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FOREWORD:

This report was prepared by the AlResearch Manufacturing Company at
Los Angeles, a division of The Garrett Corporation, under subcontract to
the Space and Information Systems Division of North American Aviation,
Inc. It Is one of a series summarizing the work performed on Phase II
of a study covering varlous aspects of the thermal and atmospheric control
of space vehicles, Other reports of the series, Inc!udlng analytlcal and
experjrjuemal’ studies, are listed below.

b Thermal and Atmospheric Control

Study Program Published Reports

T ASD TR 61-164 Environmental Control Systems =Part I
Selection for Unmanned Space -Pait X1
Vehicles ’

2 ::XSD TR 61-240 Environmental Control System ~Part I

- SeJection for Manned Space ~Part II
Vehicles ‘

3 ASD TR 61-161 Space Vehicle Environmenta} Control ~Part I
: Requirements Based on Equipment and -Part 11
Physiological Criteria :

& ASD TR 61-119 Radiation Heat Transfer Analysis -Part I
for Space Vehicles =Part 11

5 ASD TR 61-30 Space Radiator Analysis and Design -Part I
-Part 11

6 ASD TR 61-176 Integration and QOptimi- ~Part 1
’ - zation of Space Vehicle Environmental -Part II
Contrci Systems

7 ASD TDR 62-493 Temperature Control Systems for -Part 1
Space Vehicles :

8 ASD TR 61-162  Analytical Methods for Space Vehicle  ~Part I
Atmospheric Control Processes -Part II

9 ASD TDR 62-527 Atmospheric Control Systems fo: ~Part 1
) -Space Vehicles
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ABSTRACT

Studies are presented of subsystems performing one single atmosphere
control function and of complete atmospheric control systems. The sub- i
systems considered are the following: gas supply, humidity control, carbon i
dioxide management, trace contaminant removal, and oxygen recovery from
carbon dioxide. Parametric data are presented whereby the subsystems and
systems are characterized in terms of vehicle and mission parameters;
“Interfaces between the atmospheric control system and other vehicle systems
#¥$0 are taken into account.

JRRSR

Compar ison of the subsystems considered are performed on an equivalent
weight basis where the equivalent weight includes hardware weight as well
as penalties for material balance, power consumption, and heat re_;ectlon
Joad: Areas of utilization of the various subsystems are defined in férms
of mission duration, crew complement, and cabin atmosphere paraseters.

Thiis report has been revievwed and is approved.
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SECTION I
INTRODUCTION™

?HERMAL AND ATMOSPHERIC. CONTROL STUDY PROGRAM

This report is one of a series summarizing the results of a study ]
entitled "Space Vehicle Thermal and Atmospheric Control" being performed
for the Aeronautical Systems Division of the United States Air Force.
This study comprises a broad program conceirned with analytical and ex-
perimerital investigation of the problems in providing suitable thermal
and atmospheric control for men and eguipment in future military space
vehicles.

The Space Vehicle Thernmal and Atmcspheric Control Study has three
general objectives:

I« Development of improved analytical methods for predicting the
requirements for, and performance of, space vehicle thermal
and atmospheric contrcl systems.

\«
1
|
'

2. Development of improved methods, techniques, systems, and
equipment. for thermal and atmospheric control.

3. Development of criteria and techniques for the optimization
of thermal and atmospheric control systems and integration of
these systems with other systems of a space vehicle.

To attain these objectives requires that program studies employing
a wide range of technical disciplines be conducted on several levels. .
Thus, on the one hand, the basic characteristics of processes and equip- !
ment componernits required for thermal and atmospheric control are being
analyzed and organized to permit rational synthesis and optimization of
thermal and atmospheric control systems. On the other hand, to guide
study endeavors along lines which would find immediate and practical ap-
plication, the thermal and atmospheric requirements associated with a
series of hypothetical manned and unmanned space vehicles are being in-
vestigated. These vehicles, representative of a number of earth orbit Ing
and cislunar missions, are being carried through the preliminary design
stage and used as thermal and atmospheric control models for system
optimization and integration studies.

\fiaanqupt released July 1962 by the author for pub{ication as an ASD
Technical Documentary Report
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PURPOSE AND SCOPE OF REPORT

The principal purpose of this report is to analyze and compare cor~
peting systems and subsystems for space vehicle atmospheric control. An
atmospheric contrc! system includes those components which supply re-
dquired oxygen, which maintain humidity and contaminant concentrations at
optimum levels, and which, for missions of exterded duration, recover
oxygen from contaminants. Systems are compared on the basis of weight
as a function of crew complement and mission duration where the équi-
valent weight of power penalties, associated with req.irements for hLeat-

ing, cooling, fluid circulation, and control, are included. Othér system
characteristi€s, such as safety, reliability considerations, and coti=

veniénce, also are emphasized.

Initial comparisons will be made on the bas;s of subsystems, the
subsystem being an arrangement of components serv:ng a single function
such as carbon dioxide management. Final compirison will be made on
complete systems which perform the entire atmospherié control function.

Space vehicle atmospheric requirements are reviewed briefly, for
both manned 2nd unmanned space vehicles, as a basis for the subsequert
system and subsystem design and analysis. These desngns also are based

‘on the process and component analytical methods deveiopéd in thée ASD

Technical Report entitled "Analytical Methods for Space Vehicle Atmios-

-pheric Control Proceses, Part T and Part II." Thése reports, concernéd

with the analysis of componéiits and proceésses, logically préceded the
completion of the present study.

In some cases, information pertinent to certajn atiospheric control
procésses is incomplete or preliminary In this case estimates were fade

on thé basis of theorétical considerations or simplified assuiptions.
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SECTION II

NOMENCLATURE
Aﬁ Face areéa, ft?
ﬁb’ Particleé equivalent diametér, ft
£ ' Friction factor, dimeénsionléss.
(3 Mass veiocityy Ub/ft?-se¢
K Constant .
K Length, ft
8 Motecular weight, Ib/molé
N Number of crew members
NTY Humber of heat transfer unitsy diménsionless
P ‘partial pressure; miwv Hg ~
4 pressure; psia of 1b/ft?
(PLy Power 1oss; watts
( PPy Vehicle power penalty; Tb/watt
(P$y Power saving; watts
& Hegt lsad; Bd/hr
Ke Heynolds nunber; dimensionless
( RP) Vehicle heat rejection pendity; 1b/watt ot 1b/(Btu/hir)

t tenpearature; O ()
V Volume; ft3
W Weight fiow; 1b/sec ot 1b/day

W Unit welght flow; ib/man-day
W Weight; 1b
¥ Mole Fraction; dimensionbess
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NOMENCLATURE (continued)

Greek Letters

e —————— e e . -

1 Efficiency
7% Absolute viscosity, Ib/ft-sec -
o Density, Ib/ft®
T Time, days =
Subscripts .
4 A Accessory
B ‘ Bed
€ | Carbon dioxide
¢ . Canister < ]
b pesorption fg
4 E Equivalent i
] g Gas §
‘i - H Hardware ‘
‘:l MAT Material
ji' P power .
| s Q Heat
Rejection
sep Separator
' T Total
u Useful
b
&
!
|
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SECTION III

GENERAL APPROACH TO- SYSTEM DESIGN

" $YSTEM REQUIREMENTS

] In determining theé requirements for an atmospheric control system
for a space vehicle, it is important to learn the réiations between
thése requiréments and the particular events includéd in the antlcnpated”

-mission of the space vehicle. A métkod of presénting this is shown in

Figure i. On this chart, reading from the léft, aré listed all eéx-

.. pécted évents and their probable séquéncé. Events occurring as part of

a normal flight plan aré shown in ciréles. Those évents which rust bé
alloweéd for but which aré ¢onsidéréd émérgency conditions aré showh in
héxagons. Any réndézvous beétween one vehicle and another is repre-

_sented by a diamond.

