiene, bringing the total minimum
water requirements up fo 6 pounds/day. This Is the basis considered for design.

2.2 TOLERANCE

Although the dally oxygen requirements of the occupant have been specified, nothing has
been said concerning permissible concentrations in the environmental atmosphere. Con-
centrations above or below an optimum are dangerous. Carbon dioxide also has an upper
limlt of concentration in the environmental atmosphere; a lower limit becomes o practical
necessity if one considers the size of the equipment involved to remove all of it. Finally,
one must consider the zones of optimum comfort as related to temperature and relative
humidity. In the following paragraphs not only are the optimum quantities of the above
variables specified but, in addition, the endurance of the human being to extreme con-
ditions are considered to assess the dangers of possible maifunctioning of the required
components.

2.2.1 Oxygen

The physiological limit for the partial pressure of oxygen in the atmosphere is @ function of
the percentage of oxygen saturation obtained in the arterial blood supply (e.g., ata

partial pressure of &4.3 milllmeters-mercury the oxygen saturation of the arterial blood is 5%
and useful consciousness is limited to about 10 minutes with death occurring in about 15

to 30 minutes (ref. 15).

The symptoms of anoxemia occurring at partial pressures of less than 90 millimeters mercury are:

a. Euphoria, resulting in overconfidence and disregard for sensory perception
b. Impaired judgment
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Impairment of vision
Gradual increase in heart rate and breathing

c. Fine muscular incoordination
d. Sleepiness

e. Headache

f. Dizziness

g-

h.

On the other end of the scale, an upper physiological 1imit for the partial pressure of
oxygen has been set at 425 millimeters mercury (refs. 3, 8, 15). Exceeding this [imit
will expose the human passenger to the effects of hyperoxia:

inflammation of the lungs
Respiratory disturbances
Coughing

Gasping

Pulmonary congestion

Various heart symptoms
Numbness of the fingers and toes
Nausea

Irritation of the eyes

Virtual blindness

Loss of consciousness and convulsions

o o mo oo T 0

A —
. )

Time tolerances of a human being to various oxygen partial pressures are illustrated in
Figure 2-3 (ref. 8). On the basis of the foregoing information a lower physiological limit
of the partial pressure of oxygen in the atmosphere of the sealed space cabin has been set
at 100 millimeters mercury (ref. 3, 17). The normal environment for the Mercury capsule
has been set at 258 millimeters mercury (5 psia) with 100% oxygen (ref. 18}). In spite of
the fears expressed by some writers on the increased dangers of a pure oxygen atmosphere
on inflammebility, we feel that the additional risks involved are commensurate with other
dangers faced in a flight of this type, and that the additional weight required to carry a
diluent are not justified. We see no reason, therefore, for deviating from employing the
sar 1 conditions being contemplated for Project Mercury, namely 100% oxygen at 5 psia.

2.2.2 Carbon Dioxide

No beneficial effects from small quantities of carbon dioxide inhaled by adults under
notmal conditions are known. The effects of partial pressures of CO2 above 15 to 20
millimeters mercury are:

a. A noticeable increase in the breathing rate
b. Distension of the air sacs of the lungs

c. Impairment of the normal gas exchange in the [ungs

Partial pressures of CO9 above 35 millimeters mercury can be tolerated only o few minutes
as shown in Figure 24 (ref. 15). The Mercury capsule will maintain a partial pressure

i2
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equal to or less than 4 millimeters mercury (ref. 18). This concentration maximum is also
being adopted in this study.

2.2.3 Temperature and Relative Humidity

The region of comfort relative to temperature and humidity in still air is iliustrated in

the ASHVE comfort chart (ref. 10) reproduced in Figure 2~5. This chart, derived from
experiments with a large number of people, shows the relationship between the ambient
temperature, relative humidity (or wet bulb temperature) versus the percentage of people
feeling comfortable at each set of conditions. Due to the ability of the human to acclimate
himself to some extent, the value differs for the various seasons of the year. Thus, during
the summer the greatest percentage of people are comfortable at an effective temperature

of 71°F. This means that the occupant will experience the same sensation of comfort for

any combination of ambient temperature and relative humidity that lies on the 71°F effective
temperature line. During the winter the effectlve temperature Is about 68°F . Assuming

an average effective temperature of 70°F for both summer and winter, Figure 2-5 shows

that 70°F at 100% humidity is equivalent to 81°F at 10% humidity. Thus one can tolerate
higher temperatures at lower humidities. This point is Itlustrated more effectively perhaps
In Figure 2-6 (ref. 8) which, in addition to showing trends similar to the ASHVE comfort
chart, also indicates the human tolerance to various combinations of temperature and humidity.

It Is pertinent at this point to examine the consequences of inadequate heat transfer
between the occupant and his surroundings. The basic heat balance between the occupant
and his environment may be described by the following equation:

4 -
WATB = M - kAT - Tg) - kpA(Tg" - Tg%) - kgAp, (100 RH

100
where W is the weight of the man
ATp is his body temperature rise over the period being considered

M is his metabolic rate

A is his body surface area

Tp is his body temperature

Tg is the temperature of the surroundings

is the vapor pressure of perspiration at body temperature
II;LB is the relative humidity

ki, ko, k3 are proportionality constants for the convective heat transfer,
. radiative heat transfer, and evaporative heat transfer,
respectively.

M is always positive. When the temperature of the surroundings equals or exceeds the
body temperature, the only mechanisms for balancing the metabolic heat are evaporation
or heat storage. If, in addition, the relative humidity reaches 100%, all normal avenues
of escape of body heat are blocked so that M = WATp. Based on a body specific heat

of 0.23 (ref. 1), it would require 58 kilocalories to raise the body temperature of a 70
kilogram mass 1°C. Assuming the height of the man to be 175 centimeters, his body

15
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surface area would be 1.85 square meters (see Section 2.1.1) and his corresponding basal
metabolism would be 1.85 (39.5) =71 kllocq]orles/hour Thus it would require less than
1 hour fo raise the body temperature 1°C; in fact it would take less thcn four hours to
raise the body temperature of even an unconscious person from 98, 6°F to the critically

high level of 106°F (T = 41°C).
2.2.4 Other Tolerances

Two other major areas that have manifested themselves in manned space capsules are
dynamic forces (acceleration, deceleration) and cosmic radiation tolerances. Con-
siderable information is available in these fields, but since the solution to these problems
is outside the scope of the environmental power plant system, they will not be considered
further in this study.

2.3 CONCLUSIONS

On the basis of the foregoing considerations, the following average occupant requirements
have been selected:

1. Metabolic rate: 500 Btu/hour.

2. Oxygen consumption: 2 pounds/day; 5 psia pressure, 100% O5.

3. Coarbon dioxide evolved: 2.2 pounds/day; 4 millimeters mercury

pressure to be maintained.

4. Water vapor evolved: 2.5 pounds/day; 50% © 10% relative humidity
to be maintained.

Water requirements: 6 pounds/day.

6. Temperature: 70 F T 5°F,

wn

Methods for meeting these requirements are evaluated i the following sections.
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3.0 ENVIRONMENTAL SYSTEM SURVEY

This section surveys and evaluates various means available for meeting environmental
requirements in a manned space capsule. Temperature control, oxygen supply, carbon

dioxide removal, water vapor removal, water supply, and noxious odor removal are
discussed.

3.1 TEMPERATURE CONTROL

The goal of temperature control of the space capsule is to keep the occupant at o
temperature of about 70°F at all times. The capsule will receive energy from the sun

and earth. In addition, heat may be generated internally by chemical processes related

to environmental control, human cell activity, and power-generation and power-consuming
equipment. Radiation and expulsion of mass from the capsule are the only general methods
for dissipation of heat into space. The latter method is generally undesirable as it

involves welght penalties. Thus, radiation at temperature representing o balance between
input and output energy flow rates Is the primary method for temperature control .

Factors involved in temperature control may be placed in two categories: (1) those
related to the physical aspects of capsule design (i.e., size, shape, mass, capsule wall
construction details, and surface emissivity characteristics), and (2) those related to the
operational requirements (i.e., orbital altitude, eccentricity, orientation with respect
to the earth, attitude of the orbftal plane with respect to the plane of the ecliptic,
mission duration, power level, re-entry program}. Because the temperature at any point
within the capsule may vary with time, depending on the orbit chosen, the above para-
meters must be completely specified before a compiete and thorough study of the temper-
ature problem can be made. In this study the power range is too broad and the factors
governing capsule design and internal components are too nebulous to permit selection of
a method of temperature control. The principal objective of our study of the temperature
problem was to determine the maximum heat load that can be removed from the environ-
mental atmosphere without use of a refrigeration system with its attendant weight penaities.

Maintaining Internal temperatures at reasonable levels in the presence of appreciable
heat release on board is the main difficulty anticipated in controlling temperature while
the capsule is in orbit, (Internal temperatures of approximately 70°F have been observed
in satellites in orbit when only a few watts of heat are generated internally.)

The maximum heat load that can be transmitted from the environmental atmosphere
without use of a refrigeration system can be determined most conveniently by considering
the outer skin temperature as the pivotal point in calculations of heat removal using a
monotonic temperature grodient between the cobln alr and outer space. Then heat input
to the outer surface equals the rate of radiant heat transfer into space, Q.
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Heat input to the surface is the sum of the heat generated in the capusle, W, plus that
absorbed from direct solar radiation, B, plus that absorbed from solar radiation reflected
back from the earth's atmosphere, C, plus the infra-red radiation absorbed from the earth,
D. Thus for a spherical capsule in o circular orbit:

Q=W+B+C+D
and W=Q~-B-C-D
Y
where Q=7Tdo = |R0’T5

B= (105 L 1 'Tf’jo

4

2
[}
- E 74
C= (1-qv) S 7 cosB 40
2
D=188.5 & 7%
7
S = Solar constant, 1400 \'vc:tts./me’rer2
TS = Skin temperature, °K
d = Outer diameter, meters

0 = Stefan-Boltzmann constant = 5.67 x 1070 watt/meter? - OK4
EIR = Infra-red emissivity of outer skin
a, = Visual albedo of skin
}l T Eclipse factor {see Appendix |11} which varles between 1/2 to 1
a. = Visual albedo of earth {7=0.34)

Angle that orbital plane makes with earth-sun line

It
il

The allowable internally generated heat load is maximum when Q Is at @ maximum and
B, C, and D are at a minimum. In practice, this means that to allow the maximum internal
heat load the following conditions must be met:

I.  Infra-red emissivity of the surface, & IR’ should be as high as possible.

2. The skin temperature, T, should be as high as possibie.

3.  The capsule surface area should be large.

4, The absorption coefficient, ]-c:v, of visible radiation should be as low as possible.
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5.  The orbit should be chosen so that the satellite spends the maximum time in the
earth's shadow .

Of the above items, 3 and 5 may be considered fixed by the operational requirements,
The maximum skin temperature that we will consider is 70°F (desired cabin temperature).
The design value Is likely to be about 30°%o0 40°F tess to permit heat transfer from cabin

air (forced circulation) to the outer skin. (See Figure 3-1}) A skin temperature of 459F
(280°K) may be assumed.

The permissible internal heat load for a capsule in a given orbit, therefore, depends on
attalning surface emissivities having high values for infra-red emissivities and low
absorptlvity for solar radiations. One such surface that might be considered is a coating
of lead carbonate white paint (ref. 27) which has £ IR =0.95and a, =0.95. Considering
a 2-meter diometer capsule at 100 miles altitude, the maximum tolerable inrerncl heat load
W is approximately 3.5 kilowatis, as seen from Flgure 3-1. (A deviatlion of ¥ 20°F from
the temperature assumed above would result in a 0% change In W.) For this limiting
case, the maximum tolerable Internal heat load is relatively unaffected by altitude or
orbital fnclination. If an uncoated titanium surface ( £ 0.8, a,, = 0.2) were used

for the capsule skin, internal power generation would be lmposslble wlthout an additional
refrigeration system. For the example chosen, o 100-mlle circular orbit spending maximum
time in the shade of the earth, the average equilibrium skin temperature of the titanium
surface for one complete orbit would be approximately 99°F (310°K). To permit high

heat dissipation, surface characteristics must be controlled.

Wall construction affects application of these results to passive temperature control of the
capsule. Capsule wall structures more complicated than the single shell seem favored to
withstand re-entry heating. One solution advanced to minimize temperature rise in the
capsule due to aerodynamic heating during re-entry Is the use of a double shell structure,
This would reduce the value of W (heat generated in the capsule) in orbit considerably
unless the cabin air could be circulated between the two shells. Any other obstacle
placed between the outer wall and the cabin air would serve as additional thermal
resistance and reduce the value of W, the reduction depending on the nature of the
obstacle,

The single shell mentloned above, however, offers possibilities of dehumidification by
condensation on the cold wall. Although this point is considered further in Section 3.4,

it Is pertinent to point out at this time that afr at 70°F and 50% relative humidity has a
dewpolnt of 52°F, This means that any surface In contact with air that has o temperature
lower than this will gradually condense water out, The single metal shell offers negligible
resistance to heat flow. Therefore, inner and outer surface temperatures may be considered
about the same. Thus the 300 40°F skin temperature considered in this discussion is lower
than needed. Possibilities exist for temperatures even lower than these as the average
temperature fluctuates with respect to time and position in the capsule. These varlations
are considered in greater detall in Appendix Il
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The above discussion on internal heat load dissipation by a monotonic temperature gradient
from cabin air to space shows that a considerable heat load probably can be dlssipated.

If the heat loads that can be handled in this manner are exceeded, one may resort to
supplementary solutions. For example, additional radiating surface in the form of space
radiator may be attached to the capsule. Another general approach is to Isolate the hotter
components in one part of the cabin volume and insulate them from the occupant compart-
ment. Higher skin temperatures in the viclnity of this hot compartment will not only
Increase the heat dissipation per square foot of surface in this area, but at the same time
will cut down the loading for the occupant compartment. If necessary, additional cooling
of the occupant compartment may be accomplished by mechanical refrigeration with heat
belng rejected at a much higher temperature through coils brazed to the Inside of the
outer shell or a separate space radiator.

In summary, temperature control of the capsule atmosphere offers no particular problems
for relatively low internally generated heat [oads. These can be handled by a proper
selection of surface characteristics. The surface characteristics need not be homogeneous
over the entire surface area. A wide range of overall surface characteristics may be
achieved by coating varlous areas of the capsule with two dissimilar coatings. The upper
IImit for this type of temperature control and the range of application for the other
suggested solutlons depend on all the parameters related to capsule structure and fo
operational requirements. This dependency constitutes one of the strongest arguments for
a completely Integrated system study of all aspects of a capsule designed for a specific
mission.

If a refrigeration system should be needed, the weight burden will eventually fall on the
power supply. Sectlon 5.0 shows that cryogenic hydrogen and oxygen offers the best
prospects as a power supply from the viewpoint of fuel consumption. At the same time,
the cryogenic flulds offer a very effective additional cooling capacity that may be used
directly.
3.2 OXYGEN SUPPLY
The following methods were considered for supplylng necessary oxygen to the occupant:

1.  Storage of molecular oxygen as a compressed gas

2.  Cryogenic storage of molecular oxygen

3.  Derlving oxygen from chemical sources

4.  Derlving oxygen from waste products:

a, Electrolysis of water

b. Regeneration of O, from CO, by chemlcal methods

c. Regeneration of O, from CO, by biologlcal methods
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3.2.1 Storage of Molecular Oxygen as a Compressed Gas

This Is the most obvious, simplest, and probably the most reliable of all the methods
considered but suffers from excessive weight of required contalners, The minimum storage
weight is obtained by use of spherical tanks. Because thls shape does not often use most
effectively the volume enclosed by the vehicle envelope, cylindrical container welghts
and other compromises should be evaluated for optimum weight-to-volume ratios.
Formulas for weight-to-volume ratios for spherical and cylindrical containers may be
readily derived interms of the geometrical factors of length {I) and radius (r), the storage
pressure,(P), and the properties of the container, density and design stress(S).

A comparison of such equations shows that for the sume pressure and allowable design
stress, a cylindrical vessel is at least 34% heavler than a sphere of the same volume.

This ratio of sphere-to-cylinder weight can be expressed as a function of P/S and {/r,
Similar correlations have been developed for vessels composed of spherical zone elements.
It has been shown, for example, that the weight-to-volume ratio and strain for a spherical
zone design is equivalent to the sphere. The pressure vessel design theory for tank
geometries likely to be of the greatest interest to the space vehicle designer considering
gas storage seems well established. Differences in weight-to-volume ratios for a given
geometry stem largely from the selection of container material, design stress, and
operating pressure,

Stress analyses do not recognize that a practical minimum exists for shell thickness which
is based primarily on practical considerations rather than stress analyses. This minimum
results from fabrication limitations, mounting requirements, resistance to denting and
deceleration. In a thorough study, a criteria for this minimum should be established for
materials that might be used for the shell structure, and stress—computed thicknesses
should be checked against the practical minimum before computation of shell weights,

Preliminary weight analyses indicate that minimum weight consideratlons slightly favor

low pressure storage of oxygen, because oxygen at low pressures and ambient temperatures
has a lower compressibility factor, (The compressibility fuctor is based on generalized plots
of PVT data for the common gases.) The system weight (spherlcal tank plus gas weight)/
pound oxygen, as computed In Appendix IV, is 1.66 to 1.80 pound system/pound O,.

The pressures considered were 70 to 7000 psia. As indicated, minimum weight considerations
favor storage at lower pressures; however, the additional weight penalties (over and above
the tank weight) imposed on high volume containers dictate o compromise. This would
probably result In a system-to-gas weight ratio somewhere between 1.66 ond 1.80 pounds
system/pound 02.

System welght ratios versus mission duration for pressurized oxygen are shown as part of
Figure 3-2, Obvliously, the dependence of the ratio on shorter mission durations,
especially for lower pressures, Is due to the minimum structural thickness of 1/16 inch
Imposed on the design,
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3.2.2 Cryogenic Storage of Molecular Oxygen

Cryogenic storage offers an obvious welght and volume advantage for the storage of all
except the most modest quantities of gases. A weight and volume analysls of this storage
method (with rellability comparable to pressurized gas storage) would be the first step In
establishing the area where cryogenic storage Is preferable to pressurized gas storage.
However, the ultimate selection cannot be established without considering integration
of the storage system in the overall vehicle concept. The coollng available from
cryogenics, for example, cannot be assessed from a welght or volume viewpoint without
considering the environmental system requirements as a whole.

In any system storing a cryogenic liquld, the inevitable transfer of heat into the liquid

will ultimately evaporate the liquid or build up pressure in the container. If the liquid

Is not Insulated sufficlently, venting over and above the use rate will be necessary,

resulting in needless loss of material, If the liquid Is over-insulated, that Is, if the Insulation
does not allow enough heat Input to produce the required evaporation rate, the penalty

Is the additional weight not only of excessive Insulation, but also of the evaporator that

may be required. A logical design consideration in cryogenlc storage is the Insulation
needed for the anticipated use rate.

The use rate is one of the two major parameters considered to evaluate the Insulation
requirements; the other Is the duration of time in which the fluld Is to be used. The
longer the duration, the greater the need for more effective insulation for any given
usage rate. While the degree of Insulation required for a given use rate and mission
duration will, to a large extent, determine the system weight and volume necessary for

a cryogenic gas supply, it Is evident that other practical factors must also be considered
before the designer is fully equipped to select a cryogenic welght and volume. Minimum
shell welghts compatible with the material of constructlon, dynamic forces developed
during acceleration and deceleration, fabrication limitations, and possible pressurization
required for other uses within the vehicle should be established.

It is obvious that with the ranges in use rate and mission durations possible, oll degrees of
insulation from simply Insulated sheil structures to Dewar type construction containing
gas-cooled shields or some of the specially developed powders or Insulation laminates
such as Linde SI-4 will find application in space vehicle design.

The principles of cryogenic container design are well established and are amenable to
both analytical and graphlcal representation. The main uncertainties in weights relate
to the material used for construction of the inner shell, the minimum wall thickness of the
outer shell when Dewar construction is used, and, as usual, welghts and mountings of the
accessories required in the proposed applications.
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Because cryogenic storage is important in power generation from chemical fuels, a
subsystem study of cryogenic oxygen storage weight ratios wos made (see Appendix IX).
The results are summarized in Figure 3-2 «s a function of various use rates and mission
duration The abrupt endings on curves (2} and (4) show the duration limit for the indicated
Insulation if venting lnsses are to be prevented. The system weight Is based on the use of
a Ti-6 Al-4V inner sheil, an aluminum outer shell, ond due to other applications within
the capsule requiring high pressure, an operating pressure of 800 pounds/ square inch.

Since a pressurized gas storage system results in a system weight ratio of approximately
1.65 to 1.8 pounds/pound O,, cryogenic storage offers weight savings for all missions
between one and twenty days for the indicated use rates. It should be noted that the
system weight ratios for cryogenic storage are dependent on the amount stored and the
length of storage time. These factors do not exert any appreciable influence on pressurized
gas storage system welght ratios so long as minimum thickness considerations do not control .
Thus, if the use rate over and above that required for human consumption can be augmented
by other requirements (for an auxiliary power unit, for example), the system weight charged
to the man can be reduced and the cryogenic storage system will compare even more
favorably to other oxygen storage systems. The importance of making comparisons from

a systems viewpoint is once agaln emphasized.

The system weight ratios shown in Figure 3-2 are much lower than those currently avallable
in hardware for either compressed or cryogenic storage, primarily due to the use of titanium
which has a high strength-to-welght ratio and to the use of a high design stress (107,000
psia). Additional information Is necessary to evaluate the possible effects of low temper-
atures on the design properties of titanium. For cryogenic storage, further savings over
present hardware were effected by designing the outer shell on its ability to resist
collapsing with an external pressure of 15 psia. The thickness so computed was generally
less than the minimum thickness allowed for fabrication (0.08 inch). This may be less

than thicknesses found in current hardware, but it is believed that present containers are
over-designed for space applications. This is an area requiring further study,

3.2.3 Deriving Oxygen from Chemical Sources

Many available chemical compounds could be used to prepare oxygen. The considerations
here will be limited to those supplying the highest theoretical yield per pound of chemical.
The list presented in Table 3-1 has been derived from a generalized list of oxidizers and
has been restricted to those compounds which are not considered toxic and which yield
essentially pure oxygen, Thus the oxides of nitrogen, nitric acid,and the nitrates have
been excluded, as the product gases will in all probablility contain appreciable quantities
of nitrogen oxide which may be considered extremely toxic. Ammonium nitrate and
ammonium chlorates, in addition to having this disadvantage, are also potentially
explosive.
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TABLE 3-1

OXYGEN PRODUCERS

Compound Ib Compound/lb Oxygen
H,0, 2.1
Lio, 1.62
NaO, 2.29
KOy, K,Oy4 2.96
MgO, 1.84
CaO, 2.08
Licio, 1.66
NoClO 1.91
Kclo, 2,16
Mg(CIO,), 1.74
Compressed Oxygen: ib System/lb Oxygen

70°F and 70 psla 1.66

70°F and 800 psia 1.70

70°F and 7000 psia 1.80

Cryogenic Oxygen:

800 psla 1.07

Compoaring the theoretical yield with compressed gas or cryogenic oxygen sources, it
becomes obvious that, If the only purpose of the compounds Is to supply oxygen, compressed
gas or cryogenic oxygen Is better, particularly If one adds contalner weights to the above
compounds. Other factors that may contribute to an even more unfavorable welght ratio
for the compounds Is the energy or additional chemlical that may be required to release
oxygen. Exothermic compounds are likely to be penalized because of the additional load
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they will impose on the coollng system and/or space radiator., Some of the above
compounds may appear more favorable as oxygen sources if additional weight-saving
functions may be assigned to them. Thus, HyO, 1s capable of producing not only oxygen,
but water and energy as well; the metallic peroxides and superoxides could supply oxygen
while absorbing carbon dioxide and water vapor from the environmental atmosphere,

The relative merits of these materials when used in this manner cannot be assessed without
a system study. This has been deferred to subsequent sections. At this point it is
sufficient to Indicate reactions in which oxygen would be produced by the compounds in
question. These are Indicated in Table 3-2.

TABLE 3-2

POSSIBLE REACTIONS FOR PRODUCING OXYGEN

Catalyst Heat Evolved/lb 02
2) 2Li02 + HQO 2LiOH + ]—1/202
(3 2NaO, + H,0———=  2NaOH + 1-1/20, 1900 Bty
(4) 2KOy + H,0 2KOH  + 1-1/20, +10,000 Bty
(5) MgO, + H.’ZO Mg(OH)2 + 1—1/202
&) CGO4 + HZO CG(OH)2 + 1—1/202
7) KCIC)4 + heat —— Kl + 202 +18 Btu

3.2.4 Deriving Oxygen from Waste Products

Varlous writers have noted the possibilities of regenerating oxygen from the electrolysis
of water (from moisture removed from cabin air and/or urine), and regenerating oxygen
from carbon dioxide by chemical, electrochemical, thermal or biological processes.
Biological recycling methods, for example, have been considered ideally sulted for
supplying the environment for the occupant, for they not only regenerate oxygen and
remove carbon dioxide and water vapor, but also provide a potential food source in the
carbohydrates, fats and proteins that may be formed. The various possibilities are analyzed
in Appendix V. The conclusion is the same in every case; namely, such processes require
so much energy per pound of oxygen generated that one cannot hope to save any weight
over competitive systems they might replace so long as the required energy is derived
from chemical energy stored on board. These regenerative processes are more Iikely

to find application with solar or nuclear energy where the welght penalty is essentially
independent of duration.
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Consequently a detailed discussion of the prospects of regeneration of oxygen from waste
products Is beyond the Intent of this study of a chemically fueled power system. Although
considerable research and development work is centered in regenerating oxygen from
carbon dioxide by various schemes described briefly in subsequent sections, the work is
still in very early stages. Present estimates of efficiencies, weights and volumes would
be largely speculative, making possible comparisons practically worthless.

One might conslder for a moment, however, the electrolysis of water which Is a
relatively simple process with efficiencies of the order of 75% or higher. Disregarding
the weight of the electrolytic cell hardware, it would be of interest to make a quick
estimate of the welght of a solar or nuclear power source that could be used to supply the
necessary energy for the electrolysis. A 100% efficient process requires 1660 watt-hours/
pound Og. At 75% efficiency one would require 2220 watt-hours/pound O, or 4440
watt-hours/day or a 184-watt unit. Based on the latest weight for solar cells (5.25 watts/
pound for solar unit intended for Ranger) a 35-pound solar cell unit would be required to
meet the daily oxygen requirements. Using electrical power from a solar-turbo unit of the
Sunflower type (4.4 watt/pound} would require 42 pounds. Using electrical energy from
a nuclear-turbo unit of the SNAP |l type (5 watts/pound) would require 37 pounds without
the biological shielding requirements. (These wattages per pound are based on o 190-watt
unit for the solar cells; for the others they are based on a 3-kilowatt unit that might also
supply power for other needs in the capsule.)

The values of 35, 37, or 42 pounds, therefore, may be regarded as the minimum weight
penalties for supplying the oxygen requirements for one man by the el ectrolysis of water,
A cryogenic storage system supplying oxygen to a chemically fueled power unit of
1-kilowatt rating would have a systems welght ratio that would depend on the duration;
for a three-day mission it would be less than 1.2 pound system/pound O2 or 2.4 pounds
per day. Therefore no solar or nuclear power source in the present state of the art
having power rating of the order of 2 kilowatts could compete with a cryogenic oxygen
supply system for durations less than 14 to 15 days. Consequently it may be concluded
that pending the evaluation of chemical oxygen supply sources that may serve dual
functions, the most promising oxygen supply system is molecular oxygen, preferably
stored as a cryogenic fluid.

3.3 CARBON DIOXIDE REMOVAL

As concluded In Section 2.0, about 2.2 pounds of CO., must be removed per day per
man and the concentration maintained at less than 4 m?llimefers mercury with a total
pressure of 5 psi. This concentration corresponds to approximately 1.5% inan essentially
oxygen atmosphere.

Various possibilities for CO9 removal have been reviewed, These may be classed
generally as non-regenerative and regenerative. In the non-regenerative category
possibilities for CO, control by chemisorption and by freezing out were reviewed; in the



regenerative class processes based on the recovery and recycling of the solid or liquid

solvent and on photosynthetic and electrochemical reduction of carbon dioxide were
considered.

3.3.1 Chemisorption

Table 3-3 presents a list of selected chemicals that react with carbon dioxlde and thelr
theoretical CO+ absorption capacity.

TABLE 3-3
SELECTED CARBON DIOXIDE CHEMISORBERS

Theoretical Capacity

Chemical Ib chem/ Ib CO,
LiOH 1.09
MgO 0.92
Lizo 0.68
LiO2 1.77
NaO, 2.50
KO2 3.32
CG(OH)2 + NaOH (Soda Iime) 2.0
Cc:(C)H)2 + Bu(OH)2 * 8H,O (Baralyme) 2.0
NaOH 1.82
KOH 2.54

Practically all of these materials have been studied by the Naval Research Laboratories
(NRL) since the early thirtles relative to the CC)2 control problem in submarines. (Ref. 45)

LIOH

The use of LiOH for CO., removal is well established in non-regenerative CO,, control
systems and from a welght ratlo viewpoint is not to be challenged by any other materlal
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except Li_O or MgO. The rcaction between lithium hydroxide and carbon dioxide may
be writteft as follows:

2LIOH + CO, — Li,CO5 + H,O: A H = -1200 Btu/pound LIOH

Thus theoretically when 1 pound of LiOH reacts with 0.92 pound CO,, 1200 Btu are
given off or 1300 Bty/pound CO2 absorbed. The hydroxide Is made by pressing lithium
hydroxide monchydrate intd cubes or pellets at high pressure to develop a suitable
hardness of the materlal. The cubes or pellets are then crushed and sized to recover
4-14 mesh material. This material 1s dehydrated and loaded into canlsters on a vibrating
packing machine.

There is a dust problem associated with the use of LIOH. Although the dust from LIOH
canisters Is a small portion of the total weight, the sensitivity of some personnel to traces
of the dust makes It Imperative that an efficient filter be used. Of the filters that have
been tried, impregnated fluted-paper filter used for alrcraft jet-engine low -pressure fuel
filter (specification AN 6236-3) has given the most satisfactory results according to NRL,
As most of the dust is formed In handling or in transit, 1t has been found sufficient in
many cases where pressure drop considerations are important to use the filters only during
the first few minutes when using the canlister.

The capacity of LIOH for CO5 under dynamic conditions is primarily a function of the
absorption rate. The rate of absorption of CO, by LIOH Is governed not only by the

laws of gaseous diffusion into the granule but also by the relative humidity. The 4-14
mesh has been selected by the Navy as a compromise between the conflicting requirements
of small particle size for maximum rates, and large particles for minimum pressure drop
and blower power requirements,

The beneficial effects of water vapor on the absorption rates are well established.

Figure 3-3 shows that using 2% CO,, In the gas stream and gas velocities of 33 pound/mln-
ute, the COy concentration in the ‘exit air becomes slgnificant at 38 minutes and reaches
a concentration 85% that of the Inlet alr in 1 1/4 hours when using dry air. Only 28% of
the potential CO, absorption capacity was realized over this interval of time, Using
humid air (91% REl), however, breakthrough was delayed for 1 1/2 hours and the effluent
gos did not reach 85% of the inlet gas concentration until five hours after the start of the
test. By this time 100% of the CO absorption capacity of the LIOH was realized. The
reoson why the relative humidity is important in the light of the fact that water Is formed
in the above reaction of LIOH and CO,, is not clear. For example, when 2% CO, s
being absorbed from alr, enough water Is liberated to equal 2% of the gas stream.  This
corresponds to a partial pressure of 152 millimeters mercury for the water vapor at 760
millimeters mercury total pressure which is equivalent to 60% RH at 779F. In spite of
this, the liberated water is less effective in promoting absorption than that in the gas
phase. (Soda lime, incidently, behaves similarly.)  Also, it appears that as little as

8 to 10% RH air Is as effective as much higher relative humidities.
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Concerning the effect of other variables, NRL has shown that temperatures from 70°C to
-10°C have nq adverse effect on the absorption capacity.

Air Reduction Co. {(Ref. 46) has also studied LIOH for CO» absorption and has concluded
that no differences in absorption capacity have been found that could be ascribed to
differences in CO7 concentration. This result Is to be expected since the equilibrium
constant of the reaction Is so large. This organization also investigated the effect of flow
velocity by changing the length-diameter ratio of the LiOH bed, keeping both the
absorbent bed volumes and volumetric gas flow rates constant. (This results in higher
linear velocities in the narrower bed but the same contact time in both beds.) No essential
difference wos observed at flow velocities less than 80 feet/minute. The higher flow rates
tended to give erratic results due to non-uniform flow or channeling. Baffling and firm
packing were recommended to minimize this tendency.