]
By setting up this chart and latér filling in the périods of time A
fhavolved for each event, and the résulting requiréments, a full picture
i$ presented of the relation between the space vehicleé mission and the
réqui réments for the atmospheric control systeém. In éxpressing the re-
quirements, it is important to consider both the rate of usé of the
particular réquirément and its total use ovéer the entiré mission.

The following considerations are apropos of such a ¢hart as Figure 1:
1. It will be necessary to plan for the possibilities of a flight

abort from almost any condltnon, and the succeed:ng events
must be anticipated to result in safé recovery of thé astronautss

2, It will be hecessary to allow for the possibility of depres-
surizing and représsurizing the capsule at east once dué to
leakage, firé or contamination, with this event iikely to
otcur anywhere within the flight plan.

3: 1f the crew are to get into their suits rapidly; as in a de-
pressurization operation, then excess oxygen will be needed
to scavenge the sujit system: If the men must leave the vehicle
in pressure suits, then this must be showh on the chart; in
computing the requirements for the use of pressire suits, thé

air used inh the airlock must be includeds

4: After takeoff, a typical flight, such as shown in Figure 1,
would probably first go into earth orbit; then; with firther
acceleration, start a transit to the mooh; onh approaching the
mooh; it would go fnto & lunar orbit; and, from this orbit;
after proper observation; would initiate the moon-landing
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sequence. After landing, probably, one or more of the crew
would leave the vehicle for exploration. Subsequently, take-
off must be made from the moon %o a lunar orbit, a transit
made to an orbit above the earth, and then the final re-entry,
landing, and recovery operations accomplished.

5. At almost any orbit or stationary location, as on the moon,
rendezvous with other vehicles, manned or unmanned, may well
form part of the flight program. If such a rendezvous is made,
there will probably be an exchange of supplies, equipment,
energy, or other items which can be allowed for on the chart.

Although this chart resembles the PERT chart used for program evalu-
ation, it is not necessary to make as much detailed use of the chart as
is done in that program. Rather, the chart is presented to form the
basis of a clear definition of the entire problem, so that no likely event

will be overiooked in studying the requirements for the atmospheric con-
trol system. '

In determining the detailed atmospheric requirements for specific
pieces of equipment in the vehicle, especially an unmanned vehicle, the
most important considerations usually are the presence of an atmosphere
and the handling of the load of the equipment. It should be remembered
that any energy gcing into a piece of equipment used on a space vehicle
will eventually appear in the form of heat; that is, any electrical
equipment drawing a current will have a heat output exactly equal to
that of the eiectric current operating the equipment. In case the equip~
ment is hydraulic or pneumatic, then a similar situation applies. In
the case of heat loads, the temperature level, the type of coolant, the
coolant flow rate, and the coolant pumping method all are likely to in-
fluence the actual requirements. In some cases, of course, the coolant
may be a liquid. When the coolant is a gas, then it is probable that
its control system will be similar to that of the atmospheric controi
system for the men. . i

In studying the loads, it is considered easier to assume that the
loads introduced by the environmental control systems themselves are
part of the systems and affect system operation directly, rather than
considering them as external loads on the systems. By this is meant that,
if the atmospheric temperature rises in passing through a compressor, it
should be represented by showing a temperature change in the circuit it~
self, rather than reducing it to a certain number of Btu's of load.

The type of equipment will have a large effect on the type of atmos-
pheric control necessary. Photographic equipment, for example, has
temperature and humidity requirenents similar to those of a man. Elec-
tronic equipment generally is relatively sensitive to temperature, par-
ticularly affecting high reliability and long 1ife of the equipment. In
some cases, a difference of a few degrees in temperature may mean a change
of 50 per cent in the reliabiiity of the equipment. 1In this connection
also, it may be desirable to arrange the system so that the air passes



successively over higher temperature limit equipment and makes the most
efficient use of the available cooling.

In a manned Space vehicle, it is necessary to determine the retative
metabolic loads on the atmospheric control system at each of the various
levels of activity which will result from each of the events contained
in the flight plan. A chart on Figure 1 indicates typical metabolic loads
in Btu per hr per man. It has seemed desirable to divide the crew's work
into five different levels of activity: rest, duty, stress, "heat,” and
emergency. For the rest activity, the total load is low, representing
a basal metabolic rate of slightly less thaii 1. For normal duty, the
load is higher but by no means stressful. linder some conditions, it will
be necessary to go to a stress load nearly twice as high as the duty load.
AVl of these loads show a variation in sensible and latent heat.

When a man is in a pressure suit and working in the sunlight, during
and immediately following re-entry, and possibly at other times, the
load can best be expressed as "hot,” a condition in which the inlet air
through the suit is at a temperature high enough that transfer of heat
from the body must take place as latent heat, and none of it can take
place as sensible heat. 1In other words, in such & condition, the air
does not change dry bulb temperature, but cools entirely by picking up
a large amount of moisture. This effect is, of course, much more promi-
nernt at the low pressures which will probably be used in any pressurized
suit.

The highest loads, or the emergency conditions, will occur when some
unplanned event takes place; in this case, the latent load goes very high,
feading to a total perhaps three times as high as that of normal duty.

It should be noted that tolerability to the three highest load levels is
Timited, both at a specific time and also limited in their total extent
within a particular mission. Although the probability of these inter-
vals' becoming extended does not seem high, the capability of handling
them for reasonable periods of time must be part of the atmospheric con-
trol system. '

Figure 1 also contains a chart showing the probable load types identi=

fied by Roman numerals, ranging from I to X. The lightest load likely to
occur -for a three-man vehicle wouid be Type I: two men at rest and one
man on duty. The highest l1oad would be Type X: three men under emergency
conditions. The probable normal operating load during orbits and transits
would be Type II: one man at rest and two men on duty. The other types
represent various estimates of the loads involved in landings, takeoffs,
rendezvous, and various operations outside the vehicle or on the moon.
Each type is indicated by a Roman numeral at the appropriate location on
the main chart of Figure 1.