All of the performance dafa desired is not readily available; however, the information on

a LiOH naval unit (Ref. 45) will permit evaluation of a COy absorber of this type. This
unit consists of five canisters {each 6-1/2 inches diameter, 12 inches long, holding 6.3
pounds of LiOH), placed in parallel in a manifoid. Air is drawn through the five canisters,
forced through a filter and into the atmosphere. The unit hos a 1/12-horse power AC
motor with a centrifugal blower capable of developing 2 to 2-1/2 inches of water head.
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At a flow of air through the canisters of 50 fo 65 cfm (10 to 13 cfm per canlster, assume
12 cfm Is the average flow), the pressure drop Is 2 inches of water, A total of 5:6.3 =
31.5 pounds LIOH are used which should theoretically pick up 5.8 pounds CO, per
canlster, or 29.0 pounds CO,, total for saturation. Table 3-4 shows data collected

for the Five canister unit run In a sealed laboratory room. Carbon dioxide was metered

into the room to replace that removed by the absorbent. The relative humidity was
between 50 and 60%.

TABLE 3-4

LIOH CANISTER PERFORMANCE

CO. conc., Cycle, Theoretical Scturation, C02 removed/ CO, absorption rate,
2 % hr Cycle, hr % canister, |b &)/hr/cunister
3.0 7.0 2.35 99 5.7 0.815
1.5 6.5 4.7 93 5.4 0.83
0.75 14.0 9.4 92 5.3 0.38

Figure 3-4 gives typical data for part of a run with 0.8% CO, concentration
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it will be noted that, as typlical of all processes involving fixed bed kinetics, the absorption
rate is higher in the beginning of the test than later. For times beyond 6 hours In Figure 3-4,
for example, one may conclude that the unreacted bed length is too short to give the
required contact time at the flow rates indicated, resulting in increasing CO9 concen-
tration in the efflvent gas stream.

Tests of these canisters aboard an operating submarine gave the following percentage
saturations as average values: The carbonate in the spent material in the torpedo room
averaged 86.5% over 133 hours of operation, in the control room 92.6% over 136 hours,
in the stern room 84.2% through 130 hours. The runs were made while holding CO, at

the 1% level. These percentages may be regarded as the lower limit of what may be expected
under variable operating conditions.

One might also cite Green's data (ref. 19} on a canlster 12 x 20 x 50 centimeters,
containing 10,37 pounds LiOH (2-8 mesh), "Under one set of circumstances all of the CO
and HOH production of two men was absorbed by one canister for 75 hours without refil!,
The CO, was maintained at less than 0.5% and the humidity at approximately 75%. By

the end of 75 hours the weight of the LIOH had increased to 21.12 pounds.” (This represents
a weight increase of 104% and would only be possible If water is absorbed and/or LIHCO4
is formed.)  "Double screen baffles placed at distances varying from 10 to 20 centimeters
reduced channeling and permitted maximum absorbency by the LiOH."

The bed had a resistance of 3.5 millimeters H,,O for a flow of 250 liters/minute. The use
of a glass wool filter 1,5 centimeters thick to remove LIOH dust Increased the resistance

to 5 to 8 centimeters HyO for a flow of 230 liters/minute, using the same motor~blower
combination.

There is a serious inconsistency in Green's performance data. Certainly both the CO
concentration and the relative humidity could not have been maintained over the period
mentioned. Assuming even a basal metabolism of 1760 kilocalories/day for a male

25 years old, the CO, output is 1.5 pounds/day, while the respiration is 0.55 pound /day
and perspiration is 0.78 pound /day (ref. 20). Thus a total of 2.83 pounds of mass for
man per day would have to be absorbed. This becomes 17.0 pounds tor two men for three
days and may be compared with 10,75 pounds of mass actually absorbed. However, the
significant point is that 1 pound of LiOH will absorb a little more than 1 pound of mass
which apparently includes both CO9 and water.

The survey of LiOH for CO9 absorption may be concluded by stating that the theoretical
capacity of LIOH for COy is 1.09 pounds LiOH/pound COE. This capacity may be realized
in practice if sufficlent time is allowed for the CO, to be absorbed and if the relative
humidity is at least 8 to 10% and preferably higher. To allow for possible channeling in

the bed and appreciable absorption rate even at the cutoff point, a value of 90% of the
saturation capacity or 1.2 pound LiOH per pound CO, absorbed may be considered
satisfactory for design purposes. Dryden (ref. 21) gives an actual value of 1,35 pounds
LIOH/pound CO, absorbed).
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MgO

This material was also studied by NRL (Ref. 45), but results showed that the oxide absorbed
too slowly for practical use.

UZO

No Information is available on this material, so It may be said that its use remalns to be
developed. From a weight-ratio viewpoint, it is the most attractive prospect. LioO may
be converted to the hydroxide by picking up molsture (0.6 pound/pound Li»0), so
potentially it can meet more of the environmental requirements than LIOH, The main
uncertainty lies in the rate at which the material can react. To a large extent, this
would depend on the preparation of LioO to form a highly porous structure,

LiO,y, NaOjy, KO,
These superoxides may be handled collectively since they behave similarly as far as is
known. Lithium superoxide Is known to exist, but at the present time only KO, and
NaOj are being made. The latter is being prepared in small amounts. Although the yse

of NaO32 would probably result in significant weight savings over KO», it remains to be
tested.

These materials have been of great Interest in environmental control because they offer the
prospect of practically complete control of the environment: in picking up molsture and
CO, from the air, they release oxygen. In addition, they exert a powerful oxidizing
influence and would probably remove traces of hydrogen, hydrocarbons and other organic
contaminants which are capable of being oxidized. Acidic gas traces would undoubtedly
be removed as well,

The reactions that take place may be approximated as follows:
a. 2KO; + HOH —= 2KOH + 1.50,
b. 2KOH + COp—w K,CO3 + HOH
c. KpCO3 + 1.5HOH —= K,CO3 1.5H70
_Z—; = 2K02

In the overall reaction os written, the theoretical molar ratios of KO,:HOH:0,:CO 5

are 2:1.5:1.5:1, while actual tests have shown the relative ratios to be 2:1,1:1,5:0.9.

The water, oxygen and carbon dioxide ratios metabolized by a man not perspiring noticeably
will be 3:1.3:1.0. The inequality between the superoxide and human performance ratios,

- especially the variability of the latter, would Indicate an excess of oxygen or a deficiency
in the molsture and CO, handling capabilities so that it would be fortultous If a perfect
balance were malntained indefinitely. Nevertheless a complete study has been made by
NRL (ref. 22) using KOy in canisters for alr purification with satisfactory results and tests

+ 1.5HOH + COZ—»-—- K2CO3-I.5H20 + 1.50,

36



were scheduled on the USS Sailfish with a full crew to maintain the atmosphere at 3%
CO, and not less than 17% Oy for 24 hours. Using 14 to 16 pounds of KO,, per canister,
the CO, absorption rate and O evaluation were sufficientto accommodate 30 to 40 men
per canister. The percentage of KO, used up in tests lasting between 1.2 to 1.5 hours
varied from 81 to 100% and averaged 93%. Very recently WADD also successfully
sustained o man in a closed environment for seven days using KO, in sheet form.

Soda Lime, Baralyme, etc.

There is little incentive for considering these materials because of the large weight penalty
in comparisen to LIOH. Dryden (ref. 2T) indicates that 2,9 pounds of soda lime or Baralyme
are actually required to absorb one pound of CO,.

3.3.2 CO;, Removal by Freezing Out

Theoretically, any heat sink available in the cabin that has temperatures lower than those
corresponding fo the desired partial pressure of CO2 in the environment could be used to
remove COg from the air. Thus if it is desired to maintain a CO5 partial pressure of 4
millimeters mercury in the gas phase, heat sinks befow -126.5°C must be available. Thus
CO, could be frozen directly on vehicle surfaces that are colder than this or by heat ex-
change with cryogenic fluids carried on boord.

For direct freezing on the interior skin surface, much depends on the orbit chosen, vehicle
orientation, geometry, and wall design. External and internal heat balances establishing
surface temperatures for various points on the surface as a function of time would indicate
the prospects for the removal of CO); by this method. Sublimation of CO, could pose a
real threat to the occupant unless the COp were thrown overboard before re-entry, or
unless the COp were thermally insuloted or removed from possible heat conducted to it
during the re-entry stoge. Qur preliminary thermol balances indicate only relatively
small heat sink capabilities are required to make this prospect attractive.

Effort devoted to consideration of the engineering problems:involved should be commensurate
with the difficulties and weight penalties associated with alternate materials for solving the
CO9 probiem. For our purposes the possibility of heat exchange with cryogenic fluids is
more realistic and is amenable to a preliminary analysis within the scope of this work.

The preliminary analysis of removal of CO9 by heat exchange with cryogenic fluids,
discussed in Section 6.0, showed that possibilities for CO, removal by this method depend
on the heat content of the fluids, their use rate (i.e., pounds/hour), and the approach
temperature assumed for heat exchange sizing. In the case of H -0, the cryogenic
fluids considered in this study, if the use rate of these gases for the power unit is not
greater thar about 1.2 pound/hour, the heat sink available will not be sufficient to
remove the COp generated per man in a direct exchange of energy from the air stream

to the cryogenic gases.
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The minimum use rate can be lowered to about 0.6 pound Hg-Oy/hour if the air entering
the exchanger is precooled with the cool air (free from CO2 and HOH) exiting from the
hydrogen heat exchanger which operates at the lowest temperature level. A combined
use rate of about 1.05 pounds of gases/hour will supply both the chemical fuels for a one-
kilowatt fuel celi and the man's oxygen requirements. With this use rate for a three-day
mission, however, exchanger weights exceed the weights of a LiOH absorption system so
use rates would have to exceed the minimum use rate by a factor of at feast 4 to 6 before
this method could be considered seriously. This would require cryogenic use rates equiva-
lent to 2.5 to 3.5 kilowatts. With power levels much less than this, the heat exchanger
weights would be excessive and CO9 might re-enter the atmosphere during periods of low
power demand unless dumped overboard periodically. Dumping would require additional
equipment, so even at a 2.5 to 3.5 kilowatt power level, freezing out of CO» would be
impractical unless the LiOH system weight becomes excessive (i.e., for missions longer
than 6 to 10 days). Thus further engineering studies of CO7 removal by freezing with
cryogenic fluid are required for power levels and mission durations beyond these.

3.3.3 Regenerative Sorption Systems for CO2 Removal
This category includes chemical systems which absorb or adsorb CO9 and which may be
regenerated by heating, cooling and recirculation. Naval personnel have been investi-

gating both solid and liquid systems for removing CO, from submarines for many years.

Solid Adsorbents for CO5 Removal

Solid adsorbents capable of regeneration include silver oxide, activated carbon,
aluminum and silica gels, and molecular sieves,

The main difficulty with silver oxide is that the reaction rate is poor. The system wos
studied at Northwestern University (Ref. 47) and although data necessary to determine the
size of equipment are limited, the required system weight and volume appeor impractical.
Three reactors, each 0.6 cubic foot, would be required to handle the output for one mon.
The unit would require 0.16 kilowatt of power and would operate on a two-hour cycle.
Other disadvantages are thot silver oxide is toxic when present In the air in small amounts
and that decomposition of the silver carbonate formed will not stop with the regeneration
of silver oxide but will tend to decompose to silver, especially at the higher regeneration
temperatures.

Activated carbon, alumina and silica gels are of such low capacity (see Figure 3-5) by
weight at ombient temperatures that the weinht and bulk of regenerative units are pro-
hibitive for a reasonable cycle time in the pioposed application.

Molecular sieves are synthetic zeolites cuite similar to many natural clays. Chemically
they may be considered os alkali metel-aluminosilicates. They owe their effectiveness

as CO., adsorbents to a large surface area and ~orefully controlled pore size. Molecular
sieves %uve a greater affinity for water than C(;, so in the presence of water vapor the
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first component to be adsorbed is water; no other components of the gas will be adsorbed
until all the water has been removed. In such an adsorbent bed, the lower part of the bed
will be used for water removal and the upper part for the removal of CO,.

The adsorption capacity of molecular sieves for CO, is dependent on the temperature, the
concentration of CO2 in the gas and the amount of water vapor. Adsorption isotherms of
molecular sieves, supplied by the Linde Company where the material is undergoing develop~
ment, are shown in Figure VI-2 of Appendix V!. Considering the characteristics of the
material under dynamic conditions, the dynamic capacity is reduced by about 25% over

2000 cycles.

Molecular sieves are regenerated by heating. The rate of regeneration is aided by the
use of a purge gas to sweep out the CO, evolved or the use of vacuum. The higher the
regengration temperature, the easier it is to regenerate; however, the life is also
shortened, especially in the presence of water vapor.

For our application, the use of two adsorption units is recommended, one adsorbing, while
the other is being regenerated and subsequently cooled.

For estimating the weight of molecular sieves required for the simultanecus adsorption of
CO29 and water vapor, the Linde Company recommends (Ref. 48) 3-1/2% loading for
CO, and 10% loading for water vapor. For regeneration under vacuum, they recommend
a temperature of 400°F for two hours.
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Comparisons of environmental systems using molecular sieves have been made (see Appendix
V. These analyses indicate that the energy required for reaeneration makes the process
non-competitive with the use of LIOH (or heat exchange for CO3 removal), and heat ex-

change for dehumidification if the energy is applied in electrical form from chemical
energy sources. The potential value of these systems lles in the use of solar, nuclear or
by-product heat. in any case, the hardware welght and charges of moleculor sieves re-
quired do not justify their use for one~man missions of less than 15 to 16 days.

Liquid Absorption Systems for CO, Removal

Because liquid systems are normally handled more easily than solid adsorption systems in
recycling processes, they have been examined in considerable detail for CO5 removal
since World War |l. Processes using both organic and inorganic compounds in aqueous
solutions have been evolved. For example, solutions of alkaline hydroxides as well as
aqueous solutions of alkaline amines have been investigated in considerable detail and
have been used successfully for CO5 control in submarine test runs. The Girdler Corpora~
tion has investigated a wide choice of chemical ogents (Ref. 49), including omines and
amine derivatives. Their studies revealed several promising materials that have been used
singly or in combination ot least on a pilot-plant scale. These include monoethanolomine
(MEA), diethanolamine (DEA), methyldiethanolomine (MDA}, and diethylene glycol omine
(DEGA). The best prospect among these was concluded to be MEA (4.5N) and scrubbing
units using this solution are now used in nuclear submarines. A water solution of the
potassium salt of the omino acid, N-methylalamine, more commonly known as Alkazid M,
now appears to be even better than MEA since it has o lower vapor pressure ond better
oxidation resistance.

A typical scrubbing system for CO, removal by MEA solution is shown in Figure 3-6. Air
containing CQO5 is fed to the adsorption tower, with MEA solution flowing countercurrent
to the air stream. The CQO,, is then regenerated by heating and stripping in a second
column that may be considéred a regenerator. The CO,, exits at the top of the column;
the stripped MEA solution exits at the bottom and, after heat exchange, flows back to
the top of the absorption unit. Typical performance (ref.23) from units built for the

avy are as f w5 i
Navy are as follo Extrapolation

for one man

CO, removal rate (at 1% inlet) 8 Ib/hr 0.1 Ib/hr
Power consumption 5 hp 0.0625
Electrical heat consumption 12 kw 0.15
Quantity of air handled 140 CFM 1.75
Total volume 50 13 1.13
Total weight 4100 Ih 51.
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If this unit is scaled down to handle the CO, requirements for one man (0.1 pound/hour),
the values in the second column result. While there is some question of the validity of
such results based on an 80:1 reduction ratio, the extrapolated values may be regarded
as optimistic since it is extremely unlikely thot improvements could be affected in going
from a large to small unit. (Actually the reverse is generally true.)

From a weight viewpoint, this system would not compete with LiOH at 2.6 to 3 pounds
use rate/day for 17 to 20 days.

While the large system was optimized for volume rather than weight, extrapolated value

of 51 pounds for the small unit approximates the weight of a small system optimized from

a weight viewpoint. The energy required for the small unit should be more readily acceptable
as minimum values, since heat losses are proportionately greater for a small unit and power
units are likely to be less efficient, The total power requirements are approximately 200
watts, | the 200 watts are derived from an H2-O2 power system carried on board {weight
penalty 2.5 pounds/kilowatt-hour), the weight penalty is approximately 0.5 pound /hour or
12 pounds/day compared to 2.6 to 3 pounds of LIOH that the scrubbing system would replace.
Assuming that heating could be obtained as by-product heat from the power unit, the eiec-
trical power requirements (0.0625 horsepower = 46 watts) represents a weight penalty of
0.046 + 2.5 - 24 = 2,76 pounds/day. This is practically equivalent to the daily LIOH require-
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ments that the system would replace. Obviously, with the present state of the art
ethanolamine scrubbing systems have no place in space systems where the energy requlre-
ments are derived from stored energy (excluding nuclear) carried on board. While brevity
forbids a detalled discussion of other factors that might be considered, the phase separation
problems involved with these systems in a gravity-free state and the toxicity and stability
of the absorbents involved are additional unfavorable factors.

Alkall carbonate solutions (2N) used for absorbing CO,, operating at atmospheric pressure
and regenerated by heating to 212°F, have also advanced to the prototype stage for sub~-
marine application. Typical performance using a jet scrubber is as follows

COy removal rate at 1% inlet 10 Ib/hr
Power consumption (for pumping) 5 hp
Heating load if electric 46 hp
Total volume requirements 60-70 f13

From the viewpolnt of energy required, this system is even worse than the MEA system
performance discussed above and may therefore be dropped from further consideration for
the proposed application.

An interesting modification of a regenerative-type absorption process for CO7 removal
which resultsinby-product hydrogen and oxygen is known as the Smith cycle. A flow
sheet of the process contemplated for submarine use is shown in Figure 3-7.

In essence the process is as follows: Electrolysis of a Na3504 solution produces NaOH,
H2504, Hp and O2. The NaOH is sent into an absorption tower in which COj from the
air Is removed, forming NayCQO3. This solution is then reacted with the sulfuric acid

solution from the anolyte compartment, releasing CO2 which may be rejected overboard

and forming NaSO4 again which is sent back to the electrolytic cell. The reactions
may be summarized as follows:

In the anolyte compartment of the electrolytic cell:
2504 7 + 2Hp0 = 2H,50, + Oy + de (N
In the catholyte compartment of the electrolytic cell:
ANG* +4H,O + de’ = 4NaOH + 2H, )
The overall reaction in the cell is (1) + (2), i.e.:

4Na® +2 50477 + 6H,0—= 4NaOH + 2H,50,4 + 2H, + Oy (3

42



18% Nay 5O,

SMITH CYCLE

H,O

D.C. POWER (250-320vV)

f

SODIUM SULFATE
ELECTROLY ZER

Hj

AR FROM SUB

NaQOH

—

* NC.|2 504

Y

02

H,50),

Y

Co,
ABSORBER

AR TO $UB

NaOH

NaC03
Nu2504 i

sy

Co,
DESORBER

CO4

N02504 |

FILTER

43

Y

FIGURE 3-7



In the CO7 absorber:

4NaOH + 2C0,(Cy) = 2NayCO3 + 2H, O (4)
In the desorber:

2NayCO3 + 2Hp50, —= 2Na,SO4 + 2Hp0 + 2C0,(C)) (5)
The overall process is the sum of (3) + (4) + (5), or:

2H70 + 2CO-(Cy) == 2Hy + Oz + 2C0O,H(C)) (6)

In such a process the overall reaction Is the electrolysis of water and the simultaneous
concentration of CO, from its partlal pressure in the original air (Cy} to essentially pure
CO, at the system pressure (C2) according to Equation (6). Only water and DC power
are required and CO7 and H, are rejected overboard. Power requirements estimated for
a CO4 removal rate of 10 pounds/hour were 88 horsepower. Since this is 100 times that
required for one man, 0.88 horsepower or 650 watts of power would be required for one
man. At an average weight penalty of 2.5 pounds power system/kilowott-hour, the weight
penalty for power alone would be 1.6 pounds/hour or 38 pounds/day. The daily oxygen
and LIOH requirements for one man can be supplied with a weight penalty of about 2.5
pounds In cryogenic oxygen and about 2.7 to 3 pounds for LiOH or a total of 5.2 t0 5.5
pounds. Thus, even assuming that excess water is available from an Hy-O power unit,
the weight penalty for a chemical power source alone to supply electric power to the
process is about seven times that of the system it would replace.

3.3.4 Photosynthetic and Electrochemical Reduction of CO2

Various writers have proposed the use of photosynthetic methods of recovering CO2 and
at the same time regenerating oxygen and perhaps foodstuffs. While this may be con-
sidered the ideal solution of the environmental control problem, it has been shown in
Appendix V that such processes are a practical impossibility as long as the energy re~
quired for the regeneration comes from chemical energy carried on board. The same
may be said of various electrochemical reduction schemes that have been proposed where
the overall reaction may be written as:

CO™ ™ C+ 02

Consideration of CO7 reduction methods must therefore be limited to the use of solar or
nuclear power sources which are considered outside the scope of this study.

3.4 DEHUMIDIFICATION

Condensation, non-regenerative sorption methods and regenerative sorption methods have been
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considered for the removal of moisture from the cabin ajr. Compression-cooling~
condensation was not considered because it obviously cannot compete, from the standpoint
of either equipment or power, for the modest requirements implied in this study.

3.4.1 Condensation

Condensation can occur on the inner walls of the vehicle if the walls are below the dew-
point of the environmental atmosphere, i.e., 52°F at 50%relative humidity and 70°F. Whether
or not condensation can be used will depend largely on the surface area of the capsule

and the internally generated heat load. For a 2-meter diameter spherical shell this

method becomes feasible if the internally generated heat loads are less than 3 to 4 kilo-
watts for a capsule externally coated for maximum visual albedo and maximum infra-red
emissivity. This method would probably not involve any weight penalties. s potential
value would be determined to a large extent by the thermal balance around the vehicle,

so further consideration must be postponed until a total systems study and temperature
analysis of various points of the vehicle selected have been made for the orbit chosen.

Condensation by heat exchange between cabin air and cryogenic fluids can also be used
for dehumidification if the use rates are large enough. This method has been examined
in considerable detail in Appendix X because of its applicability in the Hz - O
cryogenic system chosen to meet the capsule's power and environmental requirements.

The dehumidification requirements can be met with H2-Op5 use rates greater than about
T to 1.2 pounds/hour. Requirements can be met using even smaller quantities of Ho-O5
if an additional heat exchanger is used for heat-sink recovery. Further details are
discussed in Section 6.0,

Any unit that may be used to cool the cabin air can accomplish dehumidification as fong
as the cooling surface temperature is below the dewpoint of the cabin air at the desired
humidity and temperature. Thus where cooling of the air is required, dehumidification
imposes no weight penalty except that acquired in removjng the condensed moisture from
the cooling surface. In a gravity—free state and with conventional heat exchanger design
this might pose a major problem.

3.4.2 Sorption Methods - Non-regenerative

Relatively few materials ordinarily classed as desiccants for drying of gases are at the same
time considered non-regenerative, because most materials do not have a very high capacity, and
dehumidification with regeneration is a simple process for a relatively large number of
materials, both solids and liquids. Anhydrone (magnesium perchlorate), which has a
saturation capacity of about 0.5 pound HZO/pound dry desiccant and which is difficult

to regenerate, may be considered the best example of non-regenerative materials. Other
materials in the non-regenerative category, with multi-functional capabilities in an
environment control system are lithium hydroxide (LiOH), potassium superoxide (KO»),

and lithium oxide (Li2O).
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Lithium hydroxide, for example, can pick up 0.75 pound H,O/pound LiOH to form the
monohydrate, but its capacity for CO9 absorption decreases. At the same time the rate
of moisture pickup is relatively slow. No specific studies have been made of LiOH for
the simultaneous absorption of CO, and water vapor. Potassium superoxide has been
discussed previously and so need not be detailed here.

Lithium oxide could theoretically combine with 0.6 pound H,O to form lithium hydroxide
according to the following reaction:

LioO + HOH —= 2LiOH

The LiOH could absorb additional water to form the monochydrate with a total pickup of
3 mols of water/mol of LioO or 1.8 pounds HpO/pound Lio2O. Presumably most of the
absorption capacity for CO2 would still be retained. Theoretically, if LipCO4-H20
werte formed from Li;O, HOH and CO9 according to the reaction

Li20 + H20+ C02 —— L32C03 Hzo

the water load would control the amount of Li,O required. For 2.5 pounds HOH/day,
4.2 pounds of Li,O would be sufficient to pick up the water vapor as well as the CO,
evolved. This system might merit further study.

Other substances, such as LiCl (2.8 pounds HyO/pound desiccant at 25°C and 50% relative
humidity) and CaCl2(1.8 pounds HZO/pound desiccant at 25°C and 50% relative humidity),
might be considered non-regenerative in view of their high capacity; these materials are
seldom used, however, because before the high capacity is realized the substances become
deliquescent and for practical purposes may be considered as concentrated solutions. This
phase change from the solid to the liquid complicates the handling problems as well as

use of these materials in non-regenerative systems.

3.4.3 Sorption Methods - Regenerative

From the engineering viewpoint humidity control regenerative systems may be divided into
two categories: solid phase and liquid phase. Both types have found extensive use in
dehumidification. Typical of the liquid-phase systems are those employing solutions of
LiCl, CaCly, HpSO4, NaOH, KOH, glycerine, triethylene glycol and other glycols.
Processes based on these solutions may be operated continuously, with the solutions flow-
ing from one piece of equipment to another during absorption to desorption of the water
vapor picked up. They may be handled in the same manner and with the type of equip-
ment that might be used for the removal of CO, by the regenerative absorption processes
already discussed. Examples of solid phase regenerative dehumidification systems are
those employing silica gel, activated alumina, molecular sieves, and drierite. These
processes are characterized by intermittent operation; generaily the gas is passed through
one fixed bed of these porous substances while other beds are being reactivated by heating
to drive the water out. Techniques and type of equipment are similar to those for CO2
removal by molecular sieves,
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Silica gel has the highest capacityand the narrowest operating temperature range and

wauld therefore be chosen os the best representative of this group for the intended applica-
tion. When used for adsorption at 70°F and regenerated at 300°F, about 0.2 pound of
water vapoy/pound of dry gel may be handled. A 4-pound canister of silica gel may be

used for about 8 hours before regeneration. Two canisters may be operated alternately

as already described (see CO adsorption with molecular sieves). Some system simplifica-
tion, especially for short missions, may be effected by manually replacing one canister
with another in the air conditioning system while placing the loaded canister in a chamber
lock, heated either internally or externally,and opening the chamber to the vacuum of space.

Analytical methods for sizing the equipment and estimating the power requirements are well
established for both solid and liquid-phase dehumidification. The main problems anticipated
for application to space vehicles are primarily associated with operation in a gravity-free
state. Adsorption (solid-phase separation) systems offer no particular problems in this respect
if desorption is to take place by exposure to space. [If the water is to be recovered, however
one has to contend with the usual problems associated with condensation and collection of
the water in a gravity-free state. For absorption systems one has to contend with phase
separation problems in both the absorption and desorption steps of the process. These areas
would require additional engineering studies if the dehumidification problems could not be
handled by condensation.

r

3.5 WATER SUPPLY

As concluded in Section 2.0, a minimum of 6 pounds of water/day will be required for
human consumption. Three possibilities were considered for meeting the requirement:
(1) derivation of water from the chemical fuels of the power unit, (2) derivation

from ecological wastes, and {3) carrying water on board.

The derivation of water from the chemical fuel system was one of the primary considerations
in its selection. This is in harmony with the original objectives of the contract. For-
tunately, the Hy-Op system which was selected on the basis of power output alone also
provides one of the simplest systems available for the production of water. The power

unit study showed that any H2-O use rate above 1/4 pound/hour will meet the water
requirements. This level is considered to be around the lower limit of anticipated power
requirements, so an adequate supply of water is assured. The selection of the H2-0»
system primarily from the point of view of minimum total system weight made it unnecessary
to consider other methods in any detail,

The derivation of water from ecological wastes is receiving considerable study at this

time by various groups interested in forming a closed system for the man's requirements.
Recent announcements of acceptable water distilled from urine indicate that considerable
progress is being made in this area. Since fecal water is appreciably less than that formed
by food metabolism, it would seem that the derivation of water from fecal matter can be
postponed so long as at least dry food is carried on board. This assumes, of course,
practically complete recovery of water from urine, perspiration,and respiration.
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Water recovery from fluid body wastes seems unjustified so long as water could be derived
from an auxiliary power system that derives its energy from chemical systems containing
hydrogen and oxygen in any form (i.e., elemental or compound). The survey of chemical
encrgy sources showed that very few chemical energy systems would not result in formation
of water as a by-product and these exceptions are not very atiractive as power producers.
Recovery of water from ecological wastes may be justified when power systems relying on
battery, solar or nuclear power are used or when the power level of a chemically powered
APU is too small to meet the daily water requirements. As we have seen, when using
Hy-Oy the minimum water requirements can be met with any unit using 1/4 pound of
HQ—Oz/hour. This corresponds to only 1/4 kilowatt for even the most efficient energy
converter, namely the hydroxy fuel cell.

3.6 ODOR AND OTHER TRACE GAS CONTROL

Subsystems for odor control present a relatively minor problem from the weight viewpoint,
but malfunctioning could lead to serious psychological and physiological consequences for
the human occupant. General methods for handling offensive odors include masking,
oxidation, and adsorption. Dryden (ref.21), for example, recommends the use of 0.5
pound of activated carbon/man day. If this were placed in a regenerative type of
environmental system pack (i.e., as a section in a silica gel and/or molecular sieve
adsorption train), it could be regenerated with the other adsorbents with practically no
additional weight penalties. Quite likely, silica gel and especially molecular sieves
have sufficient adsorption capacity for these traces, so activated carbon may not even

be necessary. Use of KO2 as an oxidizing agent for odor control in non-regenerative
systems was demonstrated as a supplementary advantage in the use of this material for
oxygen supply and CO2 control.

Other trace gases that may be found in the cabin atmosphere and which might prove
irritating to the eyes, nose, or throat of the occupant include those resulting from partial
degradation of overheated plastic components, wood, efc., and those originating from
chemical subsystems (e.g., fuels, oxidants, refrigerant gases). These could include o
wide variety of substances (e.g., hydrogen, ammonia, hydrocarbons, carbon monoxide,
5O, Freons, etc). These are all susceptible to oxidation, adsarption,or chemical
reaction removal techniques and should present no major problems. In most cases,
methods already proposed for the control of other atmospheric contaminants would
remove these. Further details cannot be given without considering the chemical species
involved.

3.7 CONCLUSIONS

As we have seen, the problem of temperature control is to keep the capsule cool enough
in the face of internally generated heat. Heat from the man and that generated with
possible CO9 removal and dehumidification systems totals less than 700 Btu/hour or 200
watts. This represents about 5% of the heat load that a 6-1/2 foot diameter spherical
capsule will handle (about 3.4 kilowatts if the outer surface were suitably treated for
maximum heat dissipation by radiation at 44°F skin temperature.) Larger loads may be
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handled by increasing the size of the capsule, attaching an additional radiator, or raising
the skin radiating temperature above 44°F. The latter would require Isolation of the
occupant compartment and refrigeration to remove the heat generated within the enclosure
and by leakage. Additional improvements in the tolerable heat load for a given-
sized capsule may be attalned by appropriate layout and distribution of the major heat
producers In the capsule. Thus the entire problem of temperature control depends largely
on the variables related to the capsule design and operational requirement. Unill these
factors are more clearly specified, the inclusion of a refrigeration system (and certalnly
Its slzing) as part of the environmental equipment pack is an arbitrary matter.

If refrigeration is necessary, the requirements for a system fo cool, either by evaporating
water Info space or by mechanical refrigeration, would depend on the heat load that it
must handle. Whatever Is decided along these tines will not Invalidate the selection of the
chemical fuel system or of methods for meeting other environmental requirements, but may
be considered as an additional study.

The most promising chemical non-regenerative systems for the remaining major components
of the environmental system (I.e., O3 supply, CO2 removal and dehumidification) have
been evaluated in terms of an integrated system. Table 3-5 Is a weight summary of the most
promising combinations for meeting the requirements.

System | may be considered as the present state of the arf. The values of LiCl for
dehumidification are based on solid LICI absorbing HOH untll the vapor pressure of water
in the solution formed becomes equivalent to 50% RH at 70°F. The problems involved are
a matter of materials handling. The application of LisO for dehumidification and/or
CO2 removal remains to be developed, and systems using NaOg must await avallabillty
and parametric studies of the material.

Inspection of Table 3-5 shows that the minimum welght one can hope to achieve with non=-
regenerative air conditioning systems Is 4 to 6 pounds/man day. Beyond thls point one

has avallable the prospects of CO,, removal by freezing with cryogenics and/or re-
generation of sorbers for COp and HOH. The latter processes, however, require so much
energy for the regeneration that it Is unlikely they will find much use In a system that
derlves energy from chemicals stored on board. The regeneration of oxygen from carbon
dioxide or waste water by any practical process that depends on chemical energy sources
for power has been ruled out. These regenerative processes must rely on the availability
of solar or nuclear power.
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SUMMARY OF DAILY WEIGHT REQUIREMENTS OF SELECTED

TABLE 3-5

CHEMICAL AIR CONDITIONING SYSTEMS *

System Oy

I. Compressed oxygen 3.4 Ib
2. Compressed oxygen 3.4
3. Cryogenic oxygen 2.4
4, KO2 6.0
5. KO2 7.9
6. KOy 6.0
7. Compressed oxygen 3.4
8. Compressed oxygen 3.4
9. Cryogenic oxygen 2.4

10. NaO9 4.6

HOH

Anhydrone 5 |b

LiCl
LiCl
LiCl

0.9
0-0.9
0.63

Anhydrone 3.0
Anhydrone 3.5

LioO
LIOH
LiCl
LiCl

4.2
3.33
0-0.9
0.6

€Oy

LIOH 2.41b

L120 1.5
Uzo 1.5
LioO 0.37

LIOH 0.6
LIOH 2.4
LIOH 2.4
L0 0.37

Total

10. 8 Ib/day
5.8
3.9-5.8
7.0
10.9

10.1
7.6
9.1
4.8-5.7
5.6

* Basis: One man with dally requirements of 2.0 pounds O supply, 2.5 pounds
HOH, and 2.2 pounds CO9 removal R Q = 0.80).

Other assumptions:

Compressed oxygen is available at 1.7 pounds system/pound Og.
Cryogenic oxygen is available at 1.2 pounds system/pound Op.
LipO is used either to form LIOH with HOH and/or LI2COg3 with
CO3, i.e., hydrated carbonate formation Is excluded. So used,
one needs theoretically 1.67 pounds LI20/ pound HOH and 0.68
pound leO/ pound CO9.
KO2 requirements are based on actual test results.
NaO, requirements are based on same molar converslon percentages

as K02.
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4.0 CHEMICAL ENERGY SURVEY

This study considered all chemical energy sources, regardless of whether or not they
could produce by-products useful fo man, because use of a single chemical system to
supply both power and occupant requirements might Increase the welght and decrease
the reliabllity of the system. The criterion of minimum weight and maximum reliablility
could dictate use of two essentially Independent systems.

This section presents compilations of various chemlcals that might serve as fuels and
oxidizers. The theoretical energy release was computed from thermodynamic data when
available; these results aided In a prelimlnary screening of most combinations. However,
although a high-energy chemical system is a necessary prerequisite to a high electrical
{(and/or mechanical) output per pound of chemicals, It is obvious that the output Is
dependent on the process and devices used to make the conversion. These problems are
deferred to Section 5.0 which considers the most promising prospects found in this pre~
liminary survey from the broader viewpoint of a systems analysis.

4.1 SELECTION CRITERION

The criterion for the selection of the more energetic chemical systems was based on the
standard free energy of the reaction. This is the maximum theoretical energy available

for the conversion of the chemical energy into mechanical or electrical form for the perfect
process of the reactants and nroducts with each at 25°C and 1 atmosphere pressure. (A
"perfect process" implies complete combustion, a perfect engine, and no irreversible losses
of any kind.) While it is possible to extract more or less energy from a pound of system
than indicated by the standard free energy (A F) by deviating from the temperature and
pressure restrictions imposed on reactants and/or products, such devices are, in theory at
least, available to all chemical systems and therefore will not generally offect the relative
rank of the systems.

In this survey the enthalpy (AH) for the various reactions has also been calculated and
tabulated for use in evaluating thermal engine performance. It is common practice to
speak of engine efficlency in terms of the thermal energy input into the cycle. In addition,
quite often AF cannot be computed because data is lacking for a particular component of
the reaction. The value of AH may be considered in such cases as our tabulations show

that fof high energy systems the values of AF and AH are generally within 10% of each
other. This is so primarily because AH is much larger than TAS for these systems, so

AF, which equals AH - TAS, becomes equivalent to AH.

4.2 POSSIBLE FUELS AND OXIDIZERS

Table 4-1 presents a list of high energy fuel sources, many of which will be recognized as
important components of well-known fuel systems. The list has been divided into two groups,
elements and compounds. The elemental fuels considered are those in Group | to Group IV

of the periodic chart.
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Elements
H, @)
L (c)
Be (c)
8 {c)
C (graphite) (c)
Na (c)

J*

Compounds
LiH {c)

LiBH, (o)
LiAiH,
BeH {g)
BeB,Hg
8,Hg (@)
BsHo (g)
BygHy4 (¢}
CHy (g}
CgHig (1}
C,oH O (g)
CH3OH (1)
CoH50H (1)
Al(BH, ) 5
HCN (1)

€N, )

HIGH ENERGY FUELS AND THEIR THERM ODYNAMIC PROPERTIES AT 25°C

Molecular
Weight

2
6.94
9.0

10.82

23

7.94
21.76
37.94
10
38.64
27.7
63.2

122.3
16

114.1
44
32

46

71.46

27

56

* {g) Gas, (1) Liguid, (c) Crystalline

AF

-16.7

~-28.3

4.1
- 6.94
-39.7
-41.8
-33.6

29

70.8

TABLE 4-4

Kilocolories/gram mole

AH

0

=72.1
25.2

73.6

52

Elements*

Mg (c)
Al {c)
S5i {c)
K (c)
Ca {c)
Ti {c}
Compounds*
NH3 {9) '
NyHy (D
N2H2 (CH3 {UDMH){1)
CH3NH,

CgHsNH4

(aniline)

CH.N 02
(nitromethane)

C 4H30CH,OH
(Furfurol Alecohol)

C3H5(NO3) 5
?Nifrog lycerine)

CaH7NQO3
{N-Propyl Nitrate)

HoOs (1)
CoHz (9)

C3H4 {9

2.3

46.3

-(47;49;
57 .4)
-44.8
54.2

44.3



Toble 4-2 is o compilation of the most powerful oxidants known todoy . Unfortunately com-
plete thcrmodynamic dota for these materials is often lacking, but other considerations in-
volved in the seleciion of suitable oxidants for the propellant-aimosphere system eliminate
most of the uncommon oxidants anyway. The elementol oxidizers considered are those in
Group VII ( Fo, Cly, Brp) and Group VI (09, S, Se). The various slements considered

are summarized in e following periodic order:

! H i1 v \% Vi \4l
H

Li Be B C (N) @] F
Na Mg Al Si (P) S Cli
K Ca Ti Se Br

The elements were assumed to combine according to the following general equations:

Group Combination General Equation
I -Vl P+ VH=1-VII
1 - Vil Ih+2-VIl = 1i-Vll,
I - vil I+ 3-VIl = Ni-Vll3
vV - Vil IV +4-VIl = IV-VIly
I - VI 21+ VI = {p-Vi
I o-vi im+VvIe = IVl
I -vi 211+ 3VI = I Vi3
IV - Vi IV + 2Vl = IV'VIp

Table 4 -3 presents the thermodynamic functions for the products that may be involved.

The values shown were generally computed from data derived from various sources (Ref.
24, 50, 51).

The thermodynamic functions computed (AF and AH) for the indicated reactions ore
summarized in Tobles 4-6 and 4-7 where values are expressed in kilowart-hours per pound
of combined fuel and oxidant. All values are based on each component in the reaction
being in its normal state, at 25°C (77°F) and 1 atmosphere pressure. To conserve space,
elements resulting in relatively low values have been omitted from the tabulations. This
applies to sulfur, for example, which proved to be much poorer than oxygen. Selenium
would show still Tower values. The trend for decreasing values with increasing atomic
weights is also indicated by a comparison of the values of fluorine versus chlorine os
oxidants. Bromine would yield even lower values and iodine would be the worst of all
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Hz O (1}
H20 {g)
HF (g}
HCI (g)
LisO (o)
LIOH (c)
Li,CO3 (c)
LiF (c)
LiCl {e)
BeO (c)
Be(OH), ()
BeCO3 (c)
BeF2 {c)
BeCly {c)
ByO3 (c)
BF3 (g}
BCI3 (g}
CO (g)
Coz2 (@
CFy4 (o)
CCly (1)
NayO (c)
MNaOH (c)
NaCO3 {c)
NaF {c}

NH.C! (o)

Molecular
Weight

18

18

20

36,

29.

23.

73.

25,

42,

25

43

69

47

79.
469.
67.

117.

26

44

as

153.

62

40

106

42

53.

44

25

94

64

2

5

AF

- 3.7

~ 22.8
-130

~106.1
-270.7
-139.5
- 99.2

-139.0

=210
-141

-283.0
-261.3
- 90.9
- 32.8

- 94.3

151.8
- 16.4
- 906.0

0.6
-250.4
-129.3

- 48,7

* (g) Gas, (1) Liquid, (c) Crystalline

AH

- 6B.

- 57,

- 44

- 22.
-142.
-116.
-290.
-146.

- 97.

=216

-122.

-302.

-265.

- 94,

- 26.

- 94,

-162.

- 33,

- 99,

-102

-270.

-136

- 75.

3

8

.2

TABLE 4-3
REACTION PRODUCTS AND THEIR THERMODYNAMIC PROPERTIES AT 25°C

Kilocolories/gram male

a5

NoCl (e}
MgQO ()
Mg(OH)5 (c)
MgFs (c)
MgCly f(c)
MgCO3 (c)
AlyOq {c)
AL{OH)3 (c)
AiFy (c)
AIC(3 {c)
510, {c}
SiF4 (o)
SiCls (g)
K20 (c)
KOH (¢)
KoCO3 fe)
KF (c)

KCI {c)
CaO {c})
Ca(OH)y ()
CaCO3 (¢}
CaFy (o)
CaCly (c)
TiO, (o)
TiFy (c)

TiCly (1)

Molecular

Weight

58.45
40.3
58.34
62.32
95.23
84,33
101.94
77.99
83.97
133.34
60.06
104.06
169.9
?4.2
56.1
138.2
58.1
74.55
56.1
741
1001
78.%

(AR
79.9
123.9

182.7

AF
-9
-136.
-199.
-250.
-141.
-246

-376.

294
-152.
-192.
-360

-136.

-127.

- 97.

-144.

-214,

-269.

~277.

-179.

-203.

=161,

.8

1

3

2

- 98.2
-143.8
-221.0
-263.5
-153.4
~266

~-399.1
-304.2
-31

-166.2
-205.4
-370

-145.7
- B6.4
-101.8
-273.9
~134.5
-104.2
-151.9
-235.8
-288.5
-290.3
-190.0
-218.0
-370

-179.3




from the energy viewpoint. The strongest oxidants are in the upper right hand corner of

the periodic table, with fluorine and oxygen being the most powerful of the elemental
oxidants.

Concerning elemental fuels, the tabulations show that the most energetic of the alkali
metals is lithium, followed by sodium, potassium, etc. Of the alkaline earths (Group L)
the best performer is generally the lightest metal, beryllium, followed in decreasing order
by magnesium, calcium,and zinc. In Group It considerations may be limited to boron and
aluminum. Higher atomic weight elements in the group have lower energy valuves. In
Group IV consideration may be {imited to carbon, silicon,and titanium. The peak values
are generally monifest in silicon. The most potent elemental fuels are found in the upper
left-hand corner of the periodic chart. Thus one may conclude that the most potent com-
binations of the elements may be formed from a combination of those in the upper left-hand
corner with those of the upper right-hand corner of the periodic table.

4.2.1 Screening of Fuels

The number of compounds that exist that may be classed as fuels or oxidizers runs into
thousands. The number of possible combinations of these in a chemical reaction is the
product of the number of fuels and number of oxidants. Obviously some generalizations
to permit weeding out most of the possibilities is mandatory. The energy values cbtained
for the oxidation of the elements already presented can serve as important aids in the
setection of chemical compounds for fuels or oxidizers. To facilitate the selection it has
been found convenient to consider the fuels and oxidizers separately.

The calculated energies of the reactions represent the difference between the sum of the
energies of the products and the sum of the energies of the reactants, taking into account
the oppropriate number of moles involved. Thus fuels and oxidants having zero or pesitive
values for thelr energy of formation and which at the same time result in products having
large formation energies (i.e., large negative values on a pound basis) are the most
desirable from an energy viewpoint. It is impossible to generalize beyond this point. In
many cases, however, the energy of formation of the reactants approaches zero, in which
case the energy available depends on the oxidation products. We have already seen that
when this is the case, fuels containing Li, Be, B, Mg, Al, C, Si, and H are preferred
since their oxidation will release the highest energy. A partial list of such possibilities
hos already been presenied in Table 4-1, Many of these are important components of well-
known high-energy propellant systems. Any fuel having a negative value for either AF or
AH is not as potent an energy source as a mechanical mixture containing the same per-
centage of the individual elements. Obviously from a minimum weight viewpoint it would
be absurd to use anything except 100% of the most potent fuel under such conditions. As
we shall see [ater a weight penalty may be acceptable, however, to gain important
practical advantages in many cases.

The borane-type fuels, HCN, (CN),, N2Hg4, and aniline are fuels that possess an in-

herently greater energy release than the uncombined elements of which they are composed,
and thus should be considered further.
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A large number of compounds containing only carbon and hydrogen (hydrocarbons) also
have positive values. Perry (ref. 24) lists about 70 hydrocarbons in which AF is positive.
These may be evaluated collectively by the following analysis. Let the oxidation of these
hydrocarbons be represented by the general equation

Q,
CxHy + (x +y/4)02 2GS X €O+ 0.5y Hyo (1)
y Y
AF + 0.5y4AF -AF
COo, Y™TH0(1) TATCLH,

AF/pound = A X759y

The ratio of hydrogen to carbon in the fuel = y/x = R.

The value of R varies from a minimum of 1 for acetylene to a maximum of 4 for methane.
All paroffinic hydrocarbons, olefins, and all possible unsaturates have values of R between
1 and 4. The above expression for AF/pound of fuel and oxidant may be written as

Nco, +0.5RAFy, 6 AFc H

x
AF/pound = - Y 2 Q_{ + 525
44 + 9R x(44 + 9R) 2

Since the free energies of formation of both CO5 and H20 are negative, it follows from
the preceding expression that the free energy of formation of C,H,, must be positive to
yield higher AF/pound values than equivalent mixtures of carbon and hydrogen.

We may set a 10% Increase in AF /pound as significant and worthwhile over a mixture of
hydrogen and carbon, and determine the minimum value that AFC_H._ must have for

X
different values of x and R in order to qualify. Thus, from a numeridal viewpoint¢2
must be at least 0.1 ,@5] or

A FCxHY > 0.ix (AFCO2 + 0.5R AFH;_:O)

2 0.1x (94.3 + 0.5(56.7)R)

(A4

0.1x (94.3 + 28.53R)

Thus for CxHy = CHy the free energy of formation must be at least 21 kilocalories/gram
mole.

By comparing the values of AF for various values of x and Rwith the values tabulated by Perry
(ref. 24)itmay readily be shown that only ucefylerze,'CQH%(g), and rrfefhylocetylene, C3H4(g),
have formation energies that exceed the above limits. These are included in the summarized
results in Tables 4-6 and 4-7.



Perry also lists the heat and free energy of formation for 35 compounds of carbon, hydrogen,
and oxygen. Only four of these have positive free energy values, however, and these
values are too small to be significont.

Another large group of compounds listed by Perry which have positive AF's (and in most
coses positive AH) are the amines. None of these are even as good as mixtures of only
carbon and hydrogen, for the additional weight of the nitrogen more than offsets the
additional free energy it makes available. Of the remaining seven organic compounds
listed, only HCN and {CN), yield sufficient energy to be classed as high-energy fuels
and these are included in Tables 4-6 and 4-7,

4,2,2 Screening of Oxidizers

The oxidants considered {Table 4-2) have been derived from various sources and include

the most powerful oxidants known. To permit certain generalizations concerning their
use, they have been divided into two groups, non-toxic and toxic oxidants.

Non-Toxic Oxidants (Group A)

In most cases these materials may be readily decomposed to yield relatively pure oxygen
if needed. In the case of molecular oxygen stored either as compressed gas or as a
cryogenic fluld, the weight ratios presented include the container weight. These weighis
are subject to many factors so the subject of container weight for oxygen has been
handled separately. In view of the fact that cryogenic oxygen offers the best weight ratio
of any member of this group, even without consldering some container welght for the other
oxygen sources, it might be well to review the conditions on which the weight ratio was
based. (See Appendix Vi)

The favorable position occupied by cryogenic oxygen relative to the other substances
listed in Group A is further enhanced by the fact that, although the existence of many of
the compounds that most closely approach its weight ratio has been established, no

information is available on thelr properties. This Includes LiOp, MgOy,and CaOy. Of
these, LiO, offers the prospect of yielding the largest amount of oxygen of all the super-

oxides when this substance becomes available.

From an energy viewpoint, however, it Is evident that the weight factor is by itself in-
sufficient for determining the relative merits of the materials listed in Group A. For
purposes of comparison each compound may be regarded as undergoing decomposition to
form oxygen which then combines with the fuel to complete the reaction. Thus any energy
released In the decomposition should be considered on the credit side of the compound if
this energy is used in a thermal engine to produce power. This would counteract at least
some of the unfavorable weight ratio. If, on the other hand, no attempt is made to

utilize this decompasition energy, it will probably result in an additional welght penalty
for the capsule since it will impose an additional load on any space radiator required.
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In either case the energy evolved should be considered for each compound. Based on the
following decomposition reaction at 25°C with all materlals in their normal states, the
results may be summarized as follows:

AF AH
HyOp»H20 + 1/207 kiu—%m'_e }%:%[nﬁ
2LI05>Liy0 + 1-1/202
2NAO7*™Na,0 + 1-1/20, +24.4
2KOZ7>K,0 + 1-1/20, +182
MgO4>MgO + 1-1/20,
CaO>CaO + 1-1/20,
NH4CL O NH4CI + 20, - 5.9
LiCl O LiCl + 20,
NaCl 04> NaCl + 205 6.0
KCI O/™Kc! + 20, -24.9 +0,6
Mg(Cl O4 )37 MgCl 5 + 40, -12.8
NH4NO3™2H,0 + Np + 1/20, -49.3
2LINOg>™LioO + Ny + 2-1/205 +88.2
2NaNO3>Na,0 + N2 + 2-1/207  +103.6 +85
2KNO3—>-K20 + No + 2-1/209 +149.2
Mg(NO3) 77MgO + Ny + 2-1/20, +4.5 +44.9

Thus when the utilization of the above oxidants produces the oxide or chloride in the
power production process, only HoO,, NH4Cl O4, NaCl O4, KCI O4, Mg (CIO4) 2,and
NH4NOg, of those compounds for wEich at ieast one of the energy values may be cal-
culated, show negative energies. The computationsof AF and AH using HoO, and KC1 O4,
which have the largest numerical values,have been made for all fuel prospects. The value
of AH has also been computed for various fuels with Mg (CI 04) 2. Of the remaining
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possibilities (NFH4C1 Oy, NuCl O4, and NH4NO3),a few computations with several fuels
indicated that the cnergy of decomposition did not affect the energy-to-weight ratio
significantly. The weight ratio for NH4NOg4 is so poor relative to the other compounds
that it was dropped from further consideration in spite of the favorable energy of de-
composition.

Toxic Oxidants (Group B)

Although the possibility exists for deriving oxygen from many of these substances {e.g., O3,
nitrogen oxides, fluorine, and oxy-fluorides), the processes involved for producing
atmospheric oxygen would be rather complex and would require additional equipment and
energy. Preliminary studies indicated that if these oxidants were to be used for the power
cycle, it would be much more economical from a weight viewpolnt to carry along a
separate atmospheric oxygen source rather than try to obtain it from any of the materials
considered in Group B. Our sole interest in these materials, therefore, depends on
whether they yield much higher energy-to-weight ratios with the various fuels than the
best oxidants of Group A (i.e., cryogenic oxygen, hydrogen peroxide, ete). If so, two
practically independent chemical systems, one for power and the other for the occupant
requirements may result in the lighter and possibly most reliable system. Proceeding with
a preliminary screening of the oxidants listed in Group B we may consider first of all the
oxides of nitrogen. The properties of these materials are summarized in Table 4-4.

TABLE 4-4

PROPERTIES OF THE OXIDES OF NITROGEN

Melting Boiling

AF AH Lb/Lb Oy Point Point
NO _2: _2_1—: 1.87 ~164°C ~152°C
NyO3 1.63 -102 + 3.5
NO, 12.4 8.1 1.44
N2Oy4 23.5 2.3 1.44 -1 + 21
N,Os 3.6 1.35 + 30 + 47
HNO4 -19.1 ~41.4 1.57 - 42 + 86
NOoF -139 - 63
NO5F
NOF -134 - 56

&0



Since the thermodynamic properties of NyOg3, NO,F, NO3F, and NOF are completely
lacking, they may be excluded from further consideration. NO is less desirable than
N204 from an energy as well as storage viewpoint. N2O, would be favored over NOy
from an energy viewpolint and probably storage as well. Nitric acid is obviously not as
desirable as NyOy4 or N,Og from the energy-to-weight ratio criterion but Is considered
further because of ease of handling. Thus, of this group,only NoOy, N2Os,and HNO3
need be considered further.

Ozone is highly favored from an energy viewpolnt and so has been included in further
calculations of AF and AH for various fuels. However, it is not available In concentrated
form because of its unreliable behavior (explosive), and in addition is very toxic,

The remalning members of Group B, 1.e., the halogenated materials, are generally con~
sidered both corrosive and toxic. Thelir physical properties are summarized in Table 4-5.

TABLE 4-5.

PROPERTIES OF GROUP B MATERIALS

Melting Boiling Liquid

AF AH Point Point Density
Fy 0 0 -223°C ~188°C 1.69 g/ce
C, 0 0 -103 - 34 3.21
CIF -13.6 -13.3 -154 -101 1.62
ClFg - 4,27 - 83 + 1 1.77
NF3 -27.2 -217 -120 1.54
Cl 0, 63.4 -9 + 82
ClOgF -22.3 - 5.1 ~146 - 47 1.43
FoO 9.7 5.5 ~224 -145 1.90

We have already seen from our discussion of efemental fuels and oxidizers that fluorine
has a much higher energy~to-weight ratio than chlorine, an advantage which cannot
possibly be overcome by the savings In container welght since the container welight is a
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relatively minor part of the oxidant system welght in either case*. This argument may be
extended to include the oxidation of the compound fuels with F2 or Clp. Therefore Cl o
may be excluded from further consideration.

The compounds CIF and NF3 will in all probability require the same type of container as
fluorine for long durations. Since the liquid densities are comparabie the storage tank
weights per pound of fluid stored will be comparable. The negative heats of formation
will tend to decrease the energy per weight available from these two compounds in com=
bustion with any of the above fuels. Probably an even more important disadvontage in
the use of CIF or NFg Is the fact that ¢! or N contribute little or nothing to the oxidation
energy. Practically all of the energy evolved is due fo fluorine, so that the energy-fo-
weight ratio using either of these two chemicals would obviously be less than using pure
fluorine. For these reasons ClF and NF3 will not be considered further. One may con-
clude that from the list of halogenated materials only Fo, ClFg, Cl 07, C! O5F, ond
F9O remain to be considered in additional detail.

4.3  SUMMARY

The systems surviving the screening process are summarized in Tables 4-6 and 4-7 which
show the standard free energles and enthalpies respectively of vartous fuel-oxldant
combinafions. Listing the individual reactions upon which each value was based would
result in needless detail. However, various assumptions and guides used In the
computation should be known before the values are used. These may be summarlzed as
follows:

1. Using Opor Ogas oxidizers, all of the elementai fuels are oxidized to their
normal valence oxides.

2. Whenever nitrogen appeared in either fuel or oxidizer, it appeared in the
product as No.

3. Wherever water was found, the product was assumed to be in the liquid state.
4.  Whenever the chlorares or perchiorates were used, the materials were assumed

to give up their oxygen to the fuel, and the metal and chlorine appeared as the
normal metal chioride in the products.

F., container considered analogous to O, container, but larger density for Fo 1.7 vs
1.4 for 02 decreases system weight for EZ to 1+ (i.4/1.7)(0.08 to 0.30) = 1.0666
to 1.25 pound system/pound Fp. For Cl 5 usina same container, 1+ (1.4/32)(0.08 to
0.30) = 1.035 to 1.13 pound system/pound Cl .

62



TA RN

9£°2

0L°1

81
¥6° 1
60°Z
0g°1
90°1
¥z
¥9°Z
04'2
81
0%y

[4: M1
A

74

88"l
91°1
€81
g8l
() 4
£9°1
.

¥0°C

80" { £e" 1 or*1 8" 1

80" | £ or* 1 1S 1

61"t gy 1 Al £9°1

260 et 96" | Tl

8’1  90°L 0Z° L ge"l 92" 1
0 L LL°1 ce" 1 881 91
ZetL et 86" 1 961 59" 1
ps L 8zl Al 6v° 1 661
98°0  £9°0 0£°0 10°1 ¥2°0
£9°0 6970 98°0 00" £6°0
A B A 091 85" 1 89° L
8l'Z 91 20T 90°2 6£°2
20°T  8ri 181 ¥0°Z ¥6° L
2L 160 Lt AR ge" L
£o1> vodx foNH  %ofH  YOIN

punod/sinoH HDMmo|13
SWILSAS TVIIWIHD ADYINI-HOIH ¥Od 4V- 4O AIVWWNS

9-¥ 319Vl

18"
2871
261
ve" L

el

6971
' 1
YA
99470
(AR
14 WA

¥6°C

9L1°¢
A4
9T
A0

8r° L

z6°1
1] R A
G6"1
8870
4 A\
1444
12°¢
R A

L4
to

YH w13
E(PHa)Iv
THan
HIT

1L

©2

63



GL°o

8¢°0
?L°0
81°0
4070
oL°0
11°0
¢Lo

£1°0

0o¥°0
6870

g0°¢
|§ x4

[Ale}

0%y

YA R GL" L 681
8l'l  £8'0 60° L 8-l A Al 6L° L
-- -- -- 8V 0 - -- -
00'l  68°0 00" 1 90° 1 s0°L g1l 6Z° 1
Ev'1  ¥8°0 10°1 60°1 80l  £Z°l Al
98°L  49°0 £8°0 Z0* 1 Z6'0  ¥0°1 0e° L
160 80 26°0 | 10"t st 281
90°L  69°0 ¥6*0 0" 1 80°L 6Ll Tl
v6'0  ¥L°0 16°0 £0°1 ot st Vi
90°L €20 88°0 00°1 £6°0 1"t |
80°l 080 £6°0 60" 1 60°t  o0e°l GG" 1
gL'l £L°0 £6°0 60° 1 8071  0£°1L 791
STAN| gL’0 G6'0 80° 1 20"t 6C° L £9°1
96°1  85°l 15° 1L 1671 £9°1  80°2 or°e
Z6'L  ¥§°I 9" 1 Ll Z9°L 20T 0 4
Z4 ¥0IoN E€ONH 20%H YOoIN o €0

mcaon_\w._:o_._ Homoly
SWILSAS TVIIWIHD ASYINI-HOIH YO 4 V- 40 AYVWWNS
(panuijuo)) - 9-¥ 318V 1

HED
A%
WOTH

ZoNEHD

PHON
EHN
¢(ND)
NDH
HOSH®D
HOEHD
OYHD
8lu85
)
vlyolyg
6159
4%

64



£0°Z

¥Z°C

2 x4
62° 1 §0°L  s5°1
8e" 1 6P L 9201
£6°0 660 160
£S° 1 sI'L é8°C
671 €'l £0°Z
1£°1 19°1  zi°z
2670 EE°l 9t
£4°0 ¥ 0 2071
z8°1 921  Bl'Z
92°7 20T 8T
961 P6'0  ¥8°1
L0815 Eaip 0ol

&6°1
081
0671
L1°T
BS" 1
961
LA
88°1
261
XA A
(VAR
B6°0

£0°C

86°¢
0471
(N

Zil ¥ 1 A 19°1

80" 1 £t el g8t 25"

201 1g* 1 el op'l £S5t

gLl v 1 ol & £9°1
Al 86°0 £l L 121 £2°1
68°1 £0°1 811 TATU- S| ' 1
£9°0 1$°0 ¥r°0 Er°0  S2°0 Sv°0
el AR 1E*1 YTl EE'L ol
£9°1 Yol g5 1 661 6571 82" 1 121
89°1 621 Viad 05°1 161 1ot
2670 €970 220 20 S0t LL°0
220 1970 9£70 §°0  £6°0 £8°0
89" 1 2Z°1 s 661 8871 98" | 9£* 1

ol 0°1 127 802 ¥5°Z or°Z
e g6* 1 281 68'1 802 £1°Z 50°Z
Vil 66°0 2oL 2Z°1 s §6°1 ¥ 1
#£015 Yo 2(*oim)bw  EONH  Zoln Soln YOEN

£F 3Mevl

puned /fsancly Homo|ry
WALSAS TYIIWIHD ADYINI-HOIH JO4 HV- 40 AIVWWNS

LA
86°1
00°2
802
el
EF°1
8ro
08°1
90°Z
88"l
S¥8 0
el
-TAr4
80°¢
£6°¢C
007 ¢

2o

2z
X'z
> A
ez
4571
3ol
g5'0
1oz
[{AL4
£0°Z
60
or1
ge'Z
e
LT

£e°Z

YHIvn
E(*ua) v
YHan

HI

¢]

.



(AR
1-c

ol

TAAN

¥eol

60" 1

et

oe" 1

£€0°1

60°1

ol-1
£8°0 00" L £0° 1 GL°1 80" L
-- - §69°0 --
28°0 1670 16°0 66°0 £6°0

8.°0 16°0 26°0 £0°1
00 ¥8°0 ¥8°0 86°0 66°0
120 ¥8'0 78°0 00° L or°0
1£°0 98°0 98°0 00" 1 £9°0
89°0 £8°0 £8°0 66°0 56°0
89°0 18°0 18°0 96°0 £8°0
9L°0 26°0 £6°0 90" L 0" 1
120 88°0 88°0 0" 1 20° 1
££°0 16°0 £0°1 0g° 1 0" 1
6171 Sy L 151 "L 69" 1
6171 Sp" 1 151 Zs° 1 69" 1
oL" 1 A i év° L §9° 1
Yooy C(YoID)sw EONH  ZO%H  YOIN

punod/sinoH 1Moy
WILSAS TVIIWIHD AD¥INI-HOIH ¥Od4 HV- 40 AYVWWNS
(penunuoDd) - £-¥ F18VL

17 A

14"

60° 1
XA
8"l
61°!
(T4
A
Lot
17|
ge L
oy i
(AN
A4
0c°¢
723

€871

T A
A
oyl
e
£8°1
Lyl
A"
L8571
Fol
0L 1
0s°2
1672
) AN
fo

2(ND)
NDH
HOSHZD
HOEHD
o¥u?o
811485
YHo
yl0lg
éHSq

HZe

66



5.  Whenever the possibility existed of forming either a metal hydroxide or metal
oxide and water, the selection was based on that reaction resulting in the
greatest -A F value.

6. In general, reactions among three or more chemical elements were evaluated
by considering the various product possibilities, computing AF for each reaction

prospect, and then choosing the one that gave the largest AF value for the
evaluation of the standard free energy and enthalpy for the reaction.

Results tabulated in Tables 4~6 and 4~7 indicate that only beryliium, lithium, boron, their
hydrides, and magnesium or alumimum were significantly superior to hydrogen from the
energy standpoint. Of the oxidizers only ozone is consistently better than oxygen, but
ozone can be dropped from further current consideration because up to the present time It
has been difficult to prepare in concentirated form due to its explosive nature and it s toxic
in a few parts per million. Fluorine and oxygen difluoride are generally superior to oxygen
for the oxidation of the forementioned fuels.

Obviously, the preliminary screening on a thermodynamic basis can only act as a guide to
the selection of the best fuel-oxidant combination. Other factors such as storage tank
weights, conversion methods and efficiencies, availability, and practical considerations
which can only be appreciated from a system study have to be assessed before the final
selection can be made.
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5.0 POWER SYSTEM STUDIES

Various mechanisms considered for the conversion of chemical energy to an electrical
form may be generally classified as follows:

1. Gas expansion engines
Positive displacement
Turboelectric
Combinations of the above
Electrochemical generators
Thermoelectric generators
Thermionic generators
Photoelectric generators
Other possibilities based on magneto-fluid dynamic principles
Combinations of the above

NOL AN

Photoelectric generators are normally not applicable for chemical energy sources and
will, therefore, be excluded from further consideration.