In actually planning the- operation of the atmospheric control system,
the psychrometric chart is a very useful tool. It is necessary, of course,
to have a chart made for the particular conditions which will exist with~
in the vehicle. Such a chart is shown in Figure 2, which has been drawn
for a total pressure of 7.5 psia with 50-volume per cent oxygen and
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50-volumeé per cent nitrogen. Other reports show it desirable to maintain
temperature close to 70%F and relative humidity at about 50 per cent.
Experience shows it is better to compute the results relative to the la-
tent heat load and then determine their applicability to the sensible
heat load. In Condition II of Figure 1, the normal orbit or transit
condition, the total heat loads will be a sensible heat load of 780 Btu
per hr and a latent heat load of 620 Btu per hr, or 10.3 Btu per min.
This is equivalent to 69 gr of water per min. At the inlet to the equip-
ment, the limitatioh is the dew point temperature which can be readily
obtained, as ir an evaporating water-to-air heat excharger. This may be
conservatively estimated as 45%F, since the evaporating temperature is
controlled to 35% to prevent freezing. A dew point of 45%F (Point A on
Figure 2) corresponds to 84 dgrains of water per 1b of dry air. The

water content at the operating point (Point B of Figure 2) is 105 grains
pér 1b. Thus, there is a possible pickup, in passing through the cap-

_suleé, of 21 grains per Ib of dry air. This would give a dry air flow

réquirement of 69 divided by 21, or 3.29 1b of airfliow per min.

Regarding the sensible heat load, if the air énters at 45% and
the sénsible load is 780 Btu per hr, or 13 Btu per min, the dry bulb.
témperature of the air will rise some 17°F, If the air enters at 45°F
dry bulb, the érew would raise the temperature, dué té sensible heat,
only to 62°F, rather than the 70°F originally estimatéd. However,
other héat sourcés likely would contribute furthér to thé incréase in
dry bulb temperature 6f the capsuleée air. If not, it bécomes a quéstion
of studying the air conditioning systém to determinée whéther there is
some other, moré satisfactory arrangemént of flow and déw point or to

- incorporate within thé air ¢onditioning systém a dry réheating cycle

whi¢ch would increase thé dry bulb témperature of theé air but not in-
crease the humidity, before the air is returned to the capsulé for use.

The psychrométri¢ chart in Figurée 3, drawn for a pure oxygéen at-
mosphere at 5 psia, relates to men in the suits at lower préssure. Ex-
periménts with préssuré suits tend to indicate that for modérate work
loads the air coming from the man*s suit will bé on the order of 85%,

- regardless of the éxact inlét témperaturés In othér words, thé human

metabolism changes somewhat to allow for various amounts of pickup.
Also, in actual practice, it is found that 10 &fm per suit at the oper-
ating pressure is about thé maximum which can readily be accommodated.
At 5 psi oxygen, this is a flow of about 0.29 1b per min per suit. A
latent heat load of 600 Btu per hr, or 10 Btu per min, will require the
evaporation of 65 grains of water per min. Since the flow is 0.29 1b
per min, it will require 226 grains per b change in moisture content
of the oxygen to provide the necessary evaporation for cooling. Oxygehn
entering the suit at 45°F saturated (Point A), or 121 grains per ib;
would leave the suit at 347 grains per 1b, whi¢h corresponds to a temper-
ature of about 84%F and 70 per cent relative humidity (Point BYy: This
corresponds to a sensible heat pickup of aboiit 175 Btu per hr. If this
is insufficient, the metabolic processes will change slightly to pro-

- vide a higher latent heat load. There is still considerabie leeway for

this, since the humidity at 84°F and satiirstion is 516 grains per 1b.
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Although a less comfortable condition, it certainly would be acceptable
in an emergency. Once the cycle has been worked out on a psychrometric
chart, it may be advisable to check it by hand, since even small changes
in total pressure in the circuit itself may make some little difference
in the psychrometric conditions for these relatively low total pressures.

SYSTEM PARAMETERS

Significant criteria to bé considered in évaluation of an atmospheric
control system include:

Weight

Power requirement

Volume

Reliability

Developmerit status

Interfaces with other systems

For any’given application, it wilT bé nécéssary to consider all of
thése criteria, since no single one can beé assumed to be controlling in
the selection of the optimum systém. Also, the ériteria aré not indépen=
dent of one another.

Weight

Weight inéludes the weights of fixed equipment, ducts and ¢onnéct-
ing f|xtures, any supplies, such as activatéd charéoal,; nécéssary to the
operatnon of the systemy and related control méchanisms and instrumentation. :
In addition, the power réquirement i's often considered in teris of the ;
weight required for thé power sources, of whatever kind.

Power Requirements

lation of the atmosphere, heat pOWer for use in the cata]ytlc burner,
mechanical or pneumatic power for the water separator, and pnheumatic or
electrical power for operation of ¢ontrol ‘elements and instrumentation.
Mechanical power may come from electric motors, anhd heat power may coie
from electric resistance elementa, that is; the entire power supply may
be electrical. Pneumatic power i3 cistomary in capsiile pressire controls
and pressure relief valves.

The preferred type of power will depend upon the dasign of the equip-
iient and on the reiative availability of the different types. For con~
tindously rotating devices; slich as compressors; electrical power iay be
better than phetimatic; while for periodicalliy actuated devices; such as t
water separatolr spohges of control valves; pheumatic power may have dis- |
tinet advantages.

Both the iiaxiiium rate at which power wlll be used and the average
rate must be consldered The penaity imposed by any power source will

i2
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be a combination of the influences of the maximum rate and the average
rate times the use.

Two philosophies are used in computing power. The first, which is
machine-oriented, is to set up the flow circuit and then compute the
total gross power required by the components to maintain operation of the
circuit. In practice, one assumes a flow rate, composition, density, and
temperature. The pressure drops of the individual equipment and ducts
are computed and added to give the total pressure drop in the circuit.

A compreéssor Capable of providing a pressure rise equal to the computed
pressure drop is then chosen. The power reéquired by the compressor driv-
ing means (an électric motor) is thén said to be the power required to
maintain the desired fluid cifculation in the circuit.

The second method, whic¢h is function-oriented, determines with re-
'spect to éach equipment and duct seéction, the power equivalent, at 100
per cent efficiency, of the pressure drop in the device. The resulting
total power équivalent is then modified to reflect attainable power
convérsion efficiencies, and the réquired total power is found. This
function-oriented method has two drawbacks whén compared with the machine-
orientéd method. Thé resulting calculations are noré conmplex, without
being more accurate. Also,- unless gréat caré is used, violation of the
principlés of continuity and conservation of enérgy may occur, résulting

in meaningléss values.
Voiume
; L. The volumé of an atmosphéeri¢ ¢ontrol system is relatively difficult
g “to determine at an early stagé of the program. This is dué to the faét
that a substantial pércéntage of the total volume is necessarily devoted
to ducts and fitting, the actual sizeé of which is very dependent upon
the layout or arrangement of components. The total volume includes:
' : a. Core volume or volumé of heat exchariger element, or volime of
reacting substance; such as 1ithium hydroxide
b: Volume of the supports for the core
¢ Volume of the panis ahd manifolds
d: Volume of associated or integral dicts
; a; VoIUme of auxiliary tems; spare parts, tools,and replacement
- chemicals such as lithium hydroxlde

‘ f: Volume, space cleatance necessary for access to equipment and
for repairs; oh the groiind or in fiight

' It Is essential that a iayout; or better a mock-up; be tsed to
arrange clicult componeiits for mintmim volume. -
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~ Reliability

Reliability is an Important criterion in evaluating atmospheric

_ control systems. Although, in certain cases, there is little information

on which to base component failure rates, the use of good engineering
judgment will tend to give reasonably valid system reliabilities, espec-
ially when these resuits are to be used primarily in a relative, rather
than absolute, comparison.