Thermoelectric generators are being developed for power levels up to 1 to 5 kilowatts,
but their overall efficiency of 10 to 15% is rather low; consequently, they are being con-
sidered primarily for use with solar or nuclear energy or where excessive weight is not so
great a factor as it is in satellites. The present rate of progress in materials research for
improved efficiencies in thermoelectric generators makes a breakthrough unlikely in the
immediate future. A major breakthrough is necessary before thermoelectric generators can
be considered seriously for chemical energy sources.

Thermionic devices are relatively new concepts in power conversion. Converters in the
watt power-level range have been made to study the parameters of this promising device.
Thermal efficlencies up to 20% have been measured in some experimental models.
Theoretical analysis indicates that efficiencies up to 40% may be possible. The device
operates in a relatively high temperature range (20000 5000°R) and thus may be used as
@ topping unit in series with gas expansion engines or thermoelectric generators, both of
which are forced by present materials restrictions to operate near the lower limit of the
thermionic converter. The thermionic converter also has the possibility of being one of
the lightest converters (pounds/kilowatt output) yet conceived. Used in series with gas
expansion engines which might be considered for space, it would not only add its energy
output fo the output of the mechanical unit, thus increasing the overall efficiency, but at
the same time would help solve the limiting~temperature problems which generally result
in an additional weight penalty for mechanical engines. Although thermionic converters
show considerable promise, the state of the art is not sufficiently advanced to consider
them seriously at this time.

Other converters based on magneto-fluid dynamics principles are in the very early phases

of research and development, but there is not enough information at present to estimate
their potential value for the proposed application. While intensive research and develop-
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ment activities are proceeding at a vigorous rate on varfous types of converters, the ones
considered in the study were limited primarily to gas expansion engines, which have a
long proven history, and to electrochemical generators {or more specificqlly, fuel cells)
which, although not firmly established, show promise of yielding efficiencies much higher
than those of any other known converter.

5.1 SYSTEM STUDIES

The system studies considered all chemical system possibilities that would result in a
system of minimum weight and moximum reliability regardless of their ability to produce
by-products useful to man. Preliminary analysis of al!l chemical prospects indicated that
the Hy-O,, system was one of the best possibilities. [t was the first system studied and was
subsequent?‘y used as a standard for comparison when considering other chemical systems.
A summary of the pertinent results of the analysis of the Ho-Og system is presented below.
Details of the subsystem studies required for this system are presented in Appendices VIl
and VIII. In many respects this system is ideal from the viewpoint of meeting occupant
requirements.

5.1.1 Hydrogen-Oxygen System
Selection of the Hp-Oo system was based on the foilowing factors:

1. Its high-energy content per pound of chemicals s exceeded by relatively few
other possibilities.

2. It forms water, an important consideration as the water supply (approximately
6 pounds/day) involves the greatest weight factor In supplying the occupant’s
requirements.

3. Molecular oxygen may be supplied to the environmental atmosphere with a
minimum of auxiliary equipment and maximum reliability.

4. The system is non-toxic; the only dangers involved are explosion hazards.
(The explosive limits of hydrogen in oxygen are between 4 and 94%)

5. The reactants and products are all fluids and therefore may be handled with
relative ease in a continuous process.

6. When the gases are stored In cryogenic form they provide a very effective
(Btu/pound) heat sink which may aid in temperature control.

7. The system is readily adaptable to both gas expansion engines and electro-
chemical conversion methods for generating power, the latter method having
demonstrated high efficiencies.

As the Ho-Og system appeared to supply as much to the occupant's environmental re-
quirements as most systems that could be considered, attention was focused on its power-
producing ability. This was analyzed both for gas expansion engines and electrochemical
systems.

Gas Expansion Cycles

The object of the study was to arrlve at a specific fuel consumption and system weight
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considering various types of gas expanslon engines and cycles. Thorough coverage of the
area wos a large undertaking ond attention had to be restricted to the most important or
promising opproaches. Both piston expanders and turbine systems were considered in two-
stage systems. A third system, comblining both piston expanders and turbine and utilizing
each under lts most favorable operating conditions, was also analyzed. The analysls was
bosed on the largest power level anticipated, namely 10 kilowatts. If the mechanical
engine system welght hod proved Infertor to hydroxy fuel cell system welghts at this level,
the conclusion would not likely be reversed at lower power levels.

Toble 5-1 Is a conclse summary of the conditions considered and the results obtained.
Additional details will be found in Appendix VII.

The results summarized In Table 5-1 were used to compute the total system weights as a
function of mission duration. These are shown as part of Figure 5-1. The water—cooled
plston engine ylelded the lowest system weight over most of the duration at the 10-kilowatt
level. System weights were computed for space radiators weighing 1 pound and 2 pounds/
square foot. (The higher specific welght considers possible meteorite puncture.) Exhaust
steam required for necessary dilution was condensed, and the remainder wos ejected into
space. The substitution of hydrogen, carried on board, to replace the condenser was
considered. As Figure 5~1 shows, this may result in the lowest system weights for
durations up to 2 days.

It will be noted that the SFC for the piston engine (1.23 pounds/kilowatt~hour) corresponds
to a thermal efficiency (based on heating value of fuel} of 41%. This value approaches
those recently publicized (40-45%} for the Phillips, Allison, or Sterling engine and may
be considered within the present state of the art.

Electrochemical Convetsion

Combination of hydrogen and oxygen through an electrochemical mechanism has been a
goal long sought by electrochemists to circumvent some of the problems and limitations of
heat engines. In the last few years the development of such cells, commonly known as
hydroxy cells, has reached a point where they merit serious consideration for the size
power unlt being considered here. Three basic types of cells are generally recognized in
this area:

1. Bacon cell {also known as Patterson Moos or porous nickel cell)
2. National Carbon celi (porous carben electrodes)
3. lon-membrane cell (or Generol Electric cell)

The basic reaction taking olace is the same in all three cells. The reactions differ only

in the nature of the electrodes and electrolyte. in all three types the hydrogen and oxygen
gases are fed through porous electrodes to form water in the cell with the generation of
approximately 1 volt open circuit. High efficiencies (40 to 80% of the theoretical) are
possible; the highest efficiencies are obtained with low loads {(or low current densities).
Other general characteristics as well as differences among the three basic types may be
obtained from Table 5-2.
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Inlet Pressure
Exit Pressure
Inlet Temperature
Power Output
Frictional Loss
Speed

Bore

Stroke

TABLE 5-1
SUMMARY OF GAS EXPANDER CYCLES

Piston Engine, Two Stages, Hydrogen Diluent

First Eannder

1000 Psia
100 Psia

2060°R

7.83 Hp

0.40 Hp

8000 Rpm

1.25 Inches
1.125 Inches

1.04 Lb/hpehr =

Fixed Engine Weights:

Piston engine
Combustors and fuel valves

Generator

Additional accessories

Total

8.4 lb
10

25

16.3

59.7

Fuel Storage - Cryogenic
Total system weight versus duration ~ Figure 5-1

Inlet Pressure
Exit Pressure
inlet Temperature
Power Qutput
Frictional Loss
Speed

Bore

Stroke

SFC

Piston Engine, Two Stoges, Water Diluent

First Exeunder

1000 Psia
100 Psia

2060°R
7.76 Hp
0.44 Hp
8000 Rpm
1.353 Inches
1.217 Inches

Second Expander

100 Psia
10 Psia

2060%%
7.83 Hp
1.86 Hp
8000 Rpm
2.15 Inches
1.93 Inches
1.40 Lb/kw=hr

Second ExEunder

100 Psia
10 Psia
2060°R
8.37 Hp
2.28 Hp
8000 Rpm
2.200 Inches
1.980 Inches

0.922 Lb/hp~hr =(1.235 Lb/kw=hr

Fixed Engine Weights:

Plston engine ?.41b
Combustors and fuel valves 10
Generator 25
Water pump 10
Additione| accessories 16,3
Total 70.7
Space Radiator @ 1 Lb/ft2 147
Space Radlator @ 2 Lb/Ft2 294

Fuel Storage - Cryogenic
Total system welght versus duration ~ Figure 5-1



TABLE 5-1 (Continved)
SUMMARY OF GAS EXPANDER CYCLES

Turbine, Two-Pass Re-entry, Hydrogen Diluent

First Pass Second Pass
Inlet Pressure 500 Psia 10 Psia
Exit Pressure 10 Psia 1 Psla
Inlet Temperature 2060°R 1783°%R
Power Qutput 5.4 kw 4.6 kw
Speed 60,000 Rpm 60,000 Rpm
Pitch Digmeter 4,58 inches 4.58 Inches
Blade Height 0.15 Inch 0.15 Inch
SFC 2.1 Lb/hp-hr=2.82 Lb/kw-hr
Fixed Engine Welight:
Twbine 10.5 b
Geoar Box 20
Combustor and Valves 5
Generator 25
Additional Accessories M
Total 76.8 b

Fuel Storage ~ Cryogenic
Total system welght versus duration - Figure 5-1

Piston and Turbine CombInation, Hydrogen Diluent

Piston Engine Turbine
Inlet Pressure 500 Psta 5 Psia
Exit Pressure 5 Psia 1 Psia
Intet Temperature 2060°R 2060°R
Bare 2.55 Inches 4,58 Inch Plich Diameter
Stroke 2.3 Inches 0.3 Inch Blade Height
Speed 5000 Rpm 60,000 Rpm
SFC 1.27 Wb/hp-hr =1.70 Lb/kew~hr
Fixed Engine Welght:
Piston Engine 14,8 Lb
Turbine 12.0
Geoar Box 23.0
Generator 25.0
Combustor ond Valves 10.0
Additional Accessories 16.3
Total 10 b

Fue! Storage - Cryogenlc
Total system welight versus duration - Figure 5-1
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SYSTEM WEIGHT, LB
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¥ 1 T
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L 1
DEVICE

PISTON ENGINE H, NONE
" " H,0 1 LB/FT.2 SURFACE
" " v 218/FT.2 SURFACE
" " . NONE
TURBINE H, NONE
PISTON -TURBINE " NONE
HYDROXY FUEL CELL " NONE 3
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10 102
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While a detailed discussion of each cell is unwarranted ot this point, it should be pointed
out that the Bacon cell was chosen as the best suited for this study. National Carbon's

cell is heavier and bulkier and not as shock and vibration resistant as the Bacon cell.
General Electric's ion-membrane cell is still in its infancy, the tabulated data represent-
Ing largely projected performance on the basis of very small experimental models. Further-
more, although no claims have yet been made about its expected life, the cation membrane
by nature may be more susceptible to deterioration due to its sensitivity to elevated

temperatures and moisture content. Obviously new developments could affect the selection
at any time.

Weight analysis of the hydroxy fuel cell total system using the Bacon cell was based on
the voltage~-current density curves and typical generator weight breakdown reported by
Alexander, Moos, Rapp and Sommer (Ref. 25). The voltage-current density curve for an
operating temperature of 240°C is reproduced as part of Figure 5~2. The pertinent weight
breakdown data are presented in Appendix [X.

The object of the calculations was to find the minimum welght of the system operating at
1 and 10-kilowatt power levels for durations of 1, 2, & and 10 days. The generator was
to produce 28 volts. Cryogenic hydrogen and oxygen storage was used. Because of the
importance of container weight, a subsystem analysis of cryogenlc storage was made and
Is presented in Appendix VIIl. The total system welght includes:

a. Cell weight

b. Accessories for cell

¢. Cryogenic hydrogen storage weight
d. Cryogenic oxygen storage welght
e. Accessories for cryogenic tanks

ltems b and e were assumed constant for a given power level. Items a, ¢ and d are
dependent on the loading of the cell. A high current density results in a low cell welight
but high gas consumption; low current densities result in large cells but minimize the gas
consumption. The relative importance of each weight will depend on the duration. Thus
the minimum total weight was established as a function of current density and duration

for both 1 and 10-kilowatt power levels. Detalls are summarized in Appendix I1X.
Parameters of interest obtained in the analysis are plotted agalnst current density In
Figure 5-2. This includes cell voltoge, specific fuel consumption, cell weight, pounds of
oxygen required/day, and pounds of hydrogen required/day. The optimum cell weight
was found to be 11 pounds/kilowatt hour and proved to be relatively insensitive to current
loading (above 100 ASF)* and duration. The optimum cell weight drifts slowly toward
higher values for large fuel consumption; i.e., high power and long durations. The
optimum specific fuel consumption is also relatively insensitive to cell loading above 100
ASF, having a value of about 0.97 pound/kilowatt-hour. It tends to drift to lower values
for longer durations. The results are summarized in Table 5-3.

*ASF - Amperes per square foot
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HYDROXY FUEL CELL CHARACTERISTICS VS CURRENT DENSITY
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TABLE 5-3

HYDROXY FUEL CELL SYSTEM WEIGHTS

Minimum
Duration A, b B,Lb C,tb D, b E,Lb Total Welght Watt-hour/Lb
1 Kilowatt
Jday 11 12.1 7 26.5 16 95 250
2 days 11 30 20.6 51 16 126 380
6days 11 30 49.5 1435 16 246 585
10 days 11 30 75 234 16 366 655
10 Kilowatts
1doy 10 50 70 236 20 386 620
2 days 110 50 121 456 20 &57 730
6 days 110 50 335 1330 20 1845 780
10 days 110 50 534 2215 20 2929 820

Total system weight for the j0-kilowatt level was plotted against duration (Figure 5-1) to
compare it with gas expansion systems. The hydroxy fuel cell system is definitely superior
to the mechanical engine systems considered for all durations between 1 and 10 days. This
conclusion Is not likely to be any different so long as the bulk of the system weight Is fuel.
At the one-kitowatt fevel even if the hardware weight of the piston engine (A), of Toble
5-1, were 10 pounds lighter than the fuel cell hardware, the advantoge would be overcome
in less than two days due to savings in fuel and accompanying tank welghts.

In appraising the preceding results, generalizations that Imply gos expansion engines are
ruled out for future consideration must be avoided. The analyses for these cycles were
limited and no effort was made toward optimization. Thus, judging from the overall
officiencles obtalned, those cycles that have been examined may be considered typical of
the present state of the art. Multistaging (using reheat and heat recovery), use of other
working flulds, and other heat sources are some of the areas in which future improvements
in performance may be expected. '

The hydrogen-oxygen system was examined most thoroughly for reasons already presented.
However, weight analyses were also made on several other systems, selected elther because
they had markedly higher energy values or because they offered the prospect of reducing
total system welights through storage-container welght savings. These prospects are
summarized in the following paragraphs.
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5.1.2 Hydrocarbons-Oxygen Systems

Considering the relatively poor specific volume of cryogenic hydrogen and the relatively
heavy container required to hold it {either for reasons of insulation or pressure) it seemed
that the substitution of a liquid hydrocarbon as the fuel source might offer a weight savings
in spite of Its lower heating value. Thus CgHyg and cryogenic oxygen were considered.
Since all members of the paraffinic hydrocarbon that might be considered yield practically
the same energy, the results ore applicable to all.

The weight analysis was made under the following conditions: cryogenic oxygen was used
as the oxidant; durations of 1, 6,and 10 days were considered at Fand 10kilowatt power
level; an overall efficiency of 65% of AF for the reaction was assumed in making the
estimates. This is typical of experimental fuel cells operating with hydrocarbons. The
oxygen system weights were obtained for the cryogenic study (Appendix VIII}, and a
factor of 1.05 was used from the hydrocarbon system weights to allow for tank, pump, and
miscellaneous hardware.

Identical hardware weights were assumed for the converters and accessories at either
efficiency. This was 43 pounds for 1 kilowatt, and 160 pounds for 10 kilowatts, and was
based on the hydroxy fuel cell weight. The results, summarized in Table 5-4, may be

compared to total weights of the cryogenic hydrogen-oxygen system presented In the fast
column,

TABLE 5-4
PARAFFINIC HYDROCARBONS/CRYOGENIC OXYGEN SYSTEMS WEIGHTS

AF =1.3 kw~hr/Lb; 65% efficlency (= 1.85 Lb/kw-hr) assumed

Duration, Weight of Weight of Converter Cryogenic H2—02
Days Q9 System H/C System Weight Total Sysiem Welght
1 Kilowatt Power Level
1 36 Lb 6.6 Lb 43 Lb 86 b 95 Lb
6 161 40 43 244 246
10 258 66 43 367 366

10 Kilowatts Power Level

1 258 66 160 484 386
6 1438 400 160 1998 1845
10 2378 660 160 3198 2929
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It will be noted that the total system weights for the hydrocarbon system are practically
identical to the Hy-O9 system at the 1-kilowatt power level, but the higher energy con-
tent of Hy-O, systems makes itself felt at higher power levels to favor this system. No
consideration was given to the gas expansion cycles for the hydrocarbon-oxygen system
since the 40% overall efficiency that would have to be assumed would make these system
weights obviously Inferior to those cited above. Converter system weights may be con-
sidered comparable to fuel cell systems weights.

In view of the similarity of the two chemical fuel systems at the lower power levels, some
thought was given to the use of the hydrocarbon system as it eliminates the handling
problems assoclated with cryogenic hydrogen. We concluded that the type of fuel cell
required for the hydrocarbon fuel has not yet attalned the developmental status of the
hydroxy cell. There are several organizations doing research and development work in
the hydrocarbon type of fuel cell. Within two to four years a hydrocarbon fuel cell, using
liquid hydrocarbon fuels , that Is comparable to the present developmental type of hydroxy
cell in compactness and weight may be developed.

5.1.3 Metal Hydrides - Oxygen Systems

Other chemical fuel systems considered were the borene~type fuels and metal hydrides
summarized in Table 4-1. These fuels were considered primarily as a source of hydrogen
for the hydroxy cell. With the possible exception of LiH these systems yield more water
than needed for the hydrogen generator. In addition, the products from the chemical
systems containing lithium can be used, at least in theory, to remove COp. Thus, they
appeared atiractive. From the power production viewpoint, they offered the possibility
of obtalning more energy per pound of fuel than could be obtained from the hydrogen-
oxygen system. The reason is twofold: (1) considerable heat is evolved in the generation
of hydrogen from these compounds so that if a thermal engine is used to exiract the
energy avallable from the hydrogen generator, the energy thus extracted may be added to
that obtained from the hydroxy fuel cell that uses the hydrogen (and oxygen); (2) if these
compounds are regarded as hydrogen storage systems, it becomes evident in comparing the
weight of chemical per pound of available hydrogen with cryogenic hydrogen storage
weight-ratio {tank weight + gas welght/pound gas) that $ome of these compounds offer
weight savings for missions of short durations and/or low power levels when cryogenic
weight ratios are high.

A summary of the best hydrides available from the systems weight viewpoint is presented
In Table 5-5 which shows the reaction assumed to be taking place in the hydrogen
generator and which was the basis of the computations. Also shown in the table are
densities, the weight ratio, the heat evolved in the generator, and the energy available
from a heat engine that might be used to convert this heat to mechanical or electrical
energy. The power output for the engine is expressed in kilowatt-hour/kilowatt-hour of
energy derived from the bydroxy cell used in conjunction with the engine. (The cell out-
put is based on 1 kilowatt-hour/0.1082 pound Hyp, or 1035 watt-hour/pound HyO as used
throughout this entire report.) Two heat engine overall thermal efficiencies, 20% and
40%, were considered. The latter may be considered the limit of the present state of the
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art as indicated previously, while the former would be a very respectable estimate con-
sidering some of the heat-recovery problems of the hydrogen generators.

On the basis of the above reactions, total power system weights were caleulated for
each of the above compounds with {1) no energy recovery attempted in the hydrogen generatoy,
(2) thermal energy available from the generator recovered with 20% overall efficlency,

and (3) thermal energy available from the generator recovered with 40% efficiency. Two
combined outputs of 1-and 10-kilowatt power levels were considered with mission durations
of 1, 5and 10 days.

The bases for estimating the fuel cell and accessories weights as well as for estimating
cryogenic oxygen storage tank and accessories weights were consistent with those used in
the analysis of the Hy=Op system. Container weights for all hydrides except BoH, were
based on the use of a single shell of TI6AI4V, at 800 psia operating pressure, same design
stress (107,000 psia), and same minimum thickness restrictions (1/16 inch). Diborane, in
view of its low boiling point (-92°C), was considered as a cryogenic fluid ond container
weight was adjusted accordingly.

For the sake of simplifying the weight enalysis, no distinction was made between using the
container as a storage tank or as a generator. A 100% increase in container volume over
that computed from the densities listed in Table 5-5 was allowed to take care of 50%

void volume when using solid hydrides like LiH, or 50% Increase in weight when using
liquid hydrides to allow for reaction chamber, pump weights, etc. In any case these
contalner or generator weights for the hydrides proved to be a small fraction of the total
systems weights so that variations from the above assumptions would have a negligible
effect on the results. The mechanical engine system welight assumed for the size engines
being considered was 40 pounds/kilowatt output from the engine. This Is comparable to
engine weights used elsewhere in the study.

On the basis of the above conditions and assumptions, the total system welights [i.e.,
hydrides + container {Hs generator), engine, hydroxy cell + accessories, and cryogenic
oxygen system | were calculated for each compound and are presented in Table 5-6.
Cryogenic hydrogen and oxygen s included for comparison.

Keeping In mind the restrictions and assumptions made in arriving at weights shown in
Toble 5-6, 1t may be concluded that without the extraction of some power from the heat
released in the hydrogen generator, the superiority of any of the hydride systems versus
cryogenic hydrogen is debatable at I-to 10-kilowatt power level and 1 to 10 days. Any
weight advantage hydride systems may have over hydrogen without such extraction is most
noticeable at low power levels and duration where the cryogenic hydrogen welght ratios
are relatively high due to minimum thickness restrictions for the container wall thickness
and the relatively large specific volume of cryogenic hydrogen. With the conversion of
20% of the heat released from the hydrogen generator it may be possible to realize up to
10% savings in weight using hydrides at 1-kilowatt power level and 1 to 5 days duration.
Considering the additional complexity of the system {(addition of the H, generator and
engine), the advantage of the hypothetical weight saved when using any of the hydrides
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Engine Efficiency

B2Hg

BsHo: ByoH14
LiBH4

Al (BHy) 5
LiH

LiAlH

Ho (cryogenic)

BoHg

BsHo: BygHi4
LiBH4

Al (BH4) 3
LiH

LiAlHg

Hy (cryogenic)

TABLE 5-6

SUMMARY OF TOTAL POWER-SYSTEM WEIGHTS
FOR METAL HYDRIDE-OXYGEN SYSTEMS USED
IN COMBINED THERMAL ENGINE + HYDROXY CELL* CYCLES

1 dqx

5 dqzs

At 1-Kw Total Power

0%

20% 40%

96

92

92

94

97

100

At 10-Kw Total Power

?1

87

89

20

21

98

87

79

86

86

84

21

0%
230
222
222
228

24

414

401

403

413

409

459

410

400

403

413

408

455

410

400
402

410

406

450

1716

1682

1690

1741

1865

1968

20%  40%
213 196
204 185
213 200
215 202
216 195
237 218
221 ------

1590 1500

1540 1440

1600 1530

1650 1560

1680 1530

1840 1730

1560 ==-~=--

*Fuel cell output assumed: 1035 watt-hours/pound Hy=-O,
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10 days
0%  20%
389 357
376 342
378 358
388 363
A4 367
434 405
------- 366 -
3132 2880
3200 2900
3218 3040
3318 3120
3573 3160
4307 3980
——————— 2929

40%

330

310

336

341

328

374

2700

2660

2870

2930

2840




under these conditions is marginal. The weight advantage that any of the hydrides may
have at 20% engine efficiency and 10-kilowatt total power over cryogenic hydrogen has
for all intents and purposes disappeared.

At 40% engine efficiency and 1 kilowatt-hour/pound Hp-O9 hydroxy cell output, the
advantage of the hydrides over hydrogen is more obvious, especially at the lower power
levels; however, it is debatable that such efficlencies can be achieved with the systems
at hand. Although no mention has been made of the practical aspects of the hydrogen
generator using hydrides, the compact and lightweight unit assumed in the estimates re-
mains to be developed. It is not known, for example, what conditions are necessary to
achieve the 100% completion of the reactions as assumed in these estimates. Of the
various hydrides considered pentaborane and decaborane generally result in the lowest
system weights. These materials are also highly toxic.

Weight advantages of the hydrides over cryogenic hydrogen in the hydride-oxygan system
ore favorable only with the addition of a heat engine to the fuel cell of the power cycle.
This complicates the system considerably. In view of the relatively small gains in weight
savings possible, the assumptions made in the calculations, the uncertainties in hydrogen
generator performance, and the toxicity of some of the more promising hydrides, the use of
such systems is not recommended at this time.

5.1.4 Miscellaneous Chemical Systems

Hydrogen Peroxide (H 292)

Attractive because it readily yields power, oxygen, and water, this substance was examined

only superficially since, for all systems where power system weights predominate, HyO, is
obviously inferior to the H2—O§ system. Using even a 40% fhermoﬁy efficient engine, the

power output is 280 watts/pound HyO, or 86 pounds HyO,/day without considering hardware
weights. Allowing a factor of 1.1 for the container and catalytic chamber weight and

40 pounds/kilowatt for the engine unit brings the total up to 134 pounds for 1 day versus

75 pounds for the Ho-Og system. For a five-day mission the values are 510 pounds for

Hy Oy versus 221 pounds for the Hy-Oy system. Thus unless the power levels are much less
than 1 kilowatt and/or the durations are less than one day the hydrogen peroxide system
would have to be ruled out in spite of its simplicity.

High Energy Chemical Systems Supplying No Useful By-products, e.g., Be-LOX ond
Li-Liquid Fluorine

These two systems must be regarded as high-energy heat sources at the present tHime as no
electrochemical cell systems have been devised to extract their high-energy content.
Assuming an overall engine efficiency of 32%, the total system weights to supply power
and water (6 pounds/day of water carried on board as such) is given in Table 5-7.
Cryogenic Hy-Og is included for comparison.



TABLE 5-7

TOTAL SYSTEM WEIGHTS FOR Li-Fo AND Be-Oy POWER SYSTEMS
USING 32% EFFICIENT HEAT ENGINE

Duration, Days

! 5 1
1 Kilowatt
Li+F2  (cryogenic storage) 88 228 409
Be+ Op (cryogenic storage) 86 224 395
Hyo*t O, (eryogenic storage) 95 221+ 366*
10 Kilowatts
Li+F (cryogenic storage) 495 1615 3010
Be + (32 (eryogenic storage) 449 1550 2880
H2 + Oy (cryogenic storage) 386* 1560* 2929+

*Using hydroxy cell with 1035 watt-hour/pound Ho-O5 output.

Most of the time Li + F2 and Be~Og systems are comparable to the Ho-Og system at the
relative efficiencies considered. The 32% efficiency assumed for those systems containing
solid reaction products, although not so high as those assumed previously, is considered
realistic In view of the difficulties that would be involved in extracting the heat from the
above systems. In view of the gbove findings and the difficulties and danger in dealing
with fluorine and beryllium, there is little incentive to examine the Be-Oy and Li-Fp
systems for the proposed application at this time.

5.2 SUMMARY

The following chemical systems have been examined as a source of power and by-products
useful to man:

Cryogenic hydrogen and cryogenic oxygen

Liquid paraffinic hydrocarbons and cryogenic oxygen

The borane type fuels with cryogenic oxygen

Metal hydrides (LiBH,, Al(BH,) 3’ LiH, LiAlHy) with cryogenic oxygen
Hydrogen peroxide

Beryllium - cryogenic oxygen; lithium and fluoride

O BN -
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The selection of any of these systems on a minimum weight basis depends almost entirely
on the power level desired in the capsule and the mission duration.

Considering all pertinent factors, cryogenic hydrogen-oxygen chemical systems offer the
most promise for durations of 1 to 10 days and power levels of 1 to 10 kilowatts. The
selection is made on the following bases:

a. The cryogenic oxygen supply offers the lightest, and possibly most reliable, known
source of pure oxygen for the occupant.

b. Water Is formed as a by-product of the power unit, assuring the occupant an
adequate supply at any power level over 250 watts.

c. The hydrogen-oxygen system has a high energy per pound and is exceeded by
only a relatively few other chemical systems in this respect. The hydrogen-
oxygen system is the only one of these high-energy systems for which a highly
efficient generator (hydroxy cell) has been developed to convert the chemical
energy into electrical. Thus the combination of high available energy and
efficient converter produces as high an energy per pound as any known fuel system
in most cases {power leve! and duration) considered.

d. The relatively large heat sink available in the cryogenic fluids will aid in con-
trolling the internal temperature of the capsule.

e. The high fuel cell efficiency possible with the Hy-O3 system decreases the heat
load in the capsule.

f. The system is non-toxic. The only danger lies in the explosion hazard as a
result of possible Ho leakage from the system.

The potential advantage of using chemically produced hydrogen lies in the possibility of
being able to use a second converter In series with the hydroxy cell to extract more energy
per pound of fuel. This results in a much more complex system and uncertainties regarding
the actual reaction mechanism. It was not considered worthwhile in the absence of more
basic information.

As the power level and duration are decreased, the hardware weights rather than chemical
weights become the controlling factor in the weight analysis. Thus system weights become
difficolt to evaluate at these levels without an accurate and detailed specification layout
of the equipment involved and the selection of the best chemical system on a welght basis
becomes more speculative.
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6.0 PROTOTYPE DESIGN

Preliminary studies on the propellant-atmosphere system pointed to the cryogenic hydrogen
and oxygen chemlcal system as the most suitable chemical system available for both
environmental and power requirements. it can supply oxygen in readily availoble form,
supply relatively pure by-product water with a minimum of equipment or energy, and
furnish the means for cooling and dehumidifying the capsule atmosphere. The possibility
also exists for freezing out CO5 with the system, which would further enhance Its value.
Equally important, the cryogenic hydrogen-oxygen system proved to be the lightest system
available to produce the power required. The system has one of the highest specific
energles known and at least half of this potential energy can actually be realized by the
hydroxy fuel cell converter. Since the efficiency of the conversion is about twice that of
currently available thermo-engines, the combination of high intrinsic energy and high
converslon efficiency makes the Hy-O, system unique as an electrical energy source.,

On the basis of these advantages, permisslon was received from the Aerospace Medical
Laboratory of WADD to proceed with a design prototype of a cryogenic hydrogen-oxygen
system for misslons up to three days’duration. Since preference was expressed for o
portable or semi-portable system, the choice was narrowed to a system weighing about
150 to 200 pounds, Beyond these specifications the selection of both power leve! and
duration for the prototype has been somewhat arbitrary.

The power level chosen was one kilowatt, This is in line with many estimates made for
the electrical power requirements of manned space capsules of the near future of advanced
Mercury types, (Maony estimates have also been made for a 10-to 30-kilowatt power unit
and even greater, Presumably these will also be used for propulsion and pessibly for
control of glide vehicles.) The selection of any power level is of small consequence in

a study design of this nature as long as It affects only the scale of the equipment and not
the nature of the process. The one-kilowatt level chosen Is large enough to permit
dehumidlfication and conslderation of CO5 removal by freezing out,

A flow sheet of the layout of the propellant-atmosphere system is shown in Figure 61
and features two systems or streams, 1.e., the environmental unit which purlfies the
cabin air, and the fuel cell power system through which the cryogenic fluids flow.

6.1 ENVIRONMENTAL ASPECTS OF THE SYSTEM

Cabln air (essentlally oxygen at 70°F and 5 psia, containing CO2 at less than 4 millimeters
mercury partial pressure or approximately 1.5% and a relative humidity of 50%) Is

circulated through the environmental unit to remove CO,, odors, water vapor, and

suspended solids, In this order. The exit air, which has %een stripped of these contaminants

and cooled in the process, Is led through a plastic casing., The air veloclty Issuing from

the casing will also keep the alr clrculation in the cabin ot satisfactory levels. Makeup

oxygen Is Introduced at the end of the alr conditioning section to distrlbute It uniformly

In the cabin. Water for the occupant is obtained from the blower-separator In the power

unit. Essentlally all of the occupant's requirements except food may be derived from the system.
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Selection of LiOH for COy removal represents the best solution for a one-man mission of
three days’duration considering reliability, weight, and simplicity of the system. Other
possibilities included freezing out with cryogenics, absorption with amines, adsorption
with molecular sieves and KOj. Freezing out resulted in a greater total systems welght
than was estimated for a system using LIOH (see Appendix X). Use of KO3 to remove
COz, odors, and some water vapor and to generate Q9 proved to he considerably heavier
than the environmental systems selected (see Appendix X and Section 3.0).

Dehumidification by heot exchange with cryogenics proved superior to any other method
considered for this specific design, e.g., the use of Anhydrone, regenerative use of sillea
gel,or molecular sieves. (See Appendix V1)  Dehumidification was accomplished with o
weight penalty of about 2 pounds for the heat exchanger. If we assume that the exchange
would have been required anyway for utilization of the heat sink capabilities of the
cryogenic fluids to cool the cabin air, we might argue thot It wos accomplished with no
weight penalty at all, In either case we could hardly hope to improve on the welght,
reliability, or simplicity of this system. The problem of moisture removal from the cabin
alr was even simpler than expected for less than a three man -day mission since the molsture
could be allowed to accumulate on the exchanger surface without affecting the heat
iransfer rates significantly, be it present as water, ice, or snow. Removal of condensed
moisture was also consldered for o greater number of man ~days than used in this design
and a collapsible, light, and easily replaceable exchanger design was recommended for
such cases. This may be an improvement over dual exchanger systems and other methods
that might be suggested from the weight, volume, mechanical complexity, and possible
water recovery viewpoint.

The oxygen source was dictated by the selection of the power system and coincided with
the cholce of cryogenic oxygen from the minimum welght viewpoint, even if supplied only
for the environment, Other possibilities have already been discussed in previous sections.
These possibilities are largely solutions to the problem viewed from the systems viewpoint,
e.g., HpOp and KOy, and were eliminated after preliminary evaluation of the total
system weight.

Reliability and less hazards were additional contributing factors leading to the selection of
oxygen supplied in elemental form.

Odor control was accomplished by the use of 1-1/2 pounds of activated carbon for the
three man-day mlssion. Considerable thought was given to the replacement of carbon
with the same welght of KOy which, In addition to controlling the odor problem,
potentially offered an additional safety factor In the oxygen supply, carbon dioxide,and
molsture removal systems and at the same time might even oxidize traces of hydrogen that
could leak out of the high pressure fuel cell system, However, KOy might be used up
prematurely by appreciable percentages of CO, and water vapor that woulid be passing
through the system at times, prohlbiting its use for odor control . Pending the experimental
evaluation of KO, for odor control and hydrogen oxidation under the expected operating
conditions, we thought it advisable to rely on activated carbon for odor control and make
special provisions for the removal of hydrogen traces.
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Explosion hazards are a real threat with the leakage of hydrogen from the high pressure
fuel cell system. Three to four percent concentration represents an explosive mixture,
In spite of all precautions to minimize joints and seals, It would be unrealistic to assume
that leakage could be completely eliminated. For example, o leakage rate of only

15 cubic centimeters/minute in a 100-cubic-foot capsule volume would accumulate to
explosive concentrations in a three-day period. The problem 1s solved by heating part
of the air to 400°F and passing it through a bed of special 1-1-1 catalyst {containing a
few percent of cobalt oxide and traces of plutonium and palladium on an inert carrier)
to oxidize the hydrogen. The electric heater and catalyst may be another component In
the air conditioning unit or else can be attached to the power system with a separate
blower, as shown in Figure é-1. The latter method was chosen for its advantage of
by-product heat from the fuel cell circuit to heat the air and thereby avoid electric power
weight penalties. While the net savings In total systems weight is nil for the three-day
mission because of the weight of an additional blower, the arrangement offers potential
advantages for a longer mission, allows more flexlbility in environmental controls, and
may provide an additional blower which might conceivably be used to handle the entire
environmental load 1f one motor-blower falls.

In the environmental unit, the LIOH bed should precede the dehumidifying section so that
the moisture aids in Increasing the capacity of LIOH for CO; as reported in Section 3.0.

If tests prove that KO, would be more desirable than activated carbon for deodorizing, 1t
should follow both the CO4 and dehumidifying sections.

The first operational factor to be considered is the mass flow rate of air through the varlous
sections of the system, Theoretically, to minimize power consumption each section should
have mass flow rates of alr computed for the load for that section. Since flow rates
required for dehumldification are about 3 to 4 times those required for CO», removal,

ports that allow part of the alr fo be dehumidified to by-pass the LIOH bec?ure Inserted
between the dehumidifying and CO, absorption sections. These side streams can be
regulated and shut off completely by turning the band over the ports. Thls would force
the entire air flow through the LiOH bed and since the maximum flow rates are set by

the dehumidifier section, the COy concentration could be decreased below the specified
A-millimeter mercury lImit. This would not do any harm and might even prove beneficial.

It Is anticipated that the motor-blower will be operating continuously to provide the air
circulation desired in the cabin and to handle the minimum dehumidification and CO;
loads. A variable speed motor controlled by the relative humidity sensor would be
desirable for peak dehumidification loads, Oxygen, carbon dioxide, hydrogen,and
relative humidity analyzers would be provided with visual indicators and provision for
recording. When the CO, concentration exceeds 1.5% (i.e. 4 millimeters mercury) a
red light would indicate tﬁar it is time to change canisters. (In the prototype design,
provision has been made to replace these canisters. For practical purposes the entire
LiOH required for the three man-day mission could be placed in the unit at the start; how-
ever, the weight penalty for power consumption can be reduced by 2 to 3 pounds by re-
placing the first canister after about 36 hours.)
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Oxygen concentration Is maintained automatically by solenoid control of valve B as shown
in Figure 6-1. To improve rellabllity of the oxygen supply we by-passed most of the oxygen
through a preset valve and relfed on the solenoid valve only for demands above the basal
rate (1.2 pounds/ day), thus assuring the occupant of an uninterrupted supply regardless of
what may happen In the oxygen-analyzer-control circuit. Possible hydrogen contamination
of the cabin air will be sensed by a hydrogen analyzer which will turn on the motor-blower
for the device, sending air through the heated catalyst bed. The catalyst bed is heated
with by -product heat derived from the fuel cell system.

The occupant will have a supply of oxygen and will not suffocate from excessive COy
concentration if the control efements of the system fall. In case of fallure of the motor-
blower In the air conditioning duct, several alternatives exist to remove COy: (1) The
motor-blower of the hydrogen oxidizer unit could be placed In the air conditioning unit

If 1t is not being used for H, removal; (2) The canisters containing LIOH may be composed
of 1-inch-thick packs of LiéH contained by screens and In an emergency these may be
distributed throughout the cabin and used with whatever air circulation is avoilable. In
addition to these safeguards that are available without any significant weight penalties,
undoubtedly others may be provided by a space sult,

As a result of the above considerations the air conditioning unit shown In Figure 6-2 was
designed. Additlonal detalls concerning it may be found in Appendix X.

6.2 FUEL CELL POWER SYSTEM

Major components of the fuel cell system are cryogenic contalners and the hydroxy fuel
cell, It also includes a cooler, condenser,and blower-separator needed for contlnuous
operation of the fuel cell. As seen from the process flow sheet (Figure 6-1), the fuel

cell circuit also provides by -product water for occupant use and by -product heat for

the hydrogen oxidizer. This part of the propellant—atmosphere design may be described

as follows: Cryogenic hydrogen and oxygen are maintained at a constant pressure of 800
psi In the tanks and are fed Into the fuel cell by Internal heaters {(automatically controlled
by pressure sensors) in the tanks which malntain both fluids above the critical point so
that they are expelled os a single phase. The flulds, still far below ambient temperatures,
pass through the heat exchangers (which are considered part of the environmental systems
as they would not be needed otherwise) to a special pressure regulating valve and into

the fuel cell where they combine to yleld current at approximately 1 volt per unit cell
and by-product, water.

In the fuel cell, hydrogen and oxygen gas diffuse through their respective electrodes,
which are made of porous sintered nickel of controlied porosity, and after transfer of the
electrical charge at the surface, combine to form water. The water dilutes the electrolyte
on continued operation so that the internal resistance of the cell Increases, thereby-
decreasing Its efficiency. Water may be removed by evaporation from the back surface of
the electrodes (on the gos side) as long as the partial pressure of water vapor from the
solution In the pores exceeds that In the fuel gases In the vicinity. Normally water may
be removed by recirculation of elther or both gas streams which are practically saturated
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with water at the operating temperafure and pressure (approximately 240°C and 600 psi)
through a cooler-condenser. In this design we chose to remove water from the hydrogen
side. In o gravity-free environment we are relying on shear forces in Fluid flow and
enfrainment in the hydrogen loop to carry the condensed phase o o centrifugal separator
where the phase separation occurs. As an integral part of the separator, an impeller
restores the pressure drop suffered by the fluid as it recirculates in the loop. The collected

water is forced out of the separator into a collector by the pressure differential between the
inside and outside of the fuel cell system.

Heat, of the rate of about 3400 Btu/hour, has to be removed from the cell which requires
additional cooling. Circulation of additional fluid in the hydrogen loop to handle the
cooling load would remove water from the cell, at the desired electrolyte concentration,
faster than it is being made. The arrangement shown in Figure 6-1 is only one means of
handling the problem of independentiy controlling the rate of water removal and cooling.
Another possibility would be to circulate the electrolyte and throttle it from 600 psi down
io a lower pressure. The solution would then be cooled by evaporation and the resulting

vapor would be sent to a condenser. The concentrated electrolyte would be pumped bock
into the cell.

There is one critical control problem relative to the operation of the fuel cell that is not
readily evident at first glance. Because the electrodes are porous, the feed gases can
oubble through the pores if the pressure differential between gas side and electrolyte
exceeds 2 pounds. If the pressure difference between the hydrogen and oxygen slde
exceeds 4 pounds, the electrolyte and eventually the higher pressure gas will be forced
into the lower pressure compartment. Either of these situations is very undesirable, the
first because gas bubbles would Isolate the activating areas and thereby increase the
Internal resistance; the second because blowing the electrolyte out would be tantamount
to by-passing the cell and it would have to be shut down. The problem Is solved by the
use of pneumatic sensing equipment which references the feed gases to a static nitrogen
head as originally suggested by Alexander, etc. {ref. 25), by means of the special
pressure-regulating valve originally designed by Aro.

Necessary conditions for operation of the system are at all times equalization of the
hydrogen and oxygen pressures and the maintenance of the differential pressure in the
nitrogen system. The nitrogen pressure which is also transmitted to the electrolyte serves
as a reference to the oxygen pressure as well as the hydrogen pressure. This cbviates both
the need for using two matched differential regulators for the feed gases and the probable
variations of two matched components with time and operation.

6.3 COMPONENTS SUMMARY

The major components of the propellant -atmosphere system are: (1) an air conditioning

unit, (2) cryogenic containers, (3) a fuel cell system consisting of a hydroxy cell, pressure
regulating valve, water separator, cooler-condenser, and a nitrogen tank, and {4) analyzers.
Ruther extensive subsystem studies were necessary in air conditioning, cryogenic containers,
and the hydroxy fuel cell to optimize the system. These are reported In detail in Appendices,
so only the salient facts and conciusions will be reported here.
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6.3.1 Air Conditioning Unit

The ultimate advantages of the cryogenic hydrogen-oxygen system would be realized if,

in addition to dehumidification, CO9 could be removed by freezing out. Since the power
system requires the use of hydrogen-oxygen at high pressure, scrubbing of the cabin alr

by direct contact Is out of the question and heat exchangers are necessary. Some analyses
were made fo determine feasibility in this area (see Appendix X).

With the use rate of cryogenlcs required for a one-kilowatt output fuel cell, the heat
sink capaclty is inadequate to supply the necessary cooling in countercurrent exchange
with @ minimum approach of 9°F (5°K). However, the heat balance requirements could
be met within the one-kilowatt power system if an additional exchanger were used for the
cold air leaving the hydrogen heat exchanger and the incoming air. A total

of 34 square feet of exchangerareq, however, is required for the system. Assuming the use
of fins with a fin efficiency of 80% and an average weight of 0.425 pound/square foot
{equivalent of an average fin thickness of 0.03-inch thickness of aluminum), the
exchangers weigh 18 pounds. The fotal system weight (power plus environmental con-
trol) is three pounds heavier than the system using cryogenics for dehumidification and
LiOH for CO, removal which was eventually selected.

A greater cryogenic use rate than that equivalent to one kilowatt would decrease

the heat exchanger area and weight by permitting large temperature differences, so
that it could have overtoken the alternate system within the mission duration.
Likewise, a mission longur than 3 to 4 days would have given this method a weight
odvantage over that selected. The basic question is the reliability of the method

in the face of possible large variations in use rates brought about by variable power
loads. It is conceivable that at low power levels part of the CO, could evaporate back
into the atmosphere, Removal of the CO7 Is another problem that would have to be faced
eventually, If not within the three-day perlod. Because the nature of the sol1difled phase
(compact solld versus frost) on the exchanger surface s not known, It cannot be estimated
how long It would take the COp on the exchanger to cut down the heat transfer significantly
and make the rate of CO,, removal less than the metabollc COy rate, Since the maximum
welght that could be saved for this partcular system Is essentially the welight of LIOH,

or 8 pounds, there was very little Incentlve to pursue CO, freeze-out schemes further In
this particular design. The scheme may be worth considering for manned misslons that have
larger CO; loads and larger cryogenics use rates than those considered here.

Using cryogenics for dehumidification only requires about 4 square feet of exchanger
surface which welghs less than 2 pounds, The exchanger is bullt with longitudinal fins
on the outside and packed with aluminum wire or smail tubing on the inside for improved
heat transfer. A tentative design'ls shown as part of Figure 6-2. The dehumidifier

(and cooling) section consists of four finned tubes, 1/2 Inch ID,with iongitudinal fins
0.03 inch thick, 1 Inch wide and 12 Inches long. Since the exchanger areas of the
oxygen and hydrogen streams are about the same, two tubes In paralle! are used for each
fluld. Alr flows countercurrent to the cryogenic gas flow. The manner in which ice Is
expected to form on the fins Is Indicated In Sectlon AA of Figure 6-2, The total surface
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of the ice is still > 4 square feet and the bulk of the resistance to heat flow Is stil] In the
alr stream so that the transfer rates toward the end of the mission should still be sufficlent
to handle the load. At the end of three days 7. 5 pounds of water will have frozen on
the fins. This Is almost one gallon and the dehumidification section volume was made
large enough so that at the end of three days the free cross-sectional area s still 50% of
the total. Thus pressure drop should be insignificant at the air flow rates anticipated.

Two by-passes shown In the dehumlidifying section are avallable at a very small welght
penalty and permlt considerable freedom in regulating the relative amount of air flowing
through the different sections. The by-pass at the right determines the relative amount

of alr being dehumlidified and of that passing through the COy absorber. Since the
relative quantities of alr required for dehumidification are about 3 to 4 times that requlired
for CO9 removal, blower power reductions can be effected by the use of the by-pass. The
by-pass at the left permits more alr to be circulated about the cabin without all of it
passing through the dehumidifier, thus maintaining the humidity and avoiding needless
pressure drop losses.

The COy-removal and activated-carbon pack consists of approximately 4.5 pounds LiOH
(4-14 mesh) and 0.75 pound activated carbon of a similar mesh size, enough for about

36 hours. They are replaced on indicatlon of the warning light on the CO, analyzer.

The LIOH pack Is composed of eight 1-inch-thick sections. This gives more flexibility to
the system without significantly increasing the weight. Each section is faced with 14-mesh
screens and a variable number of sections may be placed in the train If pressure drop

losses prove significant, In addition, the distribution of these sections about the cabin

In case of motor-blower fallure, as previously mentioned, is possible.

If tests, for some reason not presently anticipated, show that the accumulation of ice In
the dehumidifier affects the performance adversely over the duration considered, o
modification of the air conditloning unit according to Figure 6-3 may be considered.,
This arrangement Is characterized by a dehumidifying section that can be replaced. The
section consists of aluminum sheets held together by Mylar film which opens up like a fan
when placed in the circult. After an accumulation of ice, it Is removed and placed in

a plastic bag. After the lce has melted, the device may be foided, thus squeezing out
the water, Wedges of Ice may also be recovered directly if desired.

6.3.2 Cryogenic Containers

Data for the prototype design was obtained from the subsystem study on cryogenic
containers (Appendix VIII). The Dewar constructed tanks used differ little from standard
~onstructed tanks. For the volume of either gas required In this design, minimum thickness
limitations for fabrication rather than stress considerations controlled tank thickness.

The contalners used external heaters to malntain the fluids above the critical point and
expel them as a single phase. It Is belleved that such a system represents a simplification
over the use of pumps and also has Improved reliabllity. Considering the weight of the
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pump versus the welight penalty of heaters and heater power required for this particular
system, the advantage was slighily in favor of the heaters. The amount of gas remalning
in the tanks was assumed to be the same in both cases.

In splte of the reference made to heating the cryogenics, the expelled gases are still far
below ambient which permits them to be used for dehumidification and cooling. The
amount of heat required to expel the gases represents a refatively small part of the electrical
energy potential of these gases. The actual heat required in the form of electrical energy
varles,depending on the amount of gas in the tank at any time but averages 3 watts for the
hydrogen tank and 8 watts for the oxygen tank. Since the flow rates involved are for a
one~-kllowatt power rating for the fuel cell, 1t Is evident that the electrical-heater power
represents 1% of the output of the system. The heater requirements are augmented by

the natural heat leakage from ambient which for the hydrogen tank supplies almost all of
the heat necessary for the expulsion over most of the misslon's duration. The heating
method for expulsion also provides a convenlent and simple means for monitoring the amount
of fluld remaining In the tanks at any time since the temperature gradually increases,

Thus by measuring the temperature, pressure, and container volume, the amount of gas
remaining may be readily computed (see Appendix VIII).

Flulds are supplied to the speclal pressure-regulating valve at 800 psi. As the gases are
used up In the cell, the pressure gradually drops. This information is transmitted back

to the pressure sensors via the flulds. The sensors turn the heaters on, thus expelling more
fluid into the system.

Those familiar with cryogenlc contalners will note that the system welghts computed and
presented In Appendix VIII represent a considerable Improvement over the present

state of the art. While some of the gain may be ascribed to the use of Htanium rather
than stainless for the Inner shell, the most probable explanation is the conservatism of
present design standards. The system welghts recommended above are believed conslstent
wlth other risks involved in the proposed application.

6.3.3 Fuel Cell System

Estimates of welghts and performances of hydroxy fuel cells have been made largely on

the basis of estimates by Patterson-Moos Dlvision of the Universal Winding Company as
reported in WADD Technical Report 57~605 dated September 1957. It will be recatled
from Sectlon 5.0 that the cell weight and efficiency depend on the loading per unit area

of cell. This loading may be expressed in terms of the current density, amps per square foot
(ASF). The higher loading results in lower cell welghts but higher fuel consumption. In
the present study, fuel cell system welghts were optimized In terms of fuel cell welghts

and cryogenic storage for the H -O,. These results are summarized In Section 5.0 and
Appendix IX. For the prototype design, the results were applied to a one-kilowatt fuel
cell system for a three-day mission. Figure 6-4 shows as a function of current density

the fuel cell weight which includes 30 pounds for controls {curve C), the cryogenic hydrogen
storoge system weight which includes fuel, tank, and 8 pounds for valves and miscellaneous
hardware (curve A), a similar plot for the cryogenic oxygen storage system (curve B), and

97



WEIGHT, LB

240

230

220

200

180

160

140

120

100

80

60

20

WEIGHT VS CURRENT DENSITY FOR 1-KW, 3-DAY MISSION

A = Cryogenic H, + Hordware
B = Cryogenic 0, + Hardwore |
C = Fuel Cell + Controls .
\ D = Total, £ A+8+C
N
-
D __=-—""'/
\
paramn
——\%q_—_—'/
N
C
\\
A
200 400 600 800 1000
CURRENT DENSITY, ASF
FIGURE 6-4

?8



finally the sum of all of these or the welght of the power system. A minlmum of about
160 pounds will be noted for the total weight and the value Is approximately constant
over a large range of current densities. Since present fuel cell welghts appear to be on
the heavy slde, one can allow 52 pounds for the fuel cell system (22 pounds for the cefl
and 30 pounds for the hardware) without affecting the total power system weight
significantly.

Present fuel cell technology has been reduced primarily to materials problems rather than
design, Thus no attempt has been made In this prototype study to design a cell, Varlous
design aspects, some of which are reproduced in Figure 6-5, have been reproduced from
WADD TR 57-605 to give an Idea of structural concepts. Pressure conirol, heat and
water removal from the cell and voltage control are treated at greater length In the
following sectlons,

Pressure Regulator

The differential regulator Is a combination valve pneumatically operated to provide
proper regulation for the three gases (hydrogen, oxygen, and nitrogen) which are supplied
to the fuel cell. The tilt valves between the inlet and outlet ports of both hydrogen ond
oxygen have been fully developed and are supplied to the Air Force in the form of oxygen
aircraft mask valves. They are housed in the right and left subassembly, Figure 6-6.
These tilt valves provide the pressure reduction and regulation from inlet port to the
diaphragm chamber.

The valve operates as follows, With less than 600 psi, the force transmitted to the

bellows by plston P exceeds that of the No. This Is transmitted by the lever to the

needle valve V; and since It overpowers S3 the needle valve remains closed. Nitrogen
continues to flow Into N and the pressure bullds up untll the force on the bellows exceeds
Sy. At this point the force on the levers Is reduced and 55 opens up the needle valve,
allowing nitrogen to escape to maintain the pressure constant, The pressure In N s
communicated to the H and O chambers by the N, gos via the diaphragms. Consldering
the H side, the Hit valve TH Is normally in the closed posiiion since $4 normally overpowers
S5. When the pressure In N reaches about 600 psi, the additional force on the diaphragm
Is sufficient to push It to the right Hiting valve TH. Thus the nitrogen pressure has a
biasing effect on both the reguloied oxygen and nitrogen so that not only do the nitrogen
and oxygen have equal regulated pressures but also the difference between the nitrogen

and oxygen as well as nitrogen and hydrogen Is kept at a constant 2 £ 0.2 psi, Another
function of thls nitrogen is to act as pllot pressure so that when the nitrogen is turned off,
the combination valve acts as a shutoff valve, The spring plus the nitrogen acts on both
dlaphragms to open the respective regulator tilt valves. When the nltrogen gus is exhausted
both tilt valves are forced to the closed positions by the tilt valve spring. This differential
regulator, schematlcally shown in Figure 6-6, consists of standard developed items even
though this is a modified conflguration.
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Hydrogen-Water Separator

Essentlally the hydrogen-water separator Is a combination centrifugal pump ond compressor,
Figure 6-7, The iniet port admits the fluid which consists of hydrogen gas and water.

The rotating member creates centrifugal force, causing the water to accumulate on the
outer surfaces of the water cavity., The separation Is caused by the difference in density
between water and the hydrogen. The water valve Is provided to build a water dam on

the circumferential surface of the water cavity so that hydrogen will not blow out the
water port. The second stage of the rotating assembly Is the centrifugal compressor which
Is required to recirculate the gas in the hydrogen loop. The pressure rise of the compressor
Is equal to the line drop through the loop. The hydrogen gas is collected in a volute and
passes out the outlet port. Two face seals prevent the hydrogen from leaking into the
separator drive or into the capsule. Any leakage which might occur Is vented overboard.

This type of hardware Is well within the state of the art and similar to many models of TRW
water and fuel pumps now in alrborne equipment. The gas compressor is also similar to
many items developed by TRW. A power consumption of 30 watts has been estimated for
the unit. This Is a mere guess but probably as valld as guessing the pressure drop through
the system. Any estimate of pressure drop through the system would have been sheer
speculation in view of two-phase flow, channels, ports, etc., that the fluids must flow
through. Estimation of power consumption must be deferred pending actual testing of the
systems,

Nitrogen Tank

The nitrogen Is supplied at a pressure of 7000 psi and is bled at o rate of 0,002 to 0.008
pound/hour In the pressure regulating valve, This Is about 0.6 pound for the mission.
The fank plus nitrogen weighs 3 pounds and has been included as part of the fuel cell

control welght,

Cooler-Condenser

A total of 3400 Btu/hour must be removed from the fuel cell; this can be accomplished
partially by the use of a condenser whose primary purpose is to abstract the water being
generated in the cell. Calculations show that 1100 Btu/hour will be removed from the
unit. At a radiating temperature of 400°to 460°F, the load can be handled with one
square foot of radiating surface outside the capsule. The remaining load of 2300 Btu/hour
may be removed by circulation of the electrolyte through a similar space radiator that
would require about 2,3 square feet of surface. The total surface required for the cooler-
condenser is approximately 3 square feet; it will weigh 1.5 pounds. This weight is in-
cluded as part of the fuel cell control. The calculated power requirements of the
circulating pump are negligible.
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HYDROGEN-WATER SEPARATOR AND COMPRESSOR DESIGN
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Voltage Regulation of Fuel Cell Output

A voltage regulation between 26 and 29 volts, the same as used in the WADD Technical
Report 57-605, was assumed. This generator regulation is accomplished by switching
more or less cells in serfes with generator terminals as the load varies. A nomograph,
Figure 6-8, has been prepared to show the relatlonship between load, voltage, current
density, cell voltage, and finally, generator voltage,

The lower left quadrant shows parametrically the relationship between generator load,
generator current and generator voltage. Since the cells are in serles to form the generator,
the generator current equals the cell current. The y axis Is expressed as the cell current,
The lower right hand quadrant shows the relationship between current density, cell area

and cell current, This nomograph can be used as a tool to modify the fuel cell design,

if need be. The cell area was taken at 19.6 square Inches as called out in the WADD
report.

The upper right hand quadrant shows the relationship between cell voltage and current
density (obtalned from WADD TR 57-605). The upper left hand quadrant shows the multiple
of cells required to keep the generator voltage within the regulated voltage tolerance,
For low loads 30 cells are required while for high load 33 cells are required for our
design. In the middle range there is an overlap {elther 30 or 33 cells will suffice) to
handle the hysteresis of our sensing equipment. The tolerance can be reduced by adding
smaller Increments of cells If required at the cost of a slight additional weight and
complexity.

Figure 6-9 shows the electrical diagram with additional cells, In phantom. The voltage
regulator has two voltage sensors; the first Is a Zener diode and gives current flow above
29 volts while the second Zener diode gives current above 26 volts. These signals are
amplified in Figure 6-10. The approximate signal wiil trigger the flip-flop, energizing
or de-energizing the preamplifier relay. This In turn energizes or de—energizes 1 CR
which adds or subtracts the 3 ceil increment to the 30 cells In a series configuration.
This component will take up a space 4 Inches x 1 1/4 Inches x 3/4 Inch,

6.4 GAS ANALYZERS

Carbon dloxide, oxygen, hydrogen and relative humldity analyzers were Incorporated In
the design and used for atmosphere control ,

6.4.1 Carbon Dioxide Partlal Pressure Analyzer
Equipment Is provided to sense the concentration of carbon dioxide gas In the capsule
atmosphere, provide visual and electrical indicatlons of concentration, and activate an

indicatlon circuit at a preset maximum ievel of concentration. The device consists
of a carbon dioxlde sensor, an electronlc signal amplifier and a meter for visual readout.
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NOMOGRAPH FOR VOLTAGE REGULATION
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VOLTAGE REGULATION PACKAGE
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The COjy sensor is based on the principle of the change In pH of an electrolyte caused
by the formation of carbonic acld when exposed to an atmosphere contalning CO,.

This device Is similar to the Beckman Oy sensor but uses a quinhydrone solutlon for the
electrolyte. Although the sensor iIs not completely quantitative, its stability Is sufflcient
for use as an alarm polnt anywhere within the range of 1 to 50 millimeters pCO,,. Since
the sensor reads directly In terms of partial pressure of COy, the device Is Independent
of absolute pressure. The electrode does exhibit a falrly large temperature coefficlent,
however, which requlres that the sensor be elther temperature regulated or that the
sample gas be passed through o temperature-regulated heat exchanger to provide stability
over wide temperature ranges. Temperature compensation will be provided by thermistors
in the amplifier circuitry.

In normal operation, the sensor signals are amplified for visual and telemeter readouts.
In the event that the carbon dioxide rises to the preset levels, the maximum [imiting
circuit provides a signal to a signal light on the control panel. The astronaut will take
suitable steps to change the CO9 absorption cartridge.

This CO sensor has been fully developed by the Beckman Instrument Company and is now
being used on Project Mercury. The stability of this unit Is affected in temperature ranges
of 65°%0 75°F; therefore, the temperature should be controlled and the unit kept as cool as
possible to provide the greatest reproducibility and accuracy. The sensor in this design 1s
located in the environmental chamber immediately forward of the dehumldification heat
exchange. This unit performs best In a wet atmosphere and will fail at zero humidity
because of water absorption from the electrolyte. The physical dimensions of the sensor
(Figure 6-11) are glven in Table é-1,

6.4.2 Oxygen Partial Pressure Analyzer

Equipment to sense the partial pressure of oxygen in the capsule atmosphere will consist
of a sensing element, an electronic signal amplifier, and a visual readout device. It
will activate the solenoid valve at a preset minimum. The signal amplifier is the one
referred to in discussion of the CO, analyzer. The principle of operation of the device
Is bosed on electrochemical reduction of oxygen on an inert gold electrode. As a result
of this reduction process, a current Is produced which s directly proportional to the
oxygen partial pressure In the gas surrounding the transducer.

The oxygen partial pressure sensing element has an electrochemical sensor of the polaro-
graphle type which consists of a gold electrode and a cadmium reference electrode. The
gold electrode is provided with a diffusion barrier consisting of a layer of silicon grease,
plastic membrane, and a layer of electrolyte solution, A reference electrode of cadmium
is used, which permits a spontaneous reduction of oxygen without the application of a
polarizing voltage because of its potential. In certain applications, however, a small
polarizing voltage is applied. The flow of current is so small that only micromolar
quantities of oxygen are reduced within any reasonable time of operation.

108



CO; SENSOR (BECKMAN)

1 5/8 HEX {ACROSS

IOA"

|

b

1

FLATS) 1.125 (MAX)
0 o|¢ ) olo 3 % Y‘
1 5/16 - 12 UN-38 Z CG -32 f i
-— } .938
] (MIN)

3 .50
__g/)* S IIT ] * 150 (MAX)

ELECTRICAL
SCHEMATICS

A o—— Pt

A

8 J\ Ag, Ag Cl

C

THERMISTOR
o~

- 1.125 (MAX) |
b1 656 (MIN}—]

ELECTRODES

— THERMISTOR

VIEW AT "A®

FIGURE 6-11

109



TABLE 13
PARAMETRIC DATA FOR PARTIAL PRESSURE ANALYZERS

CO, PARTIAL PRESSURE SENSOR

Response Time
TemperatureCoefficient

3 minutes minimum time constant
0.4 millivolts/°C

Weight 4 ounces maximum
Power Required 0
PARTIAL PRESSURE SENSOR PARTIAL PRESSURE SENSOR
H2 Oz
Size 2 inches diameter, 3 inches long 1.5 cubic inches
Weight 3 pounds 1.6 ounces
Power Input 5 watts 0
Response Time 2 seconds, full scole <1 minute

Power Consumption
Gain

Input

Linearity

Output Voltage
Size

Welght

Weight

Power Requirements:

DC

AC
Dial Calibration
Typical Accuracy

Temperature Limits

COy, Oy, Hy ANALYZER AMPLIFIERS

0.17 watts, 24 volts, DC

40 to 80, adjustable

0 to 50 millivolts

1% full scale

0to + 5 volts DC

4.43n x 2.5 inches x 1-3/8 inches

? ounces

RELATIVE HUMIDITY ANALYZER
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0.8 pound

0.2 watt, 24 volts
0.3 watt, 115 volts, 400 cycles
20 to 100% RH
+ 5% over 40 to 60% RH,
65 to 75°F range
65 to 200°F



A sensor or transducer similar to that intended for the Mercury capsule is made by J. Ryan
Neville (Figure 6-12). The Neville GP-1 model transducer is contained within a total
volume of about 1,5 cubic inches. The weight without cable is 1.6 ounces. This transducer
Is designed for a range of 0 to about 800 millimeters mercury oxygen partial pressure or any
part of this total. Its output Is approximately 0.25 millivolt or 0.025 mlcroamp per
millimeter mercury oxygen pressure at 25°C. The TRW amplifier Is suitable for use with

the GP-1 and will give full scale defiection with one millivolt DC or lower.

Experimental Investigation indicates that the main source of error and instability is related
to the large temperature coefficient of the device (approximately 5%/°C at 25°C).
Compensation may be obtalned with a thermistor element. Proper choice of thermistor can
generally keep the output within 5% of the mean over a temperature range of 0°%o 50°C.
The transducer is highly specific to oxygen when used in o gas mixture suitable for ordinary
breathing purposes. Nitrogen, helium, carbon monoxide, carbon diexide, and water vapor
are known from experience to be without direct effect. Most gases and vapors have little
influence according to Information on the oxidation-reduction potentials.