Reliability studies should be made with full cognizance of the criti-

cal nature of specific¢ malfunctions and the results of failures of parts

and systems. Advantage should be taken, and reflected in the reliability
calculations, of the possibilities of redundancy’and of replacement and
reépair of components when a human operator is present.

Development Status

The development status of each component and subsystem should be

determined to provide an évaluation as to the probability that the total

system can be developed within the known limitations of time and budget. ,
For example, thée design of some components, such as heat eéxchangers and ¢
ducts, is so well advanced that they may be assumed to perform as re-
quired, with little or no development: On the other hand, a regenarative
chemical system for space application will require extensive develop-
ment, together with some risk that it will not be poSsnble to réach the
goals at the désired time. A closely rélatéd probléem is the adaptab.lmty
of the system to different mission profiles; a réquirement which is bé-
coming essential.

Interfaces with Other Systems - . !

There are numerous interfaces between thé atmospheéric control
system and the other vehicle systems. All of these must be taken into
consideration in arriving at conclusions relative to thé advantages and
disadvantages of competing systéms. (Interfaces also may be considered
as placing restraints or requirements on the system; however; the emphasis
is different ) Typical interfaces include:

a: Thermal loads to and from other vehicle systems, including
vehicle strictiire

b. Power requirements, ineluding qUality, type, amoiint, and vari-
atnon of rate

€. Supplies of oxygen; nitrogen, and any other gases required.
This is especially important when the gases are stored re- ;
motely or depend upon another process, such as fuel cells. '
Each gas should be separately considered. Also; the energy
connected with the storage and delivery of the gas mist be
taken into accounts )

14



re.

Metaboiic inputs from occupants, carbon dioxide, water vapor,
odors and the like

Water from water separator, and water to evaporators in the
atmosphere control circuit

Chemical process supplies, such as lfthiumvhydroxide, molecular
sieves, activated charcoal, and catalysts

Vibration and shock lcads, including those generated within
the system and those received from outside

Noi se generated by operation of the systém

Control linkages for opération of the atmospheri¢ control
systen itself

Spacewénd rélative location réquiréments within the vehicleé.
The resolution of this item usually réquires the usée of mock-
ups and trade-off studies with othér spacecraft sysiéms.

The ground checkout system

Onboard display instrumentation

Instrumentation providing information to be teélemetered
Provision for supplying an atmosphere for use in a backpack
to provide atmospheri¢ control for a pressure suit used for
extravehicular operation

Provision for use of an airlock to enablé-occupants in preéssure
suits to leave and re-énter the space vehicleé

Detection of malfunctions within the system and the trans-
mission of the information to the astronauts
Interaction witin operator; manual control required; extent

and scheduling of operator’s time; special skills required,

if any

Mechanical support of system components on vehicle load-bear-
ing points

SYSTEM EVALUATION CRITERIA

In the preceding discussions, the numerous parameters that must be
considered to realistically assess the relative merits of competing
systems are reviewed. From these parameters, general evaluation critefia
miist be derived that will make possible system comparisonh on an inte-
grated basis, taking into account major system variables as well as the

15



interfaces between the system under consideration and other vehicle
systems.

The most important system parameters for space vehicle installation
" are the weight, volume, power requirement, heat rejection load, and

system material balance. These have all beén discussed above. As pointed

out, the volume of a system is very difficult to déterminé in. a study of
" this typbe; it deépends to a great extent on the désigner's ingenuity; for
this reason, it will be ignored in this study.

In the analyseés conductéd in this reéport, compéting systens and sub-
systems aré compared on an equxvalent vieéight basis. The eéquivalent weight
is made up of several térms and is deéfiriéd algebra:cally by thé equation

= Wy + Wp + Wo # Wyper (1y

hv-

The terms of this eéquation aré in turn defined and discussed bélow:

a. whx is the systém hardware weight comprising héat éxchangersy
canisters, valvés, duéts, et¢: This weight is thé actual
systém weight, including all its components and associated
hardwarée such as sénsors and system flow controllers.

b. wﬁ is the weight of the vehicie power source chargeable ©o
the system under considération. It can be expressed as the
product of the system power requirément by the vehicleée power
penalty. The systém power requirement includes the power
expended to circulaté the process air through the circuit,

the power nécessary for system control,and the power required
for heating or any other process used in the system.

The vehicle power penalty depends mainly on the size of
the vehicle power installation and on the mission duration.
Short mission duration vehicles have relatively high specific
weight power sources, on the order of 400 1& per kilowatt of
installed power. --On the other hand; for Tong mission durations,
__ the power penalty is lower; in the range of 200 to 300 Tb per
kilowatt.

€. wb is the weight of the vehicle cooling system that can be
charged to the particular system or subsystem considered. wa
is the product of the vehicle cooling system specific weight,
in ib per watt; by the system heat rejection load. However,
this penalty depends not only on the size of the heat load but
also.on the temperature level at which the heat load is re-

jectéd to the cooling system: This temperatiire Tevel mist. be
taken into account when determining the ter UQ
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a non-regencrable absorbent is used for the removal of carbon
dioxide from the cabin atmosphere, the weight of the absorbent
must be charged against the system. Also, if water is used in
a system, either absorbed or evacuated overboard, then the
system, in certain cases, must be charged for this amount of
watér expended. On the other hand, if a systém produces water
or oxygen, it can, depending on the application, be credited
for the production of these matérials.

depends on the system material balance. As an example, if

A1 the possible interface conditions cannot be examined in 2 general
study of this type; however, subsystem comparisons can be conducted along
the lineés defined here, which yueld realistic results. Vehicle param-
eters, such as power penalty used in the following analyses, were deter-
mined mainly on the basis of mission duration. Where the intérface
paraméters play an inportant roleé in thé choice of competlng systems,
data are presentéd for several valués of the penalties involved.

SUBSYSTEM CONSIDERATIONS

In Sections IV through IX, space vehicle atmospheric control sub-
systems aré analyzed, compared; and eévaluated. A subsystém is defined
as an assémbly of components pésforming oné single function. From this
définition; séveral subsystéms can bé recognlzed'as integral parts of

& éomipléte atmosphéric control system:

Gas Supply Subsystém

Humidity Control Subsysténm

Carbon Dioxidé Management Subsystém
Traceé Contaiinant Removal Subsystem
Cabin Leakage Detection Subsystem
Oxygen Recovery Subsystem

All these subsystems incorporate a number of component's which, when
integrated, ¢ap be analyZed as a unit in terms of parameters related to
the ¢abin uLlﬂOaphEIe, to the vehicle lf.Sé"l, or to the vehicle mission.
These subsystems are not all affected by the same parameters; since their
particuiar funetion differs greatly. However, most of the systems are
affected by design variables; such as mission duration; number of crew

members in the vehicle; cabin preéssure; etc.