6.4.3 Relative Humidity Analyzer

A device Is provided to sense the level of relative humidity in the capsule and provide
visual and electrical indications. [t conslsts of a relative humidity sensor, an electronlc
signal amplifier, and a meter for visual readout. The principle of operation is the change
in insulation resistance of a thin film, with accompanying changes in relative humidity.
The unit conslists of a ceramic gold grid electrode made humidity—sensitive by means of

a film of polyvinyl alcohol impregnated with lithium chloride. Sensor resistance is a
function of the partial pressure of water In the surrounding atmosphere and is not affected
by barometric pressure or gas composition. Sensor resistance is compared to a temperature-
compensated reference resistance in a 400-cycle AC Wheatstone Bridge Circuit. The out-
put is amplified to the 0 to 5 volts DC telemeter levels and fed to o 250~degree scale
millimeter movement to provide a visual display.

This sensor is a modification of the unit manufactured by Minneapolis Honeywell Co, for
Project Mercury, The only difference is the addition of an amplifier to provide signals in
the O to 5 volts DC range. It consists of a MS-33598 instrument case measuring 2.0 inches
diometer across the bezel and 4.75 inches long. The ventilated rear case section contains
the humidity sensor and temperature compensating network. The transistor amplifier and
meter movement are contained In the hermetically sealed front section, Physical data on
this unit are presented In Table 6-1.

6.4.4 Hydrogen Partial Pressure Analyzer
A device is provided to sense the concentration of hydrogen gas in the capsule atmosphere,

provide visual and electrical indications of concentration, and activate the emergency
control system at a preset maximum level of concentration.
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There are a number of devices that can satisfactorlly measure 0 to 5% hydrogen in an
oxygen ctmosphere, the simplest of which is a thermal conductivity cell consisting of a
bridge containing filaments or thermistors. Two legs of the bridge are exposed to the
sample atmosphere and the other two legs are exposed to a reference gas which contains

a known concentration of H,. The principle of operation Is the measurement of the change
In resistance of the arms of the bridge due to heat losses from the filament which are o
function of the thermal conductivity of the gas to which the fllaments are exposed.

Since the thermal conductivity measurement Is a function of temperature, it Is generally
necessary io support the filament bridge within a large mass to provide good stability,
Thermal conductivity of hydrogen gos is quite different from oxygen and COo, and therefore
a large differential signal should be obtalned in the presence of small amounts of hydrogen,
Operation of the bridge requires a stable DC power supply and the output of the bridge
must be amplified by a low-leve! amplifier.

An electronic amplifier is provided to furnish a stable DC power supply to the sensor bridge
circult and amplify the output signal of the sensor to the 0 to 5 volis DC levels required

for Input to telemetering transmitters, A maxlmum [Imiting circult Is incorporated In this
untt to provide a signal at a preset maximum level of concentration. A calibrated micro-ohm
meter {s provided on the control panel to provide a visual readout. This unit will be
shunted across the output signal to the telemeter radlo. The control panel will also contain
a signal lemp in the maximum Hmiting circuit to furnish a visual signal of maximum
concentration. in normal operatlon, the sensor signals are amplified for visual and
telemeter readouts, In the event that the hydrogen concentration rises to the preset levels,
the maximum limiting circult provides a signal to turn on the motor-blower, sending the air
through the catalytic bed.

To our knowledge, no unit has been developed to date for the measurement of hydrogen,
but several firms have expressed Interest in developing a unit of this nature, [t appears
necessary to regulate the temperature of the thermal conductivity cell to approximately

1 degree to provide sufficient stability for this measurement. The gas sampling will rely
on diffuston through the gas head as opposed to providing a sample pump. This s feasible
because of the free movement of atmosphere provided in a gravity-free environment, |t
reduces space and weight requirements and the potential sparking hazard of a DC motor,
Tungsten carbide flashback arresters are provided on the sensor. The amplifier conslists

of @ modified version of the translstorized unit built by TRW for O and CO,y measurements

In Project Mercury. Physical characteristics of both the sensor and amplifier are given in
Table 6-1,

A preliminary study was made of altemate methods of sensing the partial pressure of
hydrogen In ihe capsule atmosphere and the following alternates were considered:

Platinum wire combustibility
Thermal conductivity

Sonic velocity

Nuclear magnetic resonance
Mass spectrometers

U‘l-h.OON)—'
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The operation of a sonic velocity meter appears somewhat doubtful in the low concentration
regions desired. The nuclear mognetic resonance and mass spectrometer principles in
loboratory-type instruments do not seem to fend themselves to the rugged service and
miniaturization required for this appiication. The combustibility meter presents an ex-
plosion hazard. Thus a unit using the principle of thermal conductivity appears to have
the most promise.

6.5 SUMMARY

Major subsystems studies required In the prototype design have been relegated to the
Appendices. These include cryogenic storage weights (Appendix Vil1), hydroxy fuel cell
system analysls (Appendix 1X), and dehumldification and cooling (Appendix X).

The process design for the propellant-atmosphere system to supply 1 kilowatt of electric
power and accommodate one man for a perfod of three days is summarized in Figure 6-1.
The implied assumption in the design was that no additional cooling over and above that
supplled by the cryogenic system and possive cooling of the capsule would be required.
Whether or not this Is realistic cannot be ascertained until all factors related to the
mission and capsule structure have been Integrated In a vehicle system design. The design
Is by no means complete but does Illustrate the general concepts that would be involved
in a system of this nature, the analysis, and feasible layout of the air condltioning unit

as well as the entire equipment (Figure 6-13). Table 6-2 summarizes the system
characteristics of the prototype design.
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TABLE 6-2

SYSTEM CHARACTERISTICS OF PROTOTYPE DESIGN

LiOH

Actlvated Carbon

Filter

Dehumidifier

Motor-Blower

O, Supply

O, Analyzer

O Valves, Centrol

CO9 Analyzer

Humidity Analyzer

Hy Analyzer

Hy Oxldizer Unit

Duct and Supports
Total Welght

WEIGHT SUMMARY

Alr Conditloning Unlt

Power Unit

H2 (8 pounds) Cryogenic Storage

O, {62 pounds) Cryogenic Storage

Fuel Cell System
Total Weight

Total System Welght

ELECTRICAL POWER REQUIREMENTS

Motor-Blower for Alr Conditioner
Separator-Blower for Fuel Cell

MotorBlower (H, OxIdizer)

Circulating Pump
Gas Analyzers
Total Power

MAJOR SPACE REQUIREMENTS

Cryogenic H Tank, 20 inches diameter

Cryogenic C Tank, 16 Inches dlameter

Air Conditloning Unit, 7 x 28 inches
{Second LIOH Canister, 7 x 10 inches}

Fuel Cell, B x 12 inches
Total:Major Units

Awvxiliary Hardware and Controls

TOTAL SPACE REQUIREMENTS

MAXIMUM OVERALL DIMENSIONS
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2.0 Pounds

36 Pounds
82

4

159 Pounds

201 Pounds

23 Watts

30

Dto 10

10

5

68 to 78 Watts

2.42 cublc feet
1.24

0.62

0.22

0.35

4,85 cubic feet
1.5

6.35 cubic feet

2 x 3 x 2 feet
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APPENDIX |

METABOLIC RATE FOR AVERAGE MAN

Mary Swartz Rose summarizes the hourly expenditure in kilocalories of an average 70-
kilogram (154-pound) man under various conditions as follows (ref. 2):

Sleeping
Awdke lying still
Sitting at rest

Standing relaxed

Walking slowly to moderately fast

Runrning 5.3 mph
Swimming

Walking down stairs
Walking up stairs
Light exercise
Active exercise

Very severe exercise

65

77

100

105

5

500

364

1100

170

290

4600

121
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APPENDIX I

METABOLISM OF CHEMICAL CONSTITUENTS IN FOOD

Metabolism of Carbohydrates, e.g., Glucose

C6H1206 + 602 --— 6CC)2 + 6H20

Mol. Wt. 180 192 264 108
The heat value of glucose = 3.74 kilocalorles/gram.
O9 consumed = 192/180 = 1.065 gram/gram glucose
CO, produced = 264/180 = 1.47 gram/gram glucose

Respiratory quotient = volume CO,/volume O, = 6/6 = 1
H,O produced = 108/180 = 0.6 gram HyO/gram glucose

Metabolism of Proteln

The end products of protein breakdown In the animal body Include not only CO3 and
H,0, as for carbohydrates and fats, but also the urea of the urine and certaln other
nitrogenous constltuents of the urine and feces, as well as such compounds as urinary
sulfate produced by the oxidation of sulfur contalning amine acids. Hence to evaluate
the contribution of proteln to the total metabolism and to distinguish it from the non-
protein metabolism, the analysis of urine and feces is necessary in addition to the
measurement of the respiratory gas exchange.
The computation of the protein metabolism Is given In reference 3 as follows:
100 grams (g) of meat proteln contains:

52.38gC 7.27 gH 22,6890 16.65g N 1.02g8$
of which eliminated in the urlne are:

9.405gC 2.663gH 14,099 g O 16.28 g N 1.02g S
In the feces:

i.471gC 0.212gH 0.899g0 0.37gN

ieaving a residium for the respiratory process of:

4i.5gC 4,4gH 7.69g0
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Deduct intramolecular water:

0.961gH 7.69g0
leaving for oxidation:
41.5gC 3.439 gH

When CO9 is formed, 41.5 grams C unite with 110.67 grams O; = 152 grams COy»
When H,O s formed, 3.439 grams H unite with 27.512 grams O; = 31 grams H,O
The heat value of protein = 4,24 kilocalories/gram

0, consumed = 1,382 grams/gram proteln

Heat value of protein consumed = 424 kilocalories

Calorific value of O = 4.34 kilocalories/liter

CO, produced = 1,522 grams/gram protein

Respiratory quotient = {152/44) (138/32) = 0,801

H,O produced = (3.439 +27.512)/100 = 0.3095 gram H,O/gram meat protein

Metabolism of Fats (Palmitin)

2(C5 HygOg) + 1450, ——= 102 CO, + 98 HyO
MW, 1612 4640 4488 1764
The heat value of palmitin = 9.5 kilocalories/gram
O, consumed = 4640/1612 = 2,88 grams/gram palmitin
CO2 produced = 4480/1612 = 2.78 grams/gram palmitin

R.Q. = 102/145 = 0.704
H,O produced = 1764/1612 = 1.09 grams HyO/gram palmitin

Examination of Theoretical Diet Prescribed

Re-examining, in the light of the preceding analyses, the theoretical diet described in

Section 2.1.,2:

H2O produced by

oxidation & intra-

per day Oy consumed CO, formed molecular water
Carbohydrates = 450 grams 480 grams 660 grams 270 grams
Proteins = 100 grams 138 grams 150 grams 30 grams
Fats = 75 grams 216 grams 210 grams 80 grams
625 grams = 834 grams 1020 grams = 380 grams ¥
1.38 pounds 1.84 pounds 2.25 pounds 0.84 pounds
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Heat value:

450(3.74) = 1680
100(4.24) = 424
75(9.5) = 712

2816 ktlocalories - (1000/252) - 11,200 Btu

Oxygen consumption:

450(1.065) = 480
100(1.382) = 138
75(2.88) = 216/834 = 1,84 pounds

CO,, produced:

450(1.47) = 663
100(1.52) = 152
75(2.78) = 208

1023 grams = 2,26 pounds

H20 produced:

450(0.60) = 270.0
100(0.3095)=  30.95
751.09) =  81.7

382.65 grams = Q.84 pound
Respiratory Quotient:
Density of CO, at 70°F, 1 atmosphere = 0., 1145 pound /cubic foot
Density of 02 ot 70°F, 1 atmosphere = 0.,0827 pound /cubic foot

2.26(0.0827)
Respiratory Quotlent = volume COz/volume Oy = 1.84(0.1145) = 0.89
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APPENDIX Il
CAPSULE SKIN TEMPERATURE

The manned capsule will receive energy from the sun and the earth. At the same time
practically all electrical and mechanical power that may be generated in the capsule

will eventually be converted to thermal energy in the capsule and must be considered as
part of the heat input. The capsule designer has oniy two general methods for dissipating
this heat to space, nomely by radiation into space and by the expulsion of mass from the
capsule. The latter method is generally undesirable as it Involves excessive weight
penalties. Therefore, the radiation mechanism will be considered as the principal method
of control. The skin temperature assumed by the capsule will represent a balance between
the heat absorbed from the sun, the earth, and any interior power source, and the heat
radiated by the external surfaces into space.

HE.1 ENERGY ABSORBED FROM SUN

The amount of energy radiated to the satellite from the sun is equal to the solar constant,
1400 watts/square meter. The amount of this energy absorbed by the satellite is a function
of the visual albedo of the satellite, the length of time that the satellite is exposed to the
sun's rays, and the cross—sectional area of the satellite that is exposed to the sun's rays.

The visual albedo, ay, of the satellite is a function® of the surface material and
finish. For a lead carbonate white paint coated surface this value would be about 0.95,

while for a titanium surface the visual albedo would have a value of about 0.2, Table
HI-1 presents an abbreviated list of surface characteristics for several typical moterials.

TABLE -1

CHARACTERIC PROPERTIES OF VARIOUS SURFACES

Absorptivity Emissivity Albedo
a=1-a, €IR a,
Ti .8 .4 .2
MgO .14 97 .86
Al (alloy) .35 .10 .65
Nickel (polished) .32 .06 .68
White porcelain .43 .90 .57
SiQ over Al .20 .23 .80
Lead Carbonate
White Paint .05 .95 .95
Tabor Surface .90 .10 .10

The length of time that the satellite is exposed to the sun's rays is determined by the time
of year, time of day, and lounching angle as detesmined by earth system coordinates, the

*Tt is also a function of the temperature of the surface and the wavelength of the incident
radiation; however, these two quantities may be considered constants.
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altitude of the orbit, and the eccentricity of the orbit. For purposes of simplification, a
circular orbit was assumed in this analysis. Figure 111-1 shows the effect of altitude on
period and velocity of a satellite in a circular orbit. The effect of time of year and time
of day on the percentage of the orbital period that it is exposed to solar radiation is illus-
trated inFigures [11-2 and 1]1-3. Throughout the subsequent analysis the only factors
considered affecting the percent of time in sunlight for an orbiting satellite are the
altitude, h, and the inclination of the orbital plane to the plane of the ecliptic, 8 .
Thus the percent of time spent in the sun for a circular orbit at a given altitude and
inclination may be calculated from the following formula:

H1=10 when ¥ >90-8

(n
B 1 =(90+¢ )/180 when ¢ > 90 - B

where BT Is the eclipse factor (% time in sun) and ¥ is the angle at which the satellite
goes into the earth's shadow.

Re
VTR h

where Re is the radius of earth (=~ 3959 miles) and h is altitude of orbit.

The effect of altitude and orbital inclination on the eclipse factor is itlustrated in Figure
[11-4. Eclipse factor as a function of altitude and orbital inclination is plotted in Figure
i11-5. Note in Figure I11-5 that the eclipse factor is a double valued function of altitude.
For example, at any given altitude the eclipse factor, K1, is either 1.0 or some value
between 0.5 and 1.0 which is independent of orbital inclination, 8. For an orbit lying
in the plane of the ecliptic, 8= 0, the satellite will spend a maximum of time in the
shade; e.g., a 100~mile circular orbit lying in the plc'ne of the ecliptic, 8=0°, will
have an eclipse factor KT = 0.57 and an orbital period p = 90 minutes (see Figures |li~1
and 1l[-5). Thus the satellite will spend 43% of its orbital period or 39 minutes in the
shade of the earth. For an orbit perpendicular to the plane of the ecliptic, 8 = 90°, the
percentage of time spent in the sunlight may vary with time of day and time of year of
launching as iflustrated in Figures 111-2 and 111-3. In the ensuing analysis, however, we
will consider such polar+ype orbits, 8=90%, to be continually exposed to the sun's rays,
i.e. pT=1.0. This would be equivalent to assuming that the polar-type orbits are
launched at dawn or sunset (see Figure 111-3), and at the time of the year indicated by
positions 1 and 5 of Figure 11]-2,

The effect of satellite shape and orientation on the direct solar radiation received by the
satellite is illustrated in Figures 111-6 and Ii1-7. For purposes of simplification in the
subsequent analysis, the shape of the satellite is assumed to be spherical. In this case
the orientation does not affect the total amount of solar radiation received, since the
cross-sectional area presented to the sun's rays‘remains constant. The location of local
hot spots on the outer skin surface, however, will depend on the orientation.
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EFFECT OF TIME OF DAY ON ECLIPSE FACTOR

DAWN OR SUNSET LAUNCHING
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EFFECT OF ALTITUDE AND ORBIT INCLINATION ON ECLIPSE FACTOR
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ORBIT 2.

ORBIT 3.
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EFFECT OF SATELLITE CRIENTATION ON DIRECT SOLAR RADIATION RECEIVED BY SATELLITE
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EFFECT OF SATELLITE ORIENTATION ON DIRECT SOLAR RADIATION RECEIVED BY SATELLITE
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Thus the average solar radiation absorbed by the satellite during one revolution is
B= SAc (1-C1v) MT (3)

where S is the solar constant, 1400 watts/squaremeter, and A_ is the satellite cross-
sectional area exposed to the sun's rays.

1.2 ENERGY ABSORBED FROM EARTH
The amount of energy radiated to the satellite from the earth is in the form of reflected
sunlight which is in the visible wavelength range and thermal radiation which is in the

infra-red range.

Reflected Sunlig_bl

We will assume an average visual albedo for the earth, ar, of 0.34. We will further
assume that the satellite receives reflected radiation only from the earth's surface

vertically below it. The reflected sunlight incident upon the satellite at any given
time is

Ir = 1400 ap cos Qcos B (4)

where 0 is the geocentric angle of the satellite in orblt as measured from the noon transit,
The effect of variation in orbital inclination, 8, and orbital position, @, on the reflected
solar radiation received by the satellite is illustrated in Figures I1I-8 and {li-9. Since we
are considering only reflection from directly beneath the satellite and since this is possible
only during 1/2 the orbital period, we may integrate the term cos 8 over the complete
orbit considering only the positive values of cos © and thus arrive at an average value of

cos B8, e.g.: 2n T /2

Jo cos ©dO _ 2fnc059d9
2 2

cos 9 = =];

Thus the average reflected radiation absorbed by the satellite during a complete orbit is

a
C=SA, (1-a,) “_E cos B8 (5)

Thermal Radiation

The infra-red thermal radiation from the earth may be calculated on the basls of black
body radiation from the earth at 250°K, as was done in Reference 27, or by considering
the combined characteristics of the earth's surface and atmosphere and calculating the

long wave radiation to space from a composite of their separate characteristics, as outlined
in Reference 26. In the latter case we will be faking into account the absorption of
radiation of certain wavelengths by the water vapor and CO3 in the atmosphere. A table
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EFFECT OF ORBITAL INCLINATION OM REFLFCTED RADIATION RECEIVED BY SATELLITE
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is given in Reference 26 for infra-red radiation from the earth as a function of the earth
surface temperature. Assuming an average earth surface temperature of 14°C, we have a

radiation flux of 188.5 watts/square meter. Thuys the average infra-red radiation absorbed
by the satellite during one orbit is

D=188.5 €p, A, (6)
where ¢ = the infra-red emissivity or absorptivity of the satellite.
1.3 ENERGY BALANCE WITH NO INTERNAL POWER GENERATION

Summing up the average energy inputs to the satellite during one complete orbit and
equating them to the thermal radiation from the satellite:

B+C+D=Q (7)
or SACU—GV) BT + SAC(]—OV) (_:_rEcos B +188.5 EIRAC = ¢R ASTI‘\‘A

where ois the Stefan-Boltzmann constant, 5.67 x 1078 watts/square meter - °K, Ty, is
the average equilibrium skin temperature during one complete orbit,and Ag is the suhr/éace
area of the satellite (for a spherical-shaped satellite, A; =4A.). Thus, in the absence
of internal power generation, the average equilibrium skin temperature of the satellite,
TM’ during one orbit is:

3 1/4
Ty, - (1-a,)1400(Hy + 77 cos8) + €R 188.5-\ (8)
4 ¢g5.67 x 1078

_

Note that in the absence of internal power generation the average equilibrium skin
temperature of the capsule is a direct function of the ratio of its absprptivity for solar
radiation to its emissivity for infra-red radiation ( « /e lR)'

1.4 ENERGY BALANCE WITH INTERNAL POWER GENERATION

The heat energy input to the capsule from the generation of internal power (W) may be
included in Equation 7 as follows:

B+C+D+W=Q (9)

How it is transported to the radiating surface is not being considered at the moment. The
average equilibrium skin temperature of the satellite during one orbit then becomes:

.34 1
(1-a,}1400( 1 + ¥ cosB)t « [r 188.5 + W/A, /4 (10

Tm =

4 ¢|g 5.67 x 1078
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Curves of the average equilibrium skin temperature during a complete orbit as a function

of the surface characteristics and internal power level are shown in Figures [1-10a through
10h for a 100-mile circulor orbit with the orbital plane both parallel and perpendicular

to the sun's rays. An abbreviated list of materials that might be used for the outer surface
was presented in Toble 111-1,

It will be noted that Ty in Equation 10 is no longer a direct function of the absorptivity-
emissivity ratio but is now also affected inversely by the value of the infra-red emissivity
coefficient.

Sample Calculation:

Consider a satellite coated with lead carbonate white paint in a 100-mile circular orbit
where the plane of the orbit lies in the plane of the ecliptic. Let the diameter of the

spherlcal-shaped satellite equal 2 meters and assume an internal heat generation of 3.4
kilowatts:

h = 100 miles

¢ = cos™! RE/(Rg + h) = cos™! (3959/4059) = 12,74°
A= g0

v<90 -8

MT = (90 +¢)/180 = 102.74/180 = 0,571
Ac="d /4 =m4/4= r=3.1416 square meters
W/Ac = 3400/3.1416 = 1080 watts/square meter

o, =0.95
‘IR=0,95
.34 1/4
1. = (3} - .95) 1400 (.571 + n ) + .95(188.5) + 1080
M=
4(.95) 5.67 x 1078
= 280°K = 44°F

This may be compared with a temperature of -136°F which would be the resulting average
equilibrium skin temperature for the case described in the cbsence of internal heat
generation. The example chosen for this sample calculation is a limiting case of the
maximum allowable internal heat generation that can be handled solely by adjustment

of the outer surface characteristics (see Figure 1li-11). Heat loads In excess of this will
require additional refrigeration equipment.

N5 CYCLIC VARIATIONS IN SKIN TEMPERATURE

The magnitude of possible variations in the outer skin temperature may be calcutated on
the basis of the average equilibrium skin temperature in the sun or in the earth's shadow.
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, Ty, , °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE
DURING ONE COMPLETE ORBIT AS A FUNCTION OF
SURFACE CHARACTERISTICS AND INTERNAL POWER LEVEL
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TM ., °F

AVERAGE EQUILIBRJUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNAL
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TM . °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND [INTERNAL
POWER LEVEL
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TM , °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNAL
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AVERAGE EQUILIBRIUM SKiN TEMPERATURE, TM , °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TM . °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNMNAL
POWER LEVEL

1300

1200

1100 h = 100 miles

g = 90°

w = 100 watts
meterd ——

1000

200 U

800

700

600 \

500

Visual Albedo, a,
[

300 “ \\\ /:i%')o
NS
N

\ \
100 O
“

400

\— T =70°F )
\
\L

0 .1 .2 .3 .4 .5 N 7 .8 .9 1.0

INFRA-RED EMISSIVITY, ¢ R

FIGURE HI-10f

144



AVERAGE EQUILIBRIUM SKIN TEMPERATURE,TM , °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNAL
POWER LEVEL
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, T, , °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE
ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNAL
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ALLOWABLE INTERNAL HEAT LOAD AS A FUNCTION OF SURFACE CHARACTERISTICS
AND A 44°F AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING ONE COMPLETE ORBIT
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For the sunlit portion of the orbit the average equilibrium temperature is:

.{.
(1-a )1400(1.0 + =) ¢ g 203.4 + W/A_ th))

-8

where the term involving reflected radiation is now averaged over only one-half the orbit
and the thermal radiation flux from earth is now based on an average daylight earth surface
temperature of 24°C,

During the shaded portion of the orbit there are only two energy inputs involved in the heat
balance equation, i.e., the internal heat load and the thermal energy radiated from earth.
Since both of these quantities may be considered constant, the equilibrium temperature is
assumed constant throughout this interval. Thus the average equilibrium skin temperature
during the shaded portion of the orbit is

1/4
['EIR 175.2 + w/AJ (12)

Lz: < g 5-67 x 1078 ‘

TMIN =

where the thermal radiation flux from the earth is based on an average night time earth
surface temperature of 40C,

Applying Equations 9 and 10 to the example previously considered in the sample calcula-
tion, we obtain:

_ 1/4
(1 - .95)1400(1.0 + .216) + .95(203.4) + 1080
TMAX = | =
4(.95) 5.67 x 10 |
= 282°K = 48°F
1/4
T _[('.95)(175.2) + 1080
MIN 14(.95) 5.67 x 1078

= 276°K = 37°F

In this example the internal heat generated is seen to have a significant stabilizing effect
upon the variation in skin temperature experienced during one orbit. Since the period the
satellite spends in either sunlight or shadow is relatively short {approximately 45 minutes)
the thermal capacity of the shell will have a further stabilizing effect. Curves of the
average equilibrium skin temperature during sunlit and shaded portions of the orbit as a
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function of surface characteristics and internal power level are shown in Figures [11-12 and
HI-13for a 100-mile circular orbit with the orbital plane lying in the plane of the ecliptic.

1.6 DiSCUSSION OF RESULTS

In analyzing the complicated temperature control problem, several simplifying assumptions
were made and certain factors not considered in detail, since to do so would require a
major effort on just this section alone. The ensuing discussion is an attempt to cover the
more salient points of omission in the preceding analysis.

For purposes of simplification, all of the preceding analysis was conducted with reference
to a spherical-shoped capsule. Since the average satellite temperature is directly affected
by the ratio of projected area to surface area, the shape must be taken into account when
considering a particular satellite. In Reference 27 the comparison is made between a
cylindrical-conical shaped satellite and a sphere. Depending upon orientation, the
cylindrical-conical shaped capsule is shown to achieve an average temperature 30°to 40°K
higher than the sphere.

Throughout the analysis, the assumption was made that the entire shell surface is at the
same temperature. The justificatlon for this assumption will depend on three factors: (M
the internal heat load may be applied to the outer shell so as to produce a uniform
temperature distribution; (2) the satellite may rotate, thus producing a uniform temperature
distribution; (3) the rate of heat conduction through the material of the shell may ol fow
for a uniform temperature distribution. The latter point is examined in detail in Reference
28 for the steady-state case of a spherical-shaped aluminum ailoy satellite with negligible
internal heat load. Temperature distribution in the shell is plotted os a function of RZ/t,
where R is the radius of the shell in inches and t is the thickness in inches. For a value
of R2/t = 104 the maximum variation from the surface temperature based on Infinite con-
duction is £20%. This variation decreases exponentially as R%/t > 0. For the size
satellite considered in our sample calculation, d_ = 2 meters, an aluminum shell 1/8 inch
thick would be affected to this order of magnitude.

The problem of transient conditions Is examined in Reference 26 for the spherical-shaped
satellite. This analysis validates the calculation of the average equilibrium temperature
based on the average of the day and night radiation received by the satellite. The problem
is analyzed in more detail for a cylindrical-shoped satellite in Reference 29. In this case,
extreme variations between -150°to 380°F are encountered on the sunlit end of a 0.020-inch
titanium skin cylinder that is stabilized with one end facing the sun. The variations are
cyclic over a period of 1-1/2 hours. The variations of mean skin temperature for the
cylinder sides, however, are kept to within £120°F of the average temperature for one
orbit. The orbit in this case Is in the plune of the ecliptic, which is the case resulting

in the most extreme range. The conclusions of this analysis are that the smaller the ratic
of absorptivity to emissivity, the lower tne mean skin temperature and the smaller the
cyclic varlation. Also for a given ratio of a /¢ ,,, the smaller the individual values of

a and  €|R, the less the temperature variation becomes. Internally generated heat was
not considered in this analysis.
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TMAX °f

AVERAGE EQUILIBRIUM SKIN TEMPERATURES DURING SUNLIT PORTION
OF ORBIT AS A FUNCTION OF SURFACE CHARACTERISTICS AND INTERNAL
POWER LEVEL
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TMAX °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURES DURING SUNLIT
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AVERAGE EQUILIBRIUM SKIN TEMPERATURE, TMAX, OF
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AVERAGE EQUILIBRIUM SKIN TEMP, TM[N . °F

AVERAGE EQUILIBRIUM SKIN TEMPERATURE DURING SHADED
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iM.7 NOMENCLATURE

Albedu of earth, ratio of reflected to incident light, « 0.34
Visual albedo of the sateliite

Cross-sectional area of the satellite, square meter

Surface area of sateljite , syuare meter

Direct solar radiation absotbed by satellite, watts

Angle between the crbit plone and the sun-earth fine, degrees
Reflected solar radiation absorbed by satellite, watts

Thermal radiation from earth absorbed by sotellite, watts
Infra-red emissivity

Altitude of the orbit, miles

Eclipse factor (% of time in sunlight)

Reflected soler radiation incident on satellite, watts/square meter
Orbital period, time to complete one revolution, hour

Angle at which the satellite goes into the earih's shadow, degrees
Thermal radiction from capsulc to space, watts

Radius of earth, 3959 miles

Solar constant, 1400 waits/squure neter

Stefan-Eoltzmann constant, 5.67 x 1073 watis/squote meter —OK4
Average equilibrium skin tempzrature for complete orbital period
Avercge equilibrivm skin temperaiurs for suntit period

Average equilibrium skin tenperatuie for sneded period

Outer skin tempersture of sciellite



NOMENCLATURE (Continued)

9 Geocentric angle along orbit, measured from noon transit, degrees
v, Velocity of satellite relative to the upper atmosphere, mps
W Internal heat {power) generated, watts
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APPENDIX v
SYSTEM WEIGHT/POUND COMPRESSED OXYGEN STORED (SPHERICAL TANKS)
Consider volume of tank as V,
(1) Then weight of tank = P At = Wy (spherical tank):

t = Pr/(2sE-P) = Pr/2sF where s » P

Therefore
2
wp= A PrATt eV oy
2sE 2sE sE

If Ti-GAl-4Vis used, ultimate stress is 160,000 psi . Dividing this by safety factor of 1.5
gives 107,000 psi for sE.

Thus Wy = 1.5 x {280/107,000)PV = 39.2 x 1074 py

where P is expressed in pounds/square inch, V Is expressed in cublc feet, and Wi is
expressed in pounds,

{2) Gas weight (Wg) for fixed volume, V; oxygen at 70°F:

W, = 32n = 32PV/ZRT = 32:P-144-V _ 50 5 104 (pv/z
e ST x 107 (Pv/2)

Weight of system/weight of gas = S = 1 + {weight of tank)/(weight of gas)

L2.1074.
S=14+ 39.2 PV =1+ .695 2

56.5-1074.(Pv/2)

If perfect gas assumed Z = 1, therefore S =1.695 = 1,70 pounds system/pound oxygen.
Thus if perfect gas law could be assumed over possible storage pressure range, the valve
of 5 would be independent of the storage pressure. At high pressures the compressibility
factor Z may vary considerably from unity, It may be estimated from compressibility
factor correlations based on reduced pressures (Pr) and temperature (Tr) of any gas. Thus
for oxygen the critical temperature (Tc) is ~119°C and the critical pressure (Pc) is 49.7
atmospheres. At 20°C:

Tr=T/Tc = (273 + 20)/(273 - 119) = 293/154 = 1.9

Pr=P/Pc = P/49.7
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From Z versus Tr and Pr Plot (Ref. 52), Z = 0.95 to 1.15 for all Pr's between 0.1 to 10.0
at Tr of 1.9.

Thus for all pressures between 5 and 500 atmospheres, i.e. 70 to 7000 psia:

S=1+0.695(0.95 10 1.15)
= 1.66 to 1.80 pounds system/pound oxygen

Minimum weight considerations therefore favor low pressure storage, but additional weight
penalties (beyond the storage tank proper) would be incurred at high tank volumes, so
some compromise would be sought. However, the system/gas weight ratio may be pegged

sufficiently at this point by the above ratio, i.e.:

502 = 1.66 to 1.80 pounds system/pound oxygen.