The analyses présented in this report are based on data assumptions
relative to the ¢abin atmospheric composition and the crew metabolic be-
havior which can be fotund in the literature: Reference is made here to
two reports prepared as pait of the Thermal and Atmospheric Control of
Space Vehicle Study: ASD TR61=162 and ASD TR61-240 (References | and 3);
from which design data asSUmptions were obtaineds Table 1 lists the
main system ahd sUBSYStem d ign Varlablés-and the particular values as-~

17
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TABLE 1

SYSTEM AND SUBSYSTEM DESIGN PARAMETERS
AND DATA ASSUMPTIONS

- -

Parameter | Value
_Cabin temperature - | 700
Cabin total pressure “ -5 to 14.7 psia
Leakage rate from the cabin Variable (0 to 20 1b/day)
Oxyder partial pressure in the cabin (See-Figure~4a)

Carbon dioxide partial pressure in the cabin| 3.8 to 7.6 mm Hg

Relative humidity ‘rWithin the: comfort zone
i defined by Figure 4b
 Metabolic oxygen consumption 2.0 1b/man-day
Carbon dioxide production by respiration - | 2.25 Ib/man-day
Water vapor generated by respiration and 2.2 1b/man-day

perspi ration

>lf




PHYSIOLOGICAL PERFORMANCE CHARTS

Figure 4a is a physiological performance chart presenting the
physiological effects of the relation between the percentage of oxygen
in the atmosphere of an airplane or space vehicle and the total pressure
of that atmosphere. It is based on continuous exposure or occupancy
for one week or more.

Atmospheric air contains 21 per cent oxygen by volume. At sea
level, this leads to & blood saturation of 95 per cent. To maintain the
same degree of oxygen in the blood at lower pressures, the percentage
of oxygen in the atmosphere must increzse as shown by the'sea level equi-
valent curve. The Unimpaired pPerformance Zone indicates the range of
variations that can be tolerated without performance decrement.

The maximum tolerance for long periods has not been investigated
extensiveiy but is believed to be about as shown. At poirts to the left
of the Unimpaired Performance Zone, acclimatization is required. Accli-
matization is considered to be continuous exposure to conditions of
successively lower pressure, with no intermediate return to higher pres-
sure. For example, if a person is to remain for one week at 25,000 fi
with 21 per cent oxygen, he will require an acclimatization period of
four to six weeks.

The minimum tolerable total pressure is based upon the effective
partial pressure of oxygen, disregarding aero-embolism which may occur
below 300 mm Hg total pressure in the absence of adequate denitrogenation.
The aero-embolism limitation is shown by the interrupted horizontal line.

Figure 4b is a physiological performance chart presenting the
physiological effects of the relation between the dry bulb temperature
and the humidity of the atmosphere of a space vehicle or airplane. The
humidity is expressed in terms of the dew point temperature, or vapor
pressure, thus providing a chart which is valid for any of the pressures
shown in the oxygen-pressure graph.

For a shirt-sleeve atmosphere, the conditions should be within the
Unimpaired Performance Zone. The limits of this zone are (1) a dew
point of 35°F, below which excessive drying of the respiratory pass-

ages takes place, (2) a relative humidity of about 70 per cent, above which

skin and clothes are uncomfortable, (3) a dry bulb temperature of 65°F,
below which extra clothing is required, and (4) a dry bulb temperature
of 80 to 85°F depending upon dew point.

At points to the right of the Unimpaired Performance Zone, appreci-
able perspiration will occur as the body seeks to maintain a heat balance.
At the normal limit, the perspiration rate will be of the order of one
pint per hour; at the extreme limit, to which many individuals are unable
to adjust, the perspiration rate will reach one quart per hour.

19
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-

To use the charts to establish long~term, efficient, shirt-slieeve
conditions, an atmosphere is selected whose characteristics lie within
the Unimpaired Performance Zones of both charts. The carbon dioxide

partial pressure should not exceéed 4 mm Hg, the odor should be unobjection-

able, and the air movement should be 10 to 50 ft per minute:

The Lovelace Foundation was consulted in the preparation of Figures
4a and é4b..

SUBSYSTEM COMPARISON

Subsystem comparlson is made on an equivalent weight basis as de-

_ fined prevwously. The field of application of each subsystem is lefined

in terms of mission duration and cabin parameters wherever possible.
This simplifies considerably the selection of a particular system for

a given appllcatson. In the system discussions and comparison, due con-
sideration is given to crew safety and system reliability; although the
full lnfluonce of these factors on system se]ectnon IS d:ff:cult to
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SECTION IV

BREATHING AND PRESSURIZING GAS SUPPLIES

INTRODUCTION AND SUMMARY

In this section are reviewed various means cof suppiying the cabin
with the oxygen and nitrogen necessary for respiration and cabin pres-
surization. Storage techniques considered are:

High-Pressure Gas Storage

Supercritical Storage of -Cryogenic Fluids

Subcritical Storage of Cryogenic Fluids

Chemical Generation of Atmospheric gases, including Water Electrolysis

These storage methods are analyzed and compared on a subsystem basis.
Subsystem evaiuation is performed with the parameters discussed in Section
III, e.g., weight and size of the subsystem, reliability, safety, and
control problems associated with use in a zero-gravity environment. For
mission durations in excess of a few days, supercritical storage of at-
mospheric constituents appears the niost attractive. High-pressure gas
storage technique finds its application in emergency systems and in blad-
der eéxpulsion systems. For extended missions, water eiectroiysis pre=
sently seems the only means of hydrogen production applicable to the re-
duction of carbon dioxide. .

HIGH-PRESSURE GAS STORAGE

General

Storage of atmospheric constituents as a highﬂpfeésure gas offers
several important advantages over other storage techniques. First, it
is the most reliabie storage method available at the present time. The
state of the art in the design of high-pressure gas vessels is advanced,
and vessels satisfying space vehicle requirements have been thoroughly
developed and tested for use on the Mercury capsule. Second, high-
pressure gas storage methods offer the advantage of being considerably
less sensitive to standby time and to ambient temperature than are cry-
ogenic storage methuds. Third, gas mixtures can be stored and de-
livered from high-pressure bottles at constant composition. Finally,
this storage method is insensitive to gravity environment.

Several studies of high-pressure gas vessels have'been conducted.
The most recent and compreMensive treatment of the subject is given in

ASD TR 61-162, Part 1I, (Reference 1), where due consideration Is given

to gas compressibility factor. In addition, the effect on the maximum
vessel charge of the temperature and pressure tolerances at fill and
at the end of vessel operation are considered.

23
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Storage Vesse]l Weight and Volume

Following the analytical methods presented in ASD TR 61-162, the

. weight and volume of spherical oxygen and nitrogen vessels were calcu-
lated to determine the optimum storage pressure. Fatigue failure was
used as the vessei design criterion, and the working strength of the
materials, namely C120-AV for nitrogen storage and SAE 4340 for oxygen,
was taken as 60 per cent of the material yield strength The weight
and volume penalties thus calculated are plotted in anures 5 and 6 as
a function of pressure.

Here it is assumed that the vessel volume penalty has the same
importance as the weight penalty. Thus, the optimum vessel is selected
on a minimum (W*V) product, which under these conditions defines the
vessel optimization criterion. This parameter is also plotted in Figures
5 and 6. It should be noted that the minimum vessel weight occurs at a
much lower pressure than the minimum vessel volume, and éonseduently
than the minimum cptimization criterion.

In Table 2 are listed the optimum values of the weight and volume
penalties for oxygén and nitrogen vessels. These valués correspond to
& nilnimum optimization criterion.

TABLE 2

HIGH-PRESSURE GAS STORAGE OPTIMUM DESIGN

Parameter ; Oxygen i Nitrogen j
oy : ;
Optimum pressure, psia 10,500 ; 9,500 | g
. ‘ !
Weight penalty, W, !b per : 3.46 ‘ 3.66

Ib of useful fluid

Volume penalty, V, ft3 per 0.0296 0.0446
1b of useful fluid

Optimization criterion ‘ 0.1025 0.163

It should be noted here that the weights plotted in Figures 5 and 6
do not include the weight of the lines, brackets; or valves; an allowance
should be made for these accessories.; The valve weight denends only on
the number of véssels and on the number of valves installed on each vessel
for redundancy and for installation requirements. Mounting bracket design
depends primarlly on the size of the vessel; on the number of vessels,
and on the Installation. These weights, in general, are small; &nh allow-
ance ‘shoiild be made; however; on the total vessel weight for accessory
welght.
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SUPERCRITICAL STORAGE OF CRYOGENIC FLUIDS

General

Storage of cryogenic fluids at_supercritical pressures offers the
same general advantages as otheér cryogenic storage techniques, namely,

(1) high fiuid density at moderate pressure and (2) low-temperature

storage which provides a potential heat sink. The first advantage leads

to low storage vessel volume and weight. The second one makes this stor-

age method very attractive for space vehicle system integration. In

addition, supercritical storage methods do not suffer from the phase separ-=

ation problems associated with subcritical storage of cryogenic fluids.
Since the fluid is stored and delivered as a single phase, it greatly
simplifies the metering and quantity measurement of the stored fluid.
Cther advantages of supércritical storage over its subcritical counter-
part are its increased standby potential and its reduced sensitivity

to heat leaks becausé of thé higher stored fluid temperature. A thermo-
dynamic¢ treatment of supercritical storage is given in Reference 1.

Supercritical storage methods are divided into two broad types, de<
pending on the vessel pressurization method.

1. Thermally Pressurized Véssals

. Pressurization under deiivery conditions is achieved by addition
of ‘heat to the mass of the stored fluid. The total amount of heat input
into the fluid is made up of the parasitic heat leak through the lines;
insulation, and pressure shell supports, plus the heat introduced for
the purpose of vessel pressurization under delivery conditions: This
additional heat input or flow control heat input can be derived from
$everal sources discussed later in this section.

2. Positive Expulsion Vessels

In this case, the fluid is contained in a bladder within the pres-
suire shell. The fluid is pressurized by introducing a high-pressure
gas between the shéll and bladder. The pressurizing gas, for reasons
of weight; safaty, and thermodynamic behavior; is usually helium. Such
& system is depicted in Figure 7.

Previous studies (Reference 2) have shown that on a weight basis
alone, these two types of supercritical storage are competitive; with
the thermaliy pressurized vessel baing slightly heavier: However; ther-
mally pressuriZed storage vessels are simpler in désign and operation.
The use of a high-pressiire gas bottle, with its reduction and safety
valves; tends to redice, somewhat; the reliability of the positive ex-
pitsioh system:. A ireliability problem arises from the use of a bladder,
and vessel fabrication and insulation space evacuation is further com-
plicated by the presence of the bladder inside the pressure shell. 1iIn
addition; accurate fliuld quantity measurement within the vessel is
compiicated by the preseiice of the biddder; an estimate of the fiuid

27




- HIGH PRESSURE
HELIUM VESSEL

HELIUM

RELIEF SHUTOFF

PRESSURE REGULATGR

‘ ~FLOW
HELIUM REGULATOR.

TO
U "BLADPER  SYSTEM
RELIEF :

CABIN AR
~Figure 7. Cryogénic Storage With Positive Expulsion

»E\_ > T0 SYSTEN
\~ FLOW REGULATOR

<— HEAT INPUT

STORAGE

. UEeeg)

Figure 8. Thermally Pressurized Supercritical Storage -
Fluid Recirculation by Means of a Fan

-FLOW REGULATOR

—
HEAT INPUT

STORAGE
VESSEL

M #T0 SYSTEM
FLOW REGULATORS

Figire 9. Tijn‘ermal".ly Pressurized Supercritical Storage - Fluid
Circulation Through an Internal Heat Exchanger

28

s |

e e o

P



left in the bladder can be made from the pressure in the gas bottle; this
meéthod, however, does not take venting into account and lacks accuracy.

For these reasons, thermally pressurizéd vessels are, at présent,
technologically more advanced arid show more promi se.

“wMéthods of Thermal Pressurization

Several alternate methods of controlling the heat input into a
thermally préssurized storage vessel are possible; the more interesting
are listed and discussed below.

a. Electrical power can be suppiied to the fluid through heating

. sleménts located inside the pressure shell. This method is
somewhat wasteful, since electrical power aboard a spacé
vehicle is, in generai, at a prémium. Also, it doés not use
advantagéously the sizéabie heat sink potential of the stored
fluid. Other heat sources areé usually preferréd for noral
vessel opération and elactrical power héat supply is attractivé
as an emergéncy heat source.

b. A preférred method of vessel thérmal préssurization makeés
use of waste heat from the véhicle atmosphéré or from other
véhicle systems. In order to simplify the vessei control
system, the fluid itself is used to cavry the vehic¢le waste

i heat intc the préssure sheéll. Two différent types of ¢ontrol
systems are shown schematlcaliy in Flgures 8 and 9. In the
from the vessel is heated externally with cabin air or other
vehicle wasté heat and returned to the storage space by méans
of the fan. The héat is supplied to the stored fluid by k-
ing of thé hot récirculated fiuid to the mass of thé colder
stored fluld. In the system shQWn in anure 9, the pressurl
of the delivery flow through two heat exchangers in series:
in the fifst one, waste heat from the vehicle is dumped into
the ¢irculated fluid; in the second one, this heat is trans-
ferred from the c:rculated fluid to the stored fluid. In
this system, fluid circulation is insured by the pressure
differential éxisting between the vessel and the system.

Pressurization by means of an internal heat éxchanger offers several
important advantages over fluid recirculation by means of a fan: These
advantages are listed below.

a. Reliability - No fan is hecessary to circulate the pressuriz-

ihg flow through the internhal heat exchanger. This leads to
a more reliable system.

b:  Power Requirements - No power is required by this system other
than that necessary for systém valvé contiol:
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¢. Safety - The system is inherently safer as leakage should present
no problem. Unlass a canned fan-motor were used in the re-
circulation system, 1eakage of gases would occur with its as-
soctated hazards.

~dv Simplicity - Thé fan of the racirculation system has to handle
a wide range of flow at high pressure; in additlion, the temper-
ature of the filuid reécisculated will increase considerably dur-
ing tenk opération. Fan reliability, under these operating
conditions, is a serious problem. Sirnce the fan-cortrolled pres~
surization system has only dubious advantages over the simple
internal heéat exchargér systénm, and sinceé the fan ftself intro-
duceés reéliability and safety problems, the simpler heat ex-
changer pressunZatuon method is prdfurrdd for sapercrrtfcﬂ

Storage Veéssel Weight and Volume

The welght and voluimé penalties of thermally pressunied super-~
éritical vesseéls were computed for a range of useful fluid loads. The
- calcuTations weré based on the aralytical meéthods of Nefererice 1 and the
data assumptions tabulated §n Table 3.