Additional Nomenclature

Py = Density of material
A = Surface area of tank
\'% = Volume of tank
r = Radius of tank
t = Shell thickness
$ = Design stress
E = Joint efficiency
P = Storage pressure
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APPENDIX V
OXYGEN DERIVED FROM WASTE PRODUCTS

V.1 ELECTROLYSIS OF WATER

This requires a theoretical minimum of 1860 watt-hours/pound oxygen produced at ordinary
temperatures and pressures. The maximum theoretical energy available from the most
energetic chemical systems is about 3 kilowatt-hours/pound (see Table 4-6).

As no electrochemical cells have been devised for the production of power from these
chemicals, some form of heat engine must be used to convert to electrical energy.
Assuming overall efficiency of even 50% in the motor generator unit and 85% in, the
electrolysis cell, an overall efficiency of 42% (1.28 kilowatt-hour/pound chemicals) is
the best that can be expected. Thus at least 1.5 pounds of chemicals would be needed

to produce 1 pound of oxygen. Chemicals alone make this system heavier than a cryogenic
storage system. The process con be used only where the weight/kilowatt-hour of energy
required is much less than that available from chemical systems, e.g., in solar power
plants operating over long durations or nuclear power plants.

V.2 REGENERATION OF OXYGEN FROM CARBON DIOXIDE BY CHEMICAL METHODS

One scheme that has been proposed (ref. 32) forthe regeneration of oxygen from carbon
dioxide is summarized by the following steps:

COy + 4Na —m 2NayO + C (1)
2Nap0 + 2H,0—= 4NaOH (2)
ANaOH-—=— 4Na + 20, + 2H, (electrolytic process) 3)
2H, + 20, —=2H,0 + O, (4)

The sum of Equations 1 to 4 Is the net reaction
COz—-»-—-C + 02 (5)

This process would remove COy and produce oxygen and so is competitive, on a weight
basis, with LOX at 1. 15 pounds/pound Q, and LiOH ot 1,35 pounds/poundCOz. The
total system weight is 1.35 + 1,15 (32/44) = 2.2pounds/pound CO,.

The above reaction can be eliminated by energy considerations alone. In the hydroxy
fuel cell one kilowatt-hour requires one pound Hy-O3. The minimum reversible energy
required for Equation 5 is 1.12 kilowatt~hour/pound COy (see Tabie 4-6), assuming that
any energy available in Steps 1, 2, and 4 is recovered. Actually, because of the
relatively small flows involved, no attempt would be made to recover energy and the
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energy requirements would be controlled by Step 3. This is 362 kilocalories for the
reaction as written or 4.34kilowatt-hours/pound CO2. The 4.34 pounds H,-O, re-
quired as the energy source is practically twice the weight of the system it is meant to
replace. Regeneration of oxygen from carbon dioxide will probably never be worthwhile
using chemical energy sources.

V.3 REGENERATION OF OXYGEN FROM CARBON DIOXIDE USING
BIOLOGICAL RECYCLING PROCESSES

The production of foodstuffs and oxygen from CO2 and waste water would be the ideal
reaction. The typical reaction is:

(sucrose

AF for this reaction is 1.05 kilowati-hours/pound of reactants or products. The energy
required (light) would come from chemical fuels through the conversion steps indicated
below. The efficiency of each conversion has been subject to various degrees of
optimism. The maximum and minimum values are indicated.

Chemical fuel-melectrical energy-m—active light-=—carbohydrate + oxygen

Minimum 20 20 10
efficiency,%
Energy/pound
fuel, kwhr 3.0 0.6 0.12 0.012
1.0 _g7
Pound fuel/pound reactants or products = ===
0.012
Maximum 50 20 45
efficiency, %
Energy/pound
fuel  kwhr 3.0 1.5 1.35 0.61
_1.05 _
Pound fuel/pound reactants or products = 5aT - 1.7
Average 35 55 28
efficiency, %
Energy/pound
fuel, kwhr 3.0 1.05 0.58 0.16

Pound fuel/pound reactants or products = %—?—2- = 6.5
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Such a system would replace 0.47 pound sucrose + (1. 15:0.53) = 0.61 pound O,
cryogenic storage system + (1.35-0.725) = 0,98 pound LiOH (for CO, absorption) =
2.0 pounds total. Conventional storage systems are equivalent to the most optimistic
regenerative estimates and are likely to be several times better.
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APPENDIX VI

MOLECULAR SIEVES FOR CO5 ADSORPTION

Figure VI-1 is the equipment layout for a two-column adsorption unit; adsorber A is being
used for adsorption while unit B is undergoing regeneration.

The cycle time is controlled primorily by the time required for regeneration and cooling.
Linde recommends a two-hour regeneration period at 400°F with the system exposed to the
vacuum of space. One additional hour is

used for cooling. With the simultaneous TWO-COLUMN ADSCRPTION UNIT
adsorption of CO, and HOH they recom-
mend 3.5% loading for CO, and 10%
loading for water vapor. Since the CO»
to be handled is about 0.1 pound/hour,
the weight of sieves required for COy is
—-—0%:335 = 8.6 pounds per canister. Since
the HOH to be removed is also 0.1 pound/
hour, the weight of sieves required for the
section Is -(05—-313- 3 pounds per canister. A B
Thus sieves required for two canisters
weigh 23 pounds. This will eccupy a
volume of 0.5 cubic foot { # sieves = 45 -
pounds/cubic foot. The heat required to

bring the material up to 400°F is the sum

of (a) the sensible heat of the sieves i
{Cp = 0.25 Btu/pound-°F), (b) energy
required to desorb H,O (1800 Btu/pound
H,O desorbed), and (c) energy required
to desorb CO.,, (350 Btu/pound CO FIGURE VI-1
desorbed). Tﬁe total heat required for

regeneration is

To space

To cabin To cabin

T
~s
Y

Motor Blower

impure Air

q = 0.25 (400-70)11.6 + 1800-0.3 + 350-0.3 = 965+ 540 + 105 = 1610 Btu or
an averoge of 1610 = 540 Btu/hour.
s

If the elecirical power is used for heating, this is equivalent to 0.158 watt.  Assuming
about 10% heat loss brings the power level to 175 watts.

At a weight penalty of 2.5 pounds chemical power system/kilowatt-hour, this Is equiva-
lent to 0.44 pound/hour or 10.5 pounds/day. This power penalty is generally greater than
the combined weight of an LiOH dehumidification system, especially if one uses cryogenics
for dehumidification. The regenerative power requirements are theoretically independent
of the cycle time, so the only means of decreasing the power welght penalty are:(1) use
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solar or nuclear energy, (2)use waste heat from the power unit, or (3) remove HOH load
from molecular sleves by some other means (condensation by heat exchange with cryogenics
required for power or as part of thermal control unit, i.e., cooler).

Solar and nuclear energy have been excluded from this study for reasons already cited.
The removal of the moisture load from the sieves seems the next best solution. Assuming
that the moisture has been removed from the air stream before reaching the molecular
sicves, the COq adsorption system may be re~evaluted.
From the adsorption isotherms of Figure VI-2, the equilibrium adsorption is 6.4% for o
partial pressure of CO5 equal to 4 millimeters mercury. Assuming that the dynamic
capacity Is 80% of the equilibrium value, the CO2 loading is 6.4 to 0.8 = 5%. Fora
three~hour cycle, sieves required for COg removal weigh 3 =6 pounds/canister, or
U.05
12 pounds for two.
Energy requirements are:
a. Sensible heat = 83 Btu/pound sieves
b. CO, desorption energy = 350 Btu/pound CO9 desorbed
g = 6°83+ 350-0.3 = 500+ 105 = 605 Btu/canister
= 200 Btu/hour = 59 watts = 0.146 pound/hour of
chemical power system weight or 3.5/pounds/day.
(Only 2.6 pounds LiOH/day are needed to solve the problem by chemisorption.) In
addition to the weight of the sieves, one has to consider the weight of the canisters
designed to withstand 14.7 pounds/square inch to keep from collapsing when exposed to

vacuum, valving, piping and motor-blower unit.

These are estimated as follows:

FOR CO2 AND HOH REMOVAL BY SIEVES (X) FOR CO9 REMOVAL ONLY (Y)
Molecular sieve weight 23 Lb 12 Lk
Two Al canisters, 3/32 inch thick 8 4
Motor-blower 3 3
Three valves and solenoids 9 8
Piping, mounting, etc. 5 4
48 b 31 b
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LB OF CARBON DIOXIDE ADSORBED PER 100 LB DRY ABSORBENT
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If regeneration heat is supptied by fuel cell thermal outputs (avallable at 450°to 500°F),
an exchanger orea and additional valving is required as shown In Figure VI-3. It is
estimated that this would add 15 pounds to X (6 pounds for valves and solenoids) and 10
pounds to Y, bringing the total to 63 pounds for system X and 41 pounds for system Y.
Thus using LIOH for CO2 at the rate of 2.6 pounds/day would make the breakeven point
for system Y 15to 16 daysforoneman. The breakeven point for system X, i.e., simul-
taneous removal of CO2 and HOH with molecular sieves,depends on the alternate methods
considered. Comparing system X against the prototype design which depends on heat
exchange with cryogenics to remove HOH at practically no weight penalty (i.e., less
than 2 pounds) the breakeven point is 18 to 19 days, so there would be no polint In using
system X in this case.

Space

Cabin A Cabin

ALTERNATE ADSORPTION UNIT J\
"

PR 4 )Y
- N

|

faa
S

A

Impure Air
FIGURE VI-3

Other systems using molecular sieves are possible. One might use molecular sieves for
COq removal and siiica gel for HOH removal, for silica gel requires less adsorbent for

the HOH section (about half the weight required for HOH removal by molecular sieves).
At the same time it increases the CO,, capacity of molecular sieves and decreases weight
for the CO9 absorption section. Finally, adsorption of the water vapor by sillca gel makes
regeneration possible at a lower temperature since the main reason for the high temperature
Is to drive off water vapor. To copitalize on the use of both molecular sieves and silica
gel, however, it would be necessary to prevent the water vapor from passing through the
molecular sieves during the regeneration stage. This can be done only by using separate
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canlisters for each adsorbent or by adding more valving to reverse the flow from the
adsorption to desorption step. Since the hardware constitutes more than half the system
weight using these adsorbents, the potential weight savings of a dual adsorption system
cannot be ascertained without a detailed prototype design. A system using molecular
sieves for COq removal is so much heavier and more complicated than the relatively simple
solutions selected for the mission duration Involved in this study that it wos not considered
further in the prototype design.
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APPENDIX Vii
GAS EXPANSION ENGINES

The primary factor governing the system weight, including both hardware and fuel require-
ments, is the thermodynamic cycle. Thus for an engine of 1 percent efficiency, the work

obtained per pound mole of gas expended is W and equals (7 /100)W, where W _isthe work obtalned

for an adiabatic and isentropic expansion. For an ideal engine operating with% gas entering

at T} and Py and exhausting at Py, W, may be derived from thermodynamic considerations
and may be expressed as:

K-1
Wo = CoTi] 1 - (Pe/P1) K | Btu/pound-mol

where K is Cp/cw Cp Is the specific heat of the gos at constant pressure, and C, is the
specific heat of the gas at constant volume.

To utilize the moximum energy of a hot gas, larger expansion ratios and high initiaf
temperatures are necessary. Unfortunately, the initial temperatures that can be used in
present engines are {imited by the materials of construction rather than inherent limita-
tions in the combustion process, Thus a dituent is necessary to keep the inlet temperature
down to 2000°to 2400°R, High expansion ratios cannot be achieved across a single stage
of most engines because of leakage losses or clearance problems; therefore one must resort
to multiple expansions to achieve low specific fuel consumption.

Some idea of specific fuel consumption may be obtained by a thermodynamic analysis of
the hydrogen-oxygen system under the following conditions: Assume that hydregen and
oxygen are available at 600°R and 1000 psia and that materials of construction limit the
maximum temperature to 2400°R. Assume that the gases exhaust to 1 psia.

The specific fuel consumption using hydrogen as the diluent, single-stage burning, and
several heat exchanger efficiencies between the inlet and exhaust gases is plotted as a
function of engine efficiency (7} in Figure VII~1. With a much more complex system
involving a three-stage burning and expansion process, as indicated in the schematic
portion of Figure VII-2, improved specific fuel consumption can be achieved, as shown
by the curves. The improvement in SFC resulting from heat exchangers is also significant,
especially at lower engine efficiencies. One may conclude, therefore, that low SFC's
are possible but not without high ergine efficiencies and added complexity and weight

of equipment.

Specific fuel consumption is only one factor involved in system weight. Any optimization
study should also consider the weight of the power converting equipment and storage tank
for fuels. These factors offer no special problems; the mair uncertainty in the system weight
is in the mechanical engine efficiency attainable in the power range of interest. The
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inefficiencies are the sum of the individual losses around the engine. Examining these
losses for two general types of expansion engines, piston engines and turbines, indicates
the efficiencies that may be expected. The inefficiencies are a function of the power
level, but rather than attempt broad generalizations that would require an extended study,
we considered efficiencies in terms of a 10-kilowatt unit. This might be considered the
upper limit of the present requirements in the space capsule. A cycle pressure ratio of
500:1 with inlet pressure of 500 psia is considered compatible with the gases being stored
at 800 psia. The latter pressure is used for the fuel cell and would make the final welghts
of the various systems easier to compare. The inlet temperature is limited to 2060°R. A
marked improvement in performance can be achieved with a piston engine at high pressure
levels; therefore:, inlet and exit pressures of 1000 psia and 10 psia, respectively, were also
analyzed for this expander. ’

VII.1 PISTON EXPANDERS
Losses

In addition to the friction losses inherent in a positive displacement expander, radiation
losses are introduced because for proper lubrication cylinder wall temperatures are limited.
The radiation loss depends upon the gas temperature and surface area of the chamber, both
of which can be related mathematically to the stroke and bore. The friction losses are
due primarily to the piston friction with other losses due to valves, cams, sleeves,and
bearings. The friction losses depend upon the rotational speed, the stroke, the bore and
the various bearing loads. The various losses do not all have the same dependence on
these parametets, so a simple empirical relation for the total friction loss is difficult.

P The ideal expansion process through a piston
engine is shown at the left; the power ex-
P, P =constant traction is given by:
V= PVN = constant W= ¢ Pdv
constant
- or
Py P= constonf\ . N V3
W=(V2-V,) PoP2(V3-Vo)+PoV2 j i\-/n—
Vo V2 V3 v, VY
and finally v

n-1
- V2) ./Vo) = P2 ,_yg>+v2/v3 AT
W Pwa{va) (va) Py v3] XAl po)

This is the ideal "cylinder" work. Valve losses and the acceleration of gas particles (non-
equilibrium expansion), however, reduce extraction of work. The PV diagram is further
modified by the radiation of energy from the gas to the cylinder walls which, for proper
lubrication, must be kept at a temperature considerably lower than that of the gases.
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The effect of the valves and piston acceleration on the cylinder work will be given by:
Wi = ni A

(From representative engines 7 ; has the value 0.95.) The radiation loss is given by:
QR= UeA(TGM4 "de)

where TG is the mean gas temperature (°R), Ty is the wall temperature (°R), and A

is the chamber surface area.

A=2nD2/4+Dj

The radiation loss will be added to the friction loss and considered as part of the shaft
load. The friction loss per piston of the engine is given empirically by the expression:

HPg = K D 1 (N,/1000)2

where D is the piston bore In inches, [ is the stroke in inches, N is the engine speed in
fpm,

These parameters have been correlated from published data of various investigators (refs.
33 through 37) and the resulrs are presented in Figure VII-3. The references upon which
the curves are based include various losses in the friction loss which are not applicable
here (i.e., pumping loss, fan, etc.). From Reference 34, the portion of the friction loss
as given by curves A, C, D, E,ond F due to mechanical friction is approximately 50%.
Application of this rule of thumb would make these data consistent with curve B which
is the basis for the frictional losses calculated for the piston engine being considered.
The constant K, calculated from curve B, is 4.125 x 1073 and is assumed applicable for
our engine.

The diameter, stroke, and engine speed are also related to the volume flow of the engine
by the relation:

where n = 1 for single acting and 2 for double acting.

Optimum values of | /D may be obtained from these relations by minimizing the losses.
A value of I/D equal to 0.9 results in reasonable losses in addition to yielding tolerable
piston velocities. Further optimizations are possible with regard to W = PdV by varying
the expansion ratio and/or the admission (V2-Vo)/(V3-V,); however, these are beyond
the scope of this analysis. The performance as indicated is within 10% of the optimum.
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POWER LOSS DUE TO FRICTION
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A 12 6 7-3/8 33
B 6 3-13/16  4-3/8 34
C 8  3-3/4 3 35
D 8 3-7/16  4-5/16 36
E 8 3-1/2 3-1/4 37
F 6 32 4-1/8

FIGURE Vil-3
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Cycle and Configurations Considered for the Piston Engine

An attempt was made to utilize the piston expander for the entire expansion from 500 to

1 psla. However, the large volume flows at the exhaust conditions resulted in an ex-
cessively large expander for the final stage with prohibitive friction losses. An inlet
pressure of 1000 psia resulted in a very efficient piston expander. The low volume flows
which resulted produced reductions in engine bores and strokes with subsequent reductions
in friction and radiation losses at lower rotational speeds. No gear box is necessary since
the piston engine speed and generator speed are compatible. This, in addition to the
small engine weight, helps to keep the dead weight of the system at a minimum.

Both hydrogen and water were considered as diluents. Hydrogen, having a large Cp on
a per pound basis resulting in lower dilution requirements, would appear superior to water
as a diluent, However, water is easily condensed and may be recirculated, effecting

considerable saving in diluent weight requirements at the expense of added complexlty
{a space radiator) and dead weight.

The engines selected are described in Table VII~1(A and B) and are geometrically similar.
The initial expansion is with a single-acting piston succeeded by a reheat phase and
further expansion. The second expansion occurs with a double-acting piston. Working
fluid is fed alternately to both sides of the piston, thereby reducing the required stroke
and bore at a given speed with a subsequent reduction in the friction losses. Both engines

are jacketed with the diluent for cooling, thereby recovering most of the radiated heat
losses.

Three water~diluent systems were computed for system weights: (1) water carried on board,
(2) space radlator with 1 pound/square foot of surface, and (3) space radiator with 2 peunds/
square foot of surface (for meteorite protection). The results are plotted versus flight
duration (Figure 5-1). Although systems utilizing water storage have high initial weights
due to the space radiator, they are preferred for durations exceeding one day. This is

due primarily to the weight penalty of hydrogen storage.

VII.2 TURBINES

When considering a turbine for the large expansion ratios, excessive wheel speeds and

stage numbers are necessary to obtain maximum efficiencies from a turbine expander.

The interstage leakages, disk friction, and pumping losses associated with small wheels

at high rotative speeds prohibit their use. Utilization of a re-entry turbine while retain-
ing the advantages of multistaging reduces the pumping and disk windage losses appreciably.
However, a leakage loss (carry-over) Is introduced since the wheel for this type of turbine
alternately passes through arcs of high and low densities. This means that for stages
following a high density pass, only a fraction of the initial weight flow is available.
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Inlet Pressure
Exit Pressure

Inlet Temperature

Bore

Stroke

Speed

Weight Flow

Piston Power

Friction Loss

Shaft Power

Fuel Flow: H»p
O2

SFC

inlet Pressure
Exit Pressure

Inlet Temperature

Bore

Stroke

Speed

Weight Flow

Piston Power

Friction Loss

Shaft Power

Fuel Flow: Hj
O2

SFC

TABLE VII-1

SUMMARY OF ENGINE CONFIGURATIONS

A, PISTON ENGINE

Gas: Steam with hydrogen diluent
Number of expanders: 2

First Expander

Second Expander

1000 Psja 100 Psia
100 Psia 10 Psia
2060°R 2060°R
1.250 Inches 2.150 Inches
1.125 Inches 1.930 Inches
8000 Rpm 8000 Rpm
11.73 Lb/hr 14.95 Lb/hr
7.83 Hp 7.83Hp
0.40 Hp 1.86 Hp
13.4 Hp = 10 Kw
5.08 Lb/hr
9.87 Lb/hr

1.495 Lb/kw=hr

B. PISTON ENGINE

Gas: Steam with water diluent
Number of expanders: 2

First Expander Second Expander

1000 Psta 100 Psia
100 Psia 10 Psia
2060°R 2060°R
1.353 Inches 2.200 Inches
1.217 Inches 1.980 Inches
8000 Rpm 8000 Rpm
51.4 tb/hr 55.6 Lb/hr
7.76 Hp 8.37 Hp
0.44 Hp 2.28 Hp
1.34 Hp = 10 kw
1.38 Lb/hr

10.97 Lb/hr
1.235 Lb/kw=hr
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Inlet Pressure
Exit Pressure
Inlet Temperature
Weight Flow
Power Output
Diameter (Pitch)
Blade Height
Speed
Fuel Flow: H»
O
Power Qut
SFC

Inlet Pressure

Exit Pressure

Inlet Temperature

Bore

Stroke

Speed

Welght Flow

Friction Power

Radiation

Power Qut

Fuel Flow: O
Ha

Total Power

Total Fuel

SFC

TURBINE

Two-Pass Re~Entry Turbine
Gas: Steam with hydrogen diluent

Gas:

0.00165 Lb/sec
0.00164 Lb/sec
10 kw

First Stage Second Stage
500 Psia 10 Psia
10 Psia 1 Psia
2060°R 1783°R
0.00783 Lb/sec 0.00681 Lb/sec
7.22 Hp 6.18 Hp
4,58 Inches 4.58 Inches
0.150 Inch 0.150 Inch
60,000 Rpm 60,000 Rpm
15.0 Lb/hr
13.2 Lb/hr
10 kw
2.82 Lb/kw-hr
D. PISTON AND TURBINE
Steam with Hydrogen Diluent
Piston Engine Turbine
500 Psia 5 Psia
5 Psia 1 Psia
2060°R 2060°R
2.55 Inches 4.58 Inches Pitch Diameter
2.30 Inches 0.300 Inch Blade Height
5000 Rpm 60,000 Rpm
0.00329 Lb/sec  0.00472 Lb/sec
1.40 Hp -
0.67 Hp —-
9.47 Hp 3.93 Hp

0.00143 Lb/sec

17.0 Lb/hr
1.70 Lb/kw=hr
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E. SYSTEM "DEAD" WEIGHTS

Device: Piston Piston Turbine Piston-Turbine
Diluent Ho H20 Ho Ho
Piston Engine 8.4 9.4 - 14.8
Turbine - - 10.5 12.0
Gear Box - - 20.0 23.0
Combustors and Fuel Valves 10 10 5.0 10.0
Lube Pump ' 2.0 2.0 2.0 2.0
Oil and Tank 3.0 3.0 3.0 3.0
Lines 5.0 5.0 5.0 5.0
Generator 25.0 25.0 25.0 25.0
Voltage Regulator 2.5 2.5 2.5 2.5
Speed Control 3.8 3.8 3.8 3.8
H,O Pump - 10.0 - -
Space Radiator and HoO

at 2 Lb/ff2 of surface -- -~ 294 - -~

at 1 Lb/ft2 of surface -- 147 - - -
TOTAL WEIGHT 59.7 217.7 364.7 76.8 101.1
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The power extraction from a stage is:

P= (WO _ZWC) UAV“ + WCO U W}J
9 g

where P is the power, foot-pound/second
Wco is the carry~over flow from the stage, pound/second
W, is the flow into the stage, pound/second
U is the wheel speed at the pitch diameter, feet/second

AV, is the change In the whirl component of the absolute velocity,
feet/second

Wy | is the relative whirl component at inlet to the rotor, feet/second
ZW, is the various leakage flows including the carry-over.

All ledkages can be minimized by loading the first stage, thereby reducing the pressure
differentials across the leakage areas. The carry-over leakage is given by the expression:

Weo =W KgUCHh
where wc, is the density of the carry-over, pound/cubic foot
C is the rotor blade chord, teet
h is the rotor blade height, feet
kp is the displacement effect of the rotor blades.

The design may thus be optimized for stage loading variation, blade height,and blade
speed. The aerodynamic blading efficiencies for the sizes characteristic of the designs
being consldered are at present close to the optimum. Performance curves for turbines
of the type under consideration (Figure V11-4) have been based on the test data obtained
from present hardware.

Turbine performance Is seriously impaired by both leakage losses and speed {imitations
resulting in a high SFC (Table VII-1C). An exceptionally large expansion ratio across
the first stage of the two-pass pressure—staged re~entry tutbine selected, while main-
taining leakages within a tolerable limit, results in gas velocities that are incompatible
with high efficiencies and the wheel speed restrictions imposed. The rotational speed of

179



Overail Turbine Efflclency (%}

59

58

57

56

55

53

52

51

TWO-PASS RE-ENTRY TURBINE PERFORMANCE

!/

100 psia

7

\ (Code 2305 at 1600°F)
\ 350 psia

U = 1370 FPS

\

\

\350 psia (air)

2 4 6 8 10 20

Second Stage Pressure Ratlo

FIGURE Vii-4

180



40,000 rpm is a practical limit requiring @ gear box. From the component weights given
in Table VII-1E, It is seen that the gear box makes the largest contribution to the system
dead weight, aside from the generator (25 pounds).

VII.3 PISTON ENGINE AND TURBINE

Both the turbine and piston engine were seriously handicapped for operation with large
expansion ratios when using hydrogen as a diluent. However, the two in combination

would result in a considerable improvement in performance since it would be possible

to utilize each under its most favorable operating conditions. The piston engine, whose
performance is best at low volume flows, acts as the first expander whereas the turbine,

as the second expander, handles the volume flows which are detrimental to piston engine
performance. |t is possible to optimize the pressure ratio distribution between these two
expanders; however, the configuration as detalled in Table VII-1D has the maximum per-
missible pressure drop across the piston engine, thereby giving the turbine a more favorable
loading. The performance is greatly improved compared with the turbine alone (Figure 5-1).

VIi.4 SUMMARY

From theoretical calculations, specific fuel consumptions of less than T pound/kilowatt-
hour are possible with inlet pressures of 1000 psi, pressure ratios of 1000:1, and inlet
temperatures not exceeding 2400°R. Actual performance depends on engine efficiency.
Unfortunately, for the relatively low power levels being considered, efficiency data on
expansion engines are very meager. This is perhaps the greatest unknown in the evaluation
of expansion engines power processes discussed here. Indications are that a piston engine
results in the lowest fuel consumption but suffers from the high dead weight primarily due
to the space radiator. The use of hydrogen as a diluent for this engine results in a very
large expander in the final stage with excessive friction losses.

A two-stage, two-pass re-entry turbine, while proving fo have the smallest dead weight,
had the highest specific fuel consumption.

A combination formed by a piston engine to accommodate low volume flow rates at high
pressures followed by a turbine to accommodate higher volume flow rates has some merit
for short missions, but in long missions where fuel dominates the system weights, piston
engines are preferred.
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APPENDIX VI
SPHERICAL CRYOGENIC CONTAINER WEIGHTS

In any system involving the storage of a cryogenic liquid, the inevitable transfer of heat
into the liquid will ultimately manifest itself in the evaporation of the liquid or build up
of pressure on the container. If the liquid is not insulated sufficiently, venting over and
above the use rate will be necessary. This would result in needless loss of material, If
the liquid is over-insulated, i.e.,the insulation will not allow enough heat input to take
care of the required evaporation rate, the system will be penalized not only by the addi-
tional weight of excessive insulation, but also by the evaporator that may be required.
Logical cryogenic storage design will be determined by the amount of insulation necessary
for the anticipated use rate. Use rate is only one of two major parameters necessary to
evaluate insulation requirements; the other is the duration over which the fluid is to be
used. The longer the duration, the greater the need is for more effective insulation for
any given usage rafe.

In this study the system weight, expressed as pound system/pound gas stored, has been
evaluated for both hydrogen and oxygen in terms of the duration and use rate. The latter
parameter has actually been expressed in terms of power level requirements since it has
been assumed that the gases would be used for the hydroxy fuel cell. The system weight
curves so expressed may be readily converfed to pounds per hour usage rates by utilizing
the assumption that 1 pound of a stoichiometric mixture of hydrogen and oxygen will
produce 1035 watt-hour or that 1 kilowatt-hour is equivalent to 0.1082 pound of hydrogen
or 0.8586 pound of oxygen. It is important in using the system weights calculated to keep
in mind that the containers were designed for an operating pressure of 800 psi. Other
assumptions and restrictions concerning the results obtained will become evident in the
detailed discussion that follows.

VIII.1 DESIGN PARAMETERS AND CONDITIONS

a. Power levels considered were 0.3, 1, 5, and 10 kilowatts; durations
from 1 to 20 days.

b. The operating pressure of each tank was 800 psia. Ambient conditions
were assumed to be 14,7 psia pressure and 90°F maximum.

c. All tanks were assumed to be spherical,

d. Various insulation systems were considered for the above usage rates
and durations. High vacuum insulation (Dewar construction) was
generally sufficient for high usage rates and short durations. Either
Dewar construction with a radiation shield inserted between the
inner and outer shell and Dewar construction with insulating powder
filling the vacuum space is sufficient for our sforage systems.
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VIII.2 SHELL AND SHIELD WEIGHTS

The weight of the shell or shields is equal to the product of the surface area (A), thickness
(t), and material density (). Thus:

Inner shell weight =W, = p| 7 d? H

Shield weight =Wy = py ™ da 1,
2

Outer shell weight =W3 = r3 ™ djtg

Inner Shell Weighf_

The inner shell thickness is based on the design of a pressure vessel, I.e.:

t. = p] d]
2(251E7-Py)

Since 251E>> Py in this application (i.e., 214,000 > 800), we may use

45165

A lower limit of 1/16 Inch was Imposed on t, from fabrication considerations. The material
of construction chosen for the inner shell is titanium alloy Ti-6Al-4V. The selection was
based on the high strength-to-weight ratlo of this alloy in comparison to other materials.

It has an ultimate strength of 16,000 psi and maintains impact toughness at temperature
below -300°F. » =280 pounds/cubic/foot. The allowed stress (SyE;) was 160,000 psi,
giving a safety factor of 1.5 which is acceptable in aircraft design.

Shield Weight

The radiation shield consists of a light aluminum shell inserted between the inner and
outer shell. It carries no load except its own weight but is provided with a stiffening

ring around its support circumference. The thickness of the shield is assumed to vary
linearly with diameter and has a value of 0.025 inch for 40-inch diameter. The stiffening
ring is also made of aluminum and is 1/4 inch thick and 1 inch wide for @ 40-inch diameter
sphere. The weight of the ring was assumed to vary as the cube of the shield radius. The
shield diameter d, was assumed to be (d} + d3)/2. The density of aluminum is 166 pounds/
cubic foot.
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Quter Shell Weight

The thickness of the outer shell is based on its ability to resist buckling by the ambient
pressure. As such, the thickness may be calculated by the following formula:

2 1/2
fa = | Po d3 3{1 - ,,2)
8M

where p_ is the external pressure (psi), M is the modulus of elasticity of the material {psi),
and v is Poisson's ratio.

Alyminum was chosen for the outer shell because an aluminum shell weighs 20% less than
a titanium shell when using the above formula. With values of M for aluminum of
9,000,000 and v =0.36 and p_ = 14.7 psi, it was found that the use of the above
formula resulted in ridiculously thin shells for all except the very largest diameters. Thus
a minimum shell thickness of 0.080 inch was imposed on the outer shell, this thickness
being the minimum that aluminum fabricators clajm they can weld. A density of 166
pounds/cubic foot was used for aluminum.

The outer shell diameter was assumed to be 1.1 times the inner shell diameter with o
minimum spacing of 1 inch being imposed between the two shells to permit mounting the
supports for the inner shell and shield (when used). The preceding paragraphs have
established the basis for calculating the Individual shell weights for any container
diameter desired, with or without radiation shielding. Thermal problems associated with
the containers, and the evaluation of related hardware weights remain.

Vill.3 THE THERMAL PROBLEM

At 800 psia, which is above the critical pressure for both hydrogen and oxygen, the fluid
in the container is a single-phase material and no problem of phase separation in a zero-
gravity environment is encountered. This homogeneous phase is desirable since it
simplifies the problem of fluid transport and metering, i.e. the fluid may be "pumped"
out of the tank by heating it. Thus as the temperature of the fluid is raised, the amount
remaining in a tank of volume V Is:

_ PV

N = ———

P
ZRT

where n is the number of moles remaining in the tank, P is the tank pressure {800 psia and
constant), R Is the gas constant, T is the temperature of the fluid in the tank, and Z is
the compressibility factor of the fluid in the tank and is known as a function of P and T
for most gases,
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The fraction of fluid used up may be related to the temperature as follows:

Let the original number of moles of fluid in the tank be n, and at any other temperature,
n

x*
Ny =~ Mx
The fraction of fluid token out =T =F, = 1 -~ ("x/"o)

BU" no = PV/ZORTO ﬂnd nx = PV/ZXRTX

PV PV
Therefore F, = 1 - Z.RT, Z R, =1- ZoTo/ZxTx

Thus the fraction used up may be determined at any temperatute Ty by evaluating Zo at
800 psia and T, ond Z, at 800 psla and Ty. This has been done with both hydrogen and
oxygen using available PV data (ref. 39) for these gases. The results are plotted in Figures

VIHl-1 and VI11-2. No data were available in the portions of the curves indicated by
dashed lines.