_ TABLE 3
SUPERCRITICAL VESSEL DESIGN DATA *
parameter | Oxvgen |  Nitrogen
“besign pressars, psia | s00 | 728
. Kaximuit pressuré; psia | 875 850
- Inhér shell material Rerie 41 Rere 41
Minimum fasulation thicknessy i | 0.75 7 0.7%
 fnsulation density; ib/ft3 i 1 5.0 5.0
- Outér sheil matérial A16061+T6 ‘ A16061-T6
 Liquid fraetion at fii1 095 0.95
 Vessel shape ) $pherical " “spherical

Thé resuits of thesé computations are plotted in Figures 10 and 11
for oxygen vesseéis and In Figures 12 and is for nitrogen.
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SUBCRITICAL STORAGE OF CRYOGENIC. FLUIDS

Methods of Pressurization

As for the superé¢ritical storage techniques, two typés of sub-
¢ritical storage of cryogenic fiuids can be récognized, depending on
the method of fiuid préssurization.

a. Positive expulsion vessels, where the  fltid is stored in a
bladder contained within the vessel inner shell, and fluid
deélivery is insured by introduéing a high-pressure gas in the
space between the bladder and the pressure shell. The sche-
mati¢ diagram of this system is shown in Figure 7.

b. Thérmally pressurized vessels, where the pressure is migin-
tained during fluid delivery by means of heat addition to the
mass of thé stored fluid. The méthods of héat addition are

- the samé heré as for superéritical storage vessels that have
been described previously. Figures 8 and 9 aré schematic dia-
grams showing two types of heat input control Toops.

In subcritical thermally pressurizéd storage vesseéls, the fluid is
storéd undér two phasés. Deélivery of a single-phase fluid undér zero
gravity conditions is possiblé by means of phasé séparation devices lo-
¢atéd within the innér shéll. Among thése are ¢éntrifugal type séparat-
oFs and internal heat exchangers, wherée thée fluid is circulated after
throttling and heatéd up by the mass of the stored fluid, thus insuring
vapor delivery. Other suggested methods involve use of capillary forces,
and, for oxygen vessels, of the magnetic propérties of the fluid. None
of these methods of phase séparation are developed or have béen tested
at present. Previous studies (Reference 2) have shown that Tittle weight
advantages, if any, aré to be expectéd from thermally pressurized sub-
éritical storage systems, as compared to either the simpler supercritical
storage system with therwal pressurization or the subcritical storage
system with positive expulsion.

$torage Vessel Weight

Positive expulsion subcritical storage vessels do hot present the
gime phase separation problém, since the fluid is stored as a subéooled
iiquid. An analysis, based onh the methods developed inh Reference I; has
been conducted to deteriine the weight of this type of vessei: The cal-
cilations were based on the data assumptions for oxygen and nitrogen |
shown in tTabie 4.
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TABLE 4

SUBCRITICAL VESSEL DESIGN DATA

Parameter Oxygen Nitrogen

Design pressﬁre, psia 100 100 .
Maximum pressure, psia 120 120
Inne; shell materiai Al Al
Insulation thickness, in. 1.0 1.0

‘ Insulation density, 1b/ft¥ 5.0 5.0
Outer shell material A16061-76 Al 6067-T6
Liquid fraction at fill 0.95 0.95
Accessory weight (gas bottle), 1b 7.0 7.0
Pressurizing gas Helium Hel ium
Liquid residue, % 3 3

' V‘es‘sel shape Spherical Spherical

Using a factor of 2 on the maximum pressure, calculations show that
the inner shell thickness is determined by the minimum gage compatible
with present fabrication techniques. Aluminum alloy 6061-Té, because of
its Tow density, is, in this case, the material choice. Pressure shells
up to 20 in. in diameter fabricated of 6061-T6 minimum gage material

(.020") can withstand the maximum specified pressure of 120 psia.

The weight of ‘oxygen and nitrogen subcritical vessels is shown
plotted in Figures 14 and 15 as function of the total vessel loads. These
weights include the weight of the pressurizing gas subsystem; the accessory
waight used in the calculations includes the valves associated with the
pressurizing helium system.

CHEMICAL GENERATION OF ATMOSPHERIC GASES
" General

It is possible to generate atmospheric gases for breathing and leak-
age make-up from chemical compounds either by reaction or by decomposition:
The interest in these methods springs from the fact that these compounds
are, ih genheral, stable and storable as liquids or soiids at normal pres-
sures and temperatures, In Reference 1, varlous methods of generating
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oxygen and nitrogen are discussed; here, only a brief review of the most
promising chemical processes is given with their pertineént characteristics.

Methods of chemical generation of atmospheric gaseés considered in
tivis section are listed below.

a. Oxygen Gepération

Reaction of carbon dioxide and/or water with sodium or
potassium superoxide with géneration of oxygen

Lithium perchlorate dECQmpésition
o
Hydroger: peroxide decomposition

Water eTectrolysis in fon exchange membrane eéféctrolytic
cell

b. Nitrogen generation by alkali metal azides

The use of sodium and potassium superoxide as a source of oxygen is

discussed in a subsequéent section of this réport in conJunctlon with
carbon dioxide managément subsystems.

gen Generation by Decc f Lithig

chiorate

Lithium perchiorate decomposes into lithium chloride liberating
oxygen (60.1 per cent by weight). The following equation describes the
chemical reaction.

Liclo, —sLiCl + 2 0, (2)

The temperature necessary to ihitiate the reaction is approximately 720°
which is approximately 280°F higher than the melting point of ' the per-
chiorate. A heat input of 991 Btu per 1b. of oxygen prodiced is required
to sustain the reaction.

A problem of sepatating the gaseous oxygen from the 1iquid compotind
i the decomposition chamber arises ih a zero-gravity environment. Separ-
ation cah possibly be achieved by iise of a poroius diaphragm. The rate of
oxygen production appears difficult to control; since littie is khown
éboiit the decomposition mechanism. This can probably be achleved; how=-
ever; by cohtrolliing the heat Inpiit into the decomposition chamber.

A rolgh estimate of the weight of a simple 1ithium perchlorate de-
cofiiposition system is given In Reference 2 and is showh here as Figure 16,
Thie calculationé from which this plot was obtainhed are based on the follow~
thg data assumptions:
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Figire 16; Oxygen Generation by Lithium Perchiorate =
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Ullage: 50 per cent

Decomposition chamber wall: stainlesss steel, 0,050 in. thick
Decomposition chamber insulationy fiberglass, 1.0 in. thick

Porous diaphragm for phase separation: ceramic, 0.15 in. thick

Even with this simple system, lithium perchlorate does not appear o

a weight basis alone to be competitive with other sources of oxygen for
use aboard space vehicles.