The heat required to expel n moles of fluid from the container wil} vary depending on the
amount of fluid in the tank and the enthalpy of the fluid over the temperature range
indicated by A T. Enthalpy plots versus temperature for both hydrogen and oxygen are
given in Figures VIII-3 and VIlI-4.

The heat required to expel constant increments of fluid by raising the temperature may
not be determined. (The heat content of the tank is not considered as It is generally
Insignificant In comparison to the heat content of the fluid.)

Consider the expulsion of hydrogen in increments of 0.1n,,. The temperature must be
raised from 20°K to 299K (see Flgure VIII-1). The corresponding enthalpies are 80 and
100 calories/gram. The heat required, A Q) {Btu/pound) for the expulsion of the first
0. In, equals:
ng + 0.9ng
2
= 0.95n°M(100 - 80)1.8

M{H29 ~ H2p) 1.8

= 34.2 ngM

where n_ s the original moles contained, M Is the molecular weight of the fluid and
H is the enthalpy, calories/gram.
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For the second tenth Increment expelled AQ, = 0.85n,M(Hay 5 - Hyg)
For the third tenth Increment expelled A Qg=0.75n,M(H79 - Hiy4 5), ete.
The heat required per pound of fluid expelled equals:

A Q7= AQ/0.1n,M=9.5(Hp9-Ho0)1.8

A Qy= Qy/0.In;M=8.5(H3y. 5 ~ Hgo)1.8

[}

A Q3 = Q3/0.1n°M =7.5(Hz9 ~ Ha4 5)1.8
It becomes evident, therefore, that A Q', the amount of heat required per pound of fluid
expelled, will depend on the temperature level in the confainer, and the heat required
per hour will be the product of AQ' and the desired expulsion rate (M pound/hour). To
avoid fluid losses at any time, the allowable heat leakage into the container must not
exceed the minimum heat required to expel the fluid. Since for a given power level M
may be considered constant, a minimum AQ' must be selected. This may be calculated
for either hydrogen or oxygen,
Considering Hp for example:

QRequired = MAQ' where M = 0. 1082 P* Btu/hour when P* is rated power in kilowatts.

Therefore QRequired =0.1082P*A Q'

Q H - 1
_Ei‘Il;,g@_ =0.1082 AQ

(QReq;i"ed =0.22 Btu/kw from Figure Vill-5
MIN

.+ MIN Qpegyired = 0.22 Btu/hr.

From here on, the problem Is the evaluation of heat leakage into the system according to
conventional methods.

Evaluation of Heat Leakage Into System

(1) High Vacuum
For simple Dewar construction, i.e. high vacuum insylation, if the pressure of gas

between two concentric shells is maintained at 106 millimeters mercury or less; the
heat leakage Is determined solely by radiation across the evacuated space.
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The relation |s: 4 4

cAy (T -Ty%)
1 A i

RITL
1 Al €2

QR = (A)

where QiR is the heat transferred by radiation, Bty/hour
¢ Is 0,713 x 1078 Bry/hr-f12-OR4
A is surface area, square foot
T is the absolute temperature, °R

¢ is the emissivity
Subscripts1 and 2 refer to the inner and outer shells respectively.

Emissivities of all reflecting surfaces in the Dewar were assumed to be 0,03. These values
may be attained with careful preparation of such surfaces. As already mentioned, the
ratio between the outer and inner sphere diameters = 1.1. The outer temperature was
assumed never to exceed 90°F or 550°R. T would be the fluld temperature which would
vary, starting at 209K (36°R) and eventually reaching temperatures of 140%0 150°K
(252%0 270°R). In either case, If it Is remembered that the rate varies as T4, it becomes
evident that for practical purposes the outer temperature controls so T| was assumed for
the first condition 34°R and left constant throughout the calculations.

If the power level (P) = 5 kilowatts, QR must not exceed 22+5 = 110 Btu/hour for hydrogen.
Equation A may then be used to find the maximum size container that can be used. The
volume, weight, and duration may be determined by using 4.4 pounds/cubic foot as the

density for cryogenic hydrogen at 20°K and 800 psia. The duration thus calculated is
represented by the circle on the system weight/pound versus duration plot (Figures VIil-7,-8,
and-9. In this case the duration for a single Dewar container would be limited to 8 days at 5-
kilowatt power level. For greater durations and for lower power levels additional insula-
tion would be required. The most obvious improvement over the Dewar would be the
radiation shield. System weights for oxygen are given in Figure VIiIi-10,

(2) High Vacuum Plus Radiation Shield

The insertion of the light welight aluminum radiation shield into the evacuated space
between the two concentric spheres reduces the radiation losses. If all surface emissivities
are assumed to be the same, it may be theoretically shown that the radiation losses with
the shield are only 50% of those obtained without the shield. This results in a 280%
improvement in allowable duration. Further improvement can be made by insertion of
more shields or by the use of powder, the particles serving as multiple shields, in the
vacuum space.
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(3) High Vacuum Plus Powder or Multiple Shields

When the vacuum space is filled with powder or multiple shields, the radiation losses are
reduced to practically zero by the large number of surfaces avallable and the heat transfer
mechanism is primarily by conduction across the powder bed. Thus for such materials
between concentric spheres the following equation is used:

2

_ WK rtr2

Qc = (/VAT2-T) =4 "KL 2) ™ g (B)
2=

where Q. is the heat conducted, Btu/hour

K is the thermal conductance of the powder, Btu/hr-ft-°R
r is the radius of the shell
and the remaining symbols are identified under Equation A,

The thickness of insulation considered was on the basis of the 1.1 ratio between the
diameters with a lower limit of 1 inch.

The insulation used was the recently publicized "super" insulation developed by the Linde
Company (ref. 42). The matertal consists of 40 to 80 layers per inch of submicron glass~
fiber paper and aluminum foil insulated in the vacuum space, which must be maintained
under I-micron mercury pressure or less, This insulation which Linde designates as 51-4
has a density of 4.7 pounds/cubic foot and a thermal conductance of 0.025 x 1073 Bty/
hr=ft-°F between 80°F and -297°F if used under the above conditions. This material
proved adequate for even the lowest power levels and longest durations considered.

VIil.4 AUXILIARY EQUIPMENT AND HARDWARE WEIGHT

The remaining system weights, which include support cables, piping, valves, heaters,
temperature and pressure controllers, and regulators, generglly represent a small fractlon
of container weight. We found it convenient, therefore, to use the values reported by
DeHann and Piccone (ref. 43) in a detailed system study of the general problem. These
results may be summarized as follows:

Hydrogen Storage Oxygen Storage
Total Hardware Weight, Lb, 0.1Kw 1Kw 10Kw 0.1 Kw 1Kw 10Kw
Exciusive of Shells, Shield
or Super-insulation 7.8 8.4 1.5 7.6 7.8 93
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APPENDIX IX

HYDROXY FUEL CELL SYSTEM ANALYSIS

Welght of the generator Is based on average values obtained for Class |,

weights deseribed by Alexander et al. (Ref. 25, Table VIiII).

Summary of Data from TR 57-605 for Generator Analysis

Il and Wl generator

Class | Class 1l Closs Il

No. of cells 41 28 35
Welght of electrodes, Lb 7.5 5.3 5.3
Weight of electrolyte, Lb 2.0 1.7 1.7
Housing weight, Lb 5.0 4.0 4.0 | Incoloy
Ends weight, Lb 6.25 6.25 6.25 p= 7.8
Active Electrode Diam D, in. 5.0 5.0 5.0
Total Electrode Diam dg, in. 5.5 5.5 5.5
Thickness/electrode, t, in. 0.062 0.062 0.062
Electrolyte thickness, in. 0.062 0.062 0.062
Gas space thickness, in. 0.032 0.032 0.032
Thus, the average electrode welght/cell = 0.18 pound or

0,]8(d°2/5.52)(t/0.062) for any given diameter and electrode thickness. (a)
Average electrolyte welght/cell = 0.054 pound or 0.054(dx2/5.5%) {b)
Average shell weight/cell = 0.13 pound or 0-13(d02/5-52)( p/7.8) for any ‘

diameter and metal. {c)

End welght = 6.25 pounds or 6.25(d02/5.52)( /7.8) for any diemeter and metal.  {d)

If the total voltage required from the generator is Et and the voltage per cell is Eyt

E
0=t (e)

Eo

Er
Cell weight (W)} = n{{a)+ B)+ ()1 +(d) = 139 (a+b+c)+ (d) {f
do= D+0.5 (@)
D = 24 P where P Is the power level, watts

lcpEt lcp is amps/square foot of active area (h)
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The cell weight has been computed as a function of current density (Icp) for a total voitage
(E7) of 28 volts and 1 kilowatt power level (P} from the relations shown in (a) to (h). These
calculations are shown in tabular form in Table IX-1. They are based on the use of 0.062
inch thick electrodes and an Incoloy shell.

The cell efficiency and therefore the specific fuel consumption are also dependent on the
current density. The consumption of oxygen and hydrogen per day for a 1 kilowatt unit is
shown as a function of current density in Table [X~2. Also shown are the cryogenic system
weights, $ (gas plus container per pound of gas) as a function of current density and
duration (2,6 and 10 days) for each gas.

From such tabulations as shown in Tables IX-1 and 1X-2 the total system weight for a given
power level and duration may be readily computed as a function of current density. At an
optimum current density the total weight of the system {fuel cell plus fuel plus cryogenic
containers plus related fuel cell hardwarg is at o minimum. These minimum weights have been
summarized for both 1 kilowatt and 10 kilowatts power levels for 1-, 2, 6-and 10-day

missions in Table IX-3.

Table IX - 3
MINIMUM TOTAL SYSTEM WEIGHTS

For 1 Kilowatt

Duration Weighr
1 day 95 Lb 250 Watt-hr/Lb
2 days 126 Lb 380 Watt~hr/Lb
6 days 246 Lb 585 Watt-hr/Lb
10 days 366 b 655 Watt-hr/Lb

For 10 Kilowatis

1 day 386 Lb 620 Watt-hr/Lb
2 days 657 Lb 730 Watt-hr/Lb
6 days 1845 Lb 780 Watt-hr/Lb
10 days 2929 Lb 820 Watt-hr/Lb
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APPENDIX X

USE OF CRYOGENICS FOR COy REMOVAL
AND/OR DEHUMIDIFICATION

X.1 REMOVAL OF COp BY FREEZING OUT WITH CRYOGENIC Hj

The partial pressure of COy in the cabin air is limited to 4 miilimeters mercury, so the air
must be cooled below ~126.5°C (146.5°K) before COy begins to drop out. The heat to be
removed from the air to make this possible must equal the heat picked up by H2 in the
schematic arrangement shown In Figure X-~1.

SCHEMATIC FOR FREEZING OUT

Thus T4 may be assumed constant CO. WITH CRYOGENIC H
and equal to 20°K. Ho 2 GEN 2

As mentioned above, T must be

less than 146.5°K if CO, Is to

condense out., O—{ ] Pump

The mols of COq removed per T2 T
]

mel of air depend on the Initial

concentratlon and the value of »- T
2.
The initlal concentration of
CO, in the cabin alr is 4 milli- FIGURE X-1
meters mercury with a total
pressure of 5 psi (259 millimeters
mercury) .
Cy = —2_=0.0157 mol COp/mol air
259-4
If the concentration of COy in the exit alr (at point 2} is Cy,
- _P2 where po is the vapor pressure of CO, at To.
2 259-p,

The: vapor pressure of COg is plotted versus temperature and the value of Cy is plotted
versus temperature in Figure X-2.

The mols COy removed/mol air = Cy - Cg. Slnce 0.1 pound CO» must be removed per
hour (0.00228 mol ), the amount of alr to be passed through the exchanger is M:

_ 0.00228
M, = 2229228 mols/hour
TG G
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The heat to be picked up by the hydragen (0.108 pound/hour for one-kilowatt power rating
for the fuel cell) Is qy.

0.108 (h4-h3)l .8 Btu/hour where h are the enthalpies (calories/

9H =
gram) obtained from Figure VHI-3.
qy = 0.1945 (h4-80) hy is a function of T, and may be found
for Figure VIII-3 for various values of
Ty
4

qy is plotted versus T4 in Figure X~3 (shown as dotted line).

The heat to be given up by the air is ga:

ap = MyCoalTy = To)1.8 + 44C,M (he 0,1) - hc02(2) )gus+ (C1-CMq 44thcO,(1)"hcOpm)

- 0.00228 i) = 0.00228
where M, = 2220248 (mols of CO, - free air) =
SRR P 2 0.0157-HT )
C o = specific heat of alr/pound mol = 7.0

pa

(hco%E]) - hCOQ(Z)) gas = enthalpy lost by CO2 gos carried
through uncondensed (Btu/pounds), It can be obtained for
any temperature from Figure X-4 ,

hCO2m = enthalpy of solid COy at the mean temperature

of 140°K, Btu/pound, obtained from Figure X-4. T1 - T, =
temperature drop, °K or °C

Thus by assuming a value for To, the equation for q, becomes a function of Ty only. A
series of curves of qa, shown in Figure X-3 by solid lines, is obtained for the indicated

values of T2 and as a function of Ty.

M, E.a-7.o(T1-T2) +44C, (hcoz(” = hCcOg(g) ) gas + (Cy - Cp)a4 (hco219 - hCOgmﬂ

[t

A

]

g 2(1)g
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WORK DIAGRAM FOR FINDING AIR EXIT TEMPERATURE (T5)
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h, BTh/Hr

ENTHALPY OF CO, VERSUS TEMPERATURE
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T, p, mm Hg C,{mols CO,/mol air) Cy - C3 hC02(2) gas 44C2hC02(2)g

-126.5°C 146.5°K 4.0 0.0157 0 258 173
-128 145 3.13 0.0122 0.0035 258 138.5
-130 143 2.31 0.0090 0.0067 257 101.5
-135 138 1.04 0.0040 0.0117 254 44.8
-140 133 0.43 0.00167 0.0140 252 18.5
-150 123 0.06 0.00023 0.0155 248 2.52
-160 113 0.009 0.00003 0.0157 244 0.32

qp M, [12.6(T1 - Tp) + 44C]hCOZ(”g - 4'4('-'2hC02(2)gJ

I

Mq ll2.61‘1 +4C k0, ™ (12:6T2 ¢ 44C2hc:02(2)g)]

Within the temperature ranges that could be assumed for Ty, the enthalpy is a linear
function of the temperature. Thus, for any given value of Ty, the equation for qp Is linear
with respect to Ty and determination of two valuesof qp versus Ty will suffice for each
valve of T2 assumed.

When qp = 0, TJ) = T,. This becomes one point on the curve. For the second point,
assume Ty = 200°K. The following values may be computed for qa:

T] T2 T] "-T2 12.6(T'| "Tz) 44C]hC02

(g 44C2hc 02(2)9 CIA/MG Ma qA

200 146.5°K 53.5 675 +194 -173 696 0 -
200 145 55 692 +194 -138 748 0.65 485
200 143 57 717 +194 -101 810 0.34 275
200 138 62 780 +194 - 45 929  0.195 181
200 133 67 844 +194 -19 1019 0.163 166
200 123 77 970 +194 - 3 1161  0.147 17
200 113 87 1100 +194 0 1294  0.145 188

hCOZ(T)g = 281 Btu/pound

Cy = 0.0157 mols COy/mol air
= 44+0,0157- 28} = 194

44C1hC02(])g i5
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Since the heat to be picked up by Ha must be given up by the air streom, qH must equal qa.
Allowing ourselves a minimum of 59K for Ty - T4 to obtain reasonably small exchanger
area, the following temperatures obtained from Figure X-3willsatisfy the heat balance for
one kilowatt-hour use rate for hydrogen:

Il T2 T4
154°K 145°K 149%k
162 143 157
169 138 164
172 133 167
165 123 160
151 113 146

Any of the above values of the inlet air temperature (T1) are much lower than cabin alr
temperatures, so it is evident that a precooler will be required for CO2 removal by this
method if the Hp use rate is equivalent to one kilowatt. The two-kilowatt use rate curve
has olso been drawn in Figure X-3. The heat capacity of the Ho stream for this use ratfe
makes it aimost theoretically possible to remove COy from cabin alr without precooling.
However, any apprecicble temperature difference required between T and T4 would re-
quire a certain amount of precooling even at the two-kilowatt power level. Allowing
(Tj ~ T4) min = 59K, a value of 2.2 kilowatts may be extrapolated from Figure X~3 as
the minimum use rate for Hp if CO» is to be removed without precooling the air stream.

For the one-kilowatt power level, precooling the air stream for CO3 removal by cryogenic
heat exchanger may be accomplished by either (1) precooling with Q9 heat exchanger,

or (2) precooling by heat exchange with the cool COy-~free air. The choice Is to some
extent optional but selection of (1) will increase the capabilities of the concept and
permit smaller exchanger areas because of the larger heat content available in the
respective streams.

SCHEMATIC OF PRECOOLING WITH Oy HEAT EXCHANGER

To.  Cabin Air 70°F

T, O T o
O T 1 L . (294°K)

4 Ts >
HX2
209K
HX1
(
pure alr FIGURE X-5
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The preceding analysis indicates a maximum temperature of 172°K for Ty. This means

thal, if expulsion of O, from the container by heating is used, the maximum temperature
(T5 max) that could be attained by the Oy stream leaving the tank would be T,5 = 167°K.
As shown in Figure VIli-4, only 82% of the O, stored can be used if this temperature can-
not be exceeded. Theoretically, 67.8 pounds O2 are required (72 kilowatt~hours and 6
pounds per man). Since 5=1.2, the welght penalty would be 1.2 (67.8/0.82 - 67.8) =
1.2(82.8 - 67.8) = 18 pounds. This penalty may be compared with 9 pounds of LiOH
required to handle the CO7 problem, so obviously expulsion by heating would not be used
for the Oy. Therefore, an oxygen pump would be required for the lower power levels
(T.e., 1 kilowatt). If pumps are used for both fluids, then the minimum vsoge rate required
using the above arrangement to remove CO5 and HOH from the system may be computed
using a 5°K approach. Thus T, = 25°K

T, =289°K = Ty
Enthalpy increcse of Hy and Oy =

hH + ho

hy = 0.108 (hy-ho) 1.8; hy = 980 calories/grom

= 0.108 (890 - 80) 1.8; hyg = 80 calories/gram

1

0.194 + 900 = 174 Btu/hour

0
tl

o = 0.9419 (hg = hs) 1.8; hy = 60 calories/gram

>
]

o 0.9419 ]:60—(-33)] 1.8; hs = -33 calories/gram

= 158
hy + hg = 174+158 = 332 Bru/hour

Enthalpy of air stream with cabin air at 294°K

If all of HOH is removed (0.008 pound/pound air)

A hyop from HOH 70°F to Ice at assumed average of 273°K

1092 + h fusion + CP(294—273)

1092 + 80°1.8 + 0.5 (294-273)1.8

I

1092 + 144 + 19 + 1255 Btu/pound HOH
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For CO, at mean temperature of 140°K:

Ahcoz from 70°F to ice at 140°K = 320 Btu/pound
For alr Ah from 70°F to T = 0.24(294-7) 1.8 Btu/pound
The removal of 0.1 pound CO, requires circulation of

0.00228
50157 - 28.9 = 4.2 pounds/hour of air assuming that To<133°K

The removal of 0.1 HOH/hour requires the circulation of OOEJ:)B = 12.5 pounds air/hour

assuming exit air contains negligible amounts of HOH.

Thus if the above arrangement Is used primarily for COs removal, the least amount of heat
that has to be removed is from the lowest flow rates and lowest temperature. For all
practical purpose (within 1.5%), all of the COy is removed by the time that T, = 123°K.
Thus 4.2 pounds/hour of alr must be circulated. To determine the necessary fluid use rate
(in terms of P kw) to meet this demand, one has:

4.2(294-123) 0.24*1.8 + 320-0.1 + 1255+0,008-4.2= 332pP
1.82°171 + 32 + 42 = 332P
310+ 32+ 42 = 332P = 384

384
P=3% - 16k
™ 1.16 kilowatts

If the above arrangement is used for the removal of both CO9 and HOH to maintain a
satisfactory balance of these components in the environment, the minimum air flow rate is

0.1

R 12. 5 pounds/hour

Then the necessary use rate of fluids to meet this demand is approximately:
12.5(294-123)0.24+1.8 + 32 + 1255°0.1 = 332P
920+ 32+ 125 = 332°P = 1177

p = 177 _ 3 54 kilowatts

332

Thus the arrangement of Figure X~5 is inadequate to meet the requirements for either COy
removal at use levels below 1.16 kilowatts or removal of both CO5 and HOH af use levels
less than 3.54 kilowatts.
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Removal of both CO4 and HOH for use rates equivalent to less than one kilowatt may be
obtained by precooling of the air with the cold pure air stream at Ty in a third heat ex-
changer, HX3, os in Figure X-6.

SCHEMATIC FOR REMOVAL OF BOTH CO, & HOH FOR USE RATES
EQUIVALENT TO LESS THAN ONE KILOWATT

O3z

‘ T To Cabin Air

(T3 To 94°K, 50% RH

T, i4
. T
> T+ 900K " s
20°k | T8 HX1 5 HX2 r
- Té ‘ T7
Tio 02 H2
(pure air)
FIGURE X-6

All of the hydrogen and most of the oxygen will be fed to the fuel cell which may be con-
sidered outside of the environmental chamber. Thus, the maximum temperature of these
streams (Tg + T7) is dependent primarily on the design of a reasonably small HX3. On the
other hand, Tyq should be as low as possible since it will be fed directly to the environ-
mental chamber and can be used for cooling which in all probability will be necessary.
With the lowest value of T1qg possible, the weight penalties of any cooling system that
may be required may be kept to a minimum.

One may determine the minimum cabin cooling available for a one-kilowatt use rate of
the fluids using 5°K as the minimum approach, i.e., Tg + T7 = 2899K;

Enthalpy increase of Hp stream = 0.108 (h7-hg)1.8 + 0.194(980-80) = 174 Btu/howr
Enthalpy increase of Og stream = 0.942(hg-h5)1.8 +1.7 (60+33) = 158 Btu/howr
Total heat sink for one-kilowatt use rate = 175 + 158 = 332 Btu/hour

As before, if the arrangement (Figure X~6) is used for the control of both CO2 and HOH,
the minimum flow rate of air Is controiled by the amount of moisture to be removed.
Assuming a 5°K approach as a minimum, Tyg = 289°K:

Enthalpy decrease of air = 12.5(294-289)0.24°1.8 = 27 Btu/hour

Enthalpy stored in frozen HpO = 125 Btu/hour
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Enthalpy stored in frozen CO, = 32 Btu/hour
Total enthalpy difference between initlal and final states of air = 27 + 125 + 32 = 184 Btu/hour

Since 332 Btu/hour cooling available for 1 kilowatt equals 184 Btu/hour use rate, the
minimum use rate for the arrangement of Figure X-6 is

184
333 = 0.55 kilowatt

Using a one-kilowatt power level, we may find To:
0.24(294-T10)1.8°12.5+ 125 + 32 = 332

294-T, ) = 175 = 32.4
(294-Ty) 2.57.8°0.04

Therefore, Tyg = 261.6°K
Using a flow rate of 12.5 pounds/hour, removal of COy need not be complete, but may be
33% removed per pass. This would allow a vapor pressure of COy5 in the exit gas of
2.6 millimeters mercury = Tpax = 144°K. To provide some marginal A T, however, the

value of Ty is maintained ot 123°K.

The exchanger areas required may be estimated as follows:

Assume T = 123°K

261°K

I

Tio
12.5 pounds/hour of pure air circulated
CO, removed in exchanger HX1
Ty = T5 = 90°K
To T €1y = 123K

Balance around HX1:

12.5(T3-T5) 0.24:1.8+ 32 = 0.108 (hyy, - hpye)1.8

5.4(T3 - 123) + 32 = 0.108(332-80)1.8 = 49
T, - 123 = 49 -32

T3 = 126.2
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Around HX3, latent heat of HOH given up = 125 Bru/hour.

125 + 12.5(294-Ty) 0.432 = 12.5(261-123) 0.432 + 0.942(hogg - hyz3) -1.8+ 0.108(hp19-h123) 1 -8

745 + 0,942 (60 + 19)-1.8 + 0.108(980-432)1.8

745 + 134+ 107 = 986

It

5.4(294-T)) = 986-125

294-T, = 861 - 160
5.4
Ty = 134°K
Around HXZ2:

12.5(T;-T9)(0.24°1.8 = 0.942(h = hs) 1.8+ 0.108(hg ~ha) 4 1.8

5.4(T]-T3) 0.942-15+1.8 + 0.108(432-332)1.8

1

5.4(T]—T3) 25.5+19.4 = 45

14,

T.-T, =43 _ 8.3
Actually, Ty-Tg = 134-126 = 8°

To compute exchanger areos:

wa 2778 ~(3T)  (23-90) - (126-90) | 67 - 44% = 115%
AT, 2.3log (TZ-TB) 2.3log103 2.3- 0.456
e 36
3 = uAAT
o]
u i
17 = 1°A"115

A = 0.145 square feet
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HX2

AT - (126-90) - (134-123) _ 25 _ oo
m ” 7730578  2''1.8 = 38°F
2.3 log T

A = 1,20 square feet

HX3

About 75% of the heat transferred is between the airstreams; therefore:

At = Tomhig -(-Tyy) (294-261)-(134-123) _ 22

! To~T10 33 2.3-0.478~ 20
2.3 log \™y o7~ 2.3leg 11
17N
AT _ (To"Té)'(T] -T'”) 5-11 p
my = = —2 =75
2 ToTe 3 1
o ®
AT""av: 20°0.75+7.6 0,25 = 17°1.8 = 30.6°F = 3
b — qens
o 986 1°A°31
A = 32 square feet

Thus practically the entire exchanger area is in HX3. Since gaseous—gaseous heat ex-
changer is involved in all cases, the area may be considered predominately fins, both
external and internal to the tubing carrying the gases. If a value of 0.425 pound/
square foot Is used (equivalent to aluminum fins 0.03 inch thick) and 80% fin efficiency,
the total weight of the exchangers with o combined area of 34 square feet is:

%{%—g—-—gﬂ' = 18 pounds

Summary of system weights for Figure X-6 is 72 kilowatt-hours (3 days at one kilowatt).
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O, Storage Totals

(0.85:72) + 6 = 68 Lb Oy
O, system 91.81b
5 =1.2 Hp system 38.4
Total heat exchange 18.0
Fan and motor 2.0
Therefore, W tank = 68° 1.2 = 82 Lb 150.
Related hardware = 7.8
89.8 Fuel cell & accessories 30.0
O2 pump and water = 2.0 CO,, O,, Hp, HOH
9.8 analyzers 8.0
Total system weight 188.0 b
Hg Storage
0.108:72 = 7.8 Chargeable to environmental system
5 = 3.6 O, (6- 1.2) = 7.2 b
Oy Pump and motor 2.0 } to make possible
Therefore, W tank = 7.8:3.6 = 28 Lb Hp Pump and motor 2.0 CO, removal
Related hardware 8.4 Heat exchangers 18.0
36.4
Ho pump and motor 2.0 Fan and motor 2.0 power negligible
38.4 Gas analyzers 8.0
TOTAL 9.2

Cryogenic heat exchange may be confined to the dehumidification of the cabin air accord-
ing to the arrangement shown in Figure X-7. Then the heat to be removed from the air
stream must be equal to the heat picked up by the cryogenics at some value of T, W, and X.

SCHEMATIC FOR DEHUMIDIFICATION WITH CRYOGENICS

"y Air (70°F .008
Tex 90"4{.15:}”%: Ib HOH/Ib air)

W —< -

Ib/h
X Ib HOW/Ib atr | 5o HHHHHH A /br
1

Y Y Y

FIGURE X-7
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Available

Hydrogen Oxygen Heat
I 1 [ 1 I 1
T [ Btu/hr Cal/gm Btu/hr Btu/hr AT,
289°K 976-80 = 896 cal/gm 175 60 + 33=93 158 333 5
332 4.5
331 8.0
285 964-80 = 884 173 59+ 33=92 157 330 9
280 948-80 = 848 170 57 +33=90 153 323 14
270 912-80 = 832 162 55+ 33=88 150 312 24
260 884-80 = 804 157 52+ 33=85 145 302 34
Air phase
hHOH air
_.I;gx_i’r Lb HOH/Lb air w Bfu%r W(70-T,..)0.24 Z h req'd
0°F
294°K 70°F .0079
51°F .0079 o= 125 oo
40 .0052 37.0 125 267 392
30 .0034 22.0 125 212 337
20 .0021 17.2 125 206 331
10 .0013 15.2 125 218 343
0 00079 14.1 125 237 362
-30 .0001 446 12,8 125 307 432

The heats are equal when Ty = 20°F, W = 17.2 pounds/hour, Heyit = 0.0021 pound
HOH/pound alr, and ATy = 89K,

To determine exchanger area required, consider heat transferred in two parallel exchangers,
one using hydrogen and the other oxygen. The terminal temperatures are as follows:

8°K

{ <« 294%K

267°K| |20 90L————T 7" 286°K
294°K (@

2k ©

90°K 0,

Y Y

267°KY

267°K | 294°K
g .

)_—-_________________..
20°K Hy
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ATMQ = ._._L7_7:§____ 169 - 169 = 54.50K

T e———
e —

177~ 2.3log22.2 2.3'1.34%

2.3 log 5
ATm = 247 - 8 239 239 _ o
b - = 69.5°K
2.3 log 227 2.3 log 31 2.3°1.492

_g.= UAAT Let U = 1

1.A-54.5-1.8 A, = 1.6square feet

for (a) 4 = 157 a
0

for (b)g = 173 1°A-69.5+1.8 A, = 1.4 square feet

Total surface = 1.6+ 1.4 = 3square feet
Al 0.425 pound/square foot exchanger £ 1.3 pounds.

To check possible thermal resistance of ice formed on surfaces:

k ice = 1.3 Btu/hr/ft%/F/ft
p = 57.5 pounds/cubic foot
for three-day mission, 7.5 pounds iceformed 577—'% . 1728 = 226 cubic inches
A three-foot thickness of fce = 226 = 0.0435 feet; K=_1.3 =30
3-144-12 L 0.043
Thus, resistance of ice = 0 in comparison to air film for these conditions. If considered
as snow
p = 34.7 pounds/cubic foot k = 0.27
<"+ L = 0.072 feet and K. 0.27 - 38
L 0.072
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If h for gases = 2, 1, ] - 0'5+?°5+0'26= 1.26
hg'l th halr

Thu LJ____.__L_z .
“ U, " Tm %7

= 3 _ =
A % 3.8 square feet = 1.6 pounds.

MOTOR-BLOWER POWER REQUIRED FOR AIR CONDITIONING UNIT

Power requirements for flow through LIOH, using operating data of NRL in five-canister
unit (see LIOH section) for five 6-1/2 inch diameter canisters 12 Inches long with air flow

at 12 CFM (atmospheric pressure) are:
motor-blower rating = 1/12hp £ 62 watts

Assuming 62% efficiency for motor-to-shaft, electrical

power input = 100 watts = 20 watts/canister

linear velocity = — 12 _ 52 feet/minute = U

w (6-5)2 °
177
A "a . -
P = p 62.4 746*CFM = ],]75AP"°CFM watts

12-3300

Present flow rates at 5 psi for 17 pounds/hour are:

7 .
CFM]=7%_3.3—5§ TR IR

7

flow velocity = = 45 pounds/minute = U

n 7.2
ok Uz ble flow rat
E;; T.; l-J.;) or comparakle flow rates
| El _ é—pl CFM] _ L-‘ U] )2 CFM]
an Po  Apo " CFM, L ‘U’ ° CFMo
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Using 9 pounds LiOH at 25 pounds/cubic foot results in 16-inch-long column. One and
a half pounds activated carbon at 30 pounds/cubic foot results in a 2,5-inch-long column
(total = 16 + 2,5 = 18.5 inches).

If only one-half Is placed in the unit, the column length is .25 inches. Therefore:

_ on 9. 2 Ny
Py = 202:25 (1},4%) lﬁ_ = 20 +0.77 » 0.75 - 0.98 = 11.5 watts

Considering filter, dehumidifying section,and other miscellaneous losses which double
the above, total power requirements for the motor equal 24 watts.
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