Hydrogen peroxide, H
of 90 wt per cent or lowe% A concentration of 98 per cent is now avail-
able on a sémi-commercial basis. Higher concentrations are desirable since
they have a higher content of oxygen and greater stability.

s is available commercially at a concentration

To génerate oxygen, hydrogen peroxide decomposes according to the
equation

0, (vig.)— H,0 (lig.y + 1/2 0, (gas) + 1242 Btu per 1b  (3)

The water produced in the reaction may be found useful in the vehicle
water management system. Catalysts are required for smooth and rapid de-
composition of hydrogen peroxide. These materials have been thoroughly
investigated in connection with propellant uses of hydrogen peroxide so
that few problems remain. Silver screen packs appéar to be the most ad-
vanced catalyst at the present time. Zero-gravity conditions increase the
complexity of the decomposition and feed system.

Disadvantages of hydrogen peroxide include its high toxicity. Con=-
centrated peroxide blisters the skin on contact. Vapors-and aerosols eri~
trained with the oxygen are deleterious to the respiratory system. On
contact with most structural materials, the decomposition of peroxide is
catalyzed, Storage in pure aluminum appears practical for long durations
in vented tanks; however, accidental contamination couild be disastrous.

Figure 17 shows an arrangement nf a peroxide decomposition system.
Hydrogen peroxide is stored in a positive expulsion type tank and expelled
through a silver-screen type gas generator. The water vapor and oxygen
produced are then circulated through a heat exchanger where the water
vapor is condensed and subsequently renoved as a liquid.

The temperature of the gas at the outiet of the gas generator depénds
on the heat leaking from the generator and on the purity of the hydrogen
peroxide used. The adjabatic temperature of decomposition of a 90 per cent
purity solution is estimated to be 1364°F, .

An estimate of the weight of the hydrogen peroxlde storage vessel and
pressurizing system was: made based on the assumptions 1isted below.
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Figure 17. Chemical Oxygen Supply Using Hydrogen Peroxide
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Spherical storage vessel

Hydrogen percxide purity: 0.90

Tank materjal: aluminum

Utilization efficiency: .98

Pressurizing gas: helium

Pressurlznng gas subystem control valves: 7,0 1b
System is credited for the water evolved in the reaction.

The results of these calculations are given in Figure 18, where the hydrogen
peroxide storage vessel weight penalty is plotted vs the useful oxygen

load., It should be noted that the weight penalty plotted is lower than the
tankage and pressurization subsystem weight by 1,125 b per lb of oxygen gen=
erated due to the credit given tc the water of reaction.

Oxygen_Generation b lectrp! is of Water

Electrolytic processes have been treated in detail In Reference 1.
The electrolytic cell considered here is an ion membrane type cell which
appears promising for zero-gravity operation.

Reported parameters for a system satisfyling the oxygen metabolic re-
quirements of a three-man vehicie are as follows:

Power input: 702 watts
Weight: 112 1b
Volume: 1.97 ft3

It is believed that the voltage across the cell electrode was on
the order of 1.8 volts, and that the gases were delivered at approximately
50 psia. The heat rejected by the three-man cell is estimated to be 447
Btu per hr and the cell operating temperature as 122°F., Water is pumped
to the electrode by means of a wick.

- The weight of an ijon membrane electrolytic cell, inciuding a positive
expulsion type water storage subsystem, has been estimated from the data
given above and the following assumptions:

Water storage vessel pressurizing gas: helium

Pressuriznng gas subsystem control valves: 7.0 1b

Hydrogen is discharged overboard, and no credit is given for its
production,

Water storage tank material: aluminum

The results of these computations are plotted in Figure 19.

This oxygen production technique does not appear competitive on a
weight basis with the other storage methods discussed previously, especially
for short duration missions. In addition, the high power requirements of
the electrolytic cell are a serious disadvantage for space vehicle instal-
lation,

43



0001

A3jeudad yBiem abeaois 9pI1X04dd USBOUPAH -g| @inb)d

871 ‘"M ‘Gv01 NBDAXO IN43ISH

009  00% 002 00l 09 oY 02 oL 8 9 vy € 4
: e . 0t

m ‘ ‘ muull!llLﬂEiﬂlllllr Il T | 1
: e )

e

2 ,

sz1-1 = "W/ "M -Noriovaw At o1
40 ¥3LvM 3JHL 404 QILIA3YI SI ;

J9VINYL 30IX0YId NIDOYAAH 310N ¢

6°1

0°¢

81787 ‘"W/R ALTYNId LHOTIN

hé



A3jeudd Iyb oM weisAsqng [ (90 213410439043

+61 94nbiy

01/91 "A/R ‘Aiiiad 1HOTIA

g1 ‘"M ‘Gv0T N3DAXO Tn43sn ;
000l 009  00¥ : 002 001 09 oY 0z ons 9 z
N T
4 WILSAS TOULNGI ONY SIATVA "1
SIANTINI NMOHS LHOIIA :3ION
. — 2° 1
I~ B ~ If
f(/ "I . - ,o—
,./f _ N W3ISASENS ‘
/ N NOTLYZIUNSSI¥d ONY' vt
N / / JOVHOLS ¥3UVA
” . . g
N\ A4
) , A 91
Z / /
ANEE N
% - A .
o) 121
3 % N\ A
» 1 .
- - — / Je°1
% \
%\ / N\ W _
i W o2

48



On decomposition at 550°F, lithium azide yields 85.8 per cent nitro-
gen and 95 Btu per 1b. To provide heat for initiation and maintenance of
decomposition, a reactant can be provided which produces a more stable
lTithium compound as reaction product. Oxidants such as lithium nitrate
or fluorocarbons have been used to form nitrogen-producing solid propel~
lants., In the case of lithium nitrate, the chemical reaction is givén by
Equation 4.

5 LIN3 + L!NOS“—f'S Li,

0+ 8N, + 1720 Btu per 1b (&)

2 2
This reaction produces 71.5 per cent nitrogen. For practical use, ex-
tensive filters must be provided to remove lithium oxide and heat exchang-
érs to cool the product nitrogen. Because the reaction operates more
smoothly at elevated pressures, the nltrogen~producirg mixture would be
used to préssurize a small storage tank, required nitrogén being obtained
through a pressure~regulating valve on thé tank. Thé nitrogen-producing
azide mixture burns like a solid propeliant and is not amenable to simple
control.

“Material balance alone, without considering any weight penalty for
the storage of the azide or the disposal (Or‘storage) of the lithium ox-
ide, shows a weight penalty W/WN )} equal to 1.14 and is not competitive

2

with the cryogenic methods described previously. In addition, thé re-
action is difficult to control and presents a saféty problem which makes
the process prohibitive for space vehiclée usage.

COMPARISON OF GAS SUPPLY SUBSYSTEMS
ooonent Intec

In addition to the storage vessels and their pressurization subsystem;
other componénts such as velves, heat transfer edquipment; etc., are inte-
~-gral parts of the complete gas supply subsystems. As these accessorles
can contribute a large percentage of the total gas supply system welight;
comparison of the various storage techniques discussed previously can only
bé made on an integrated basis.

The weight and size of the accessories is, in general, Independent
of the size of the storage vessel and, in most cases, of the delivery flow
rates. While this is true of valves and sensors, it does not apply to
items such as heat exchangers whose weight is a direct function of the
flow rates in the system. Schematic diagrams showing the arrangefment of
the following subsystems are given here:

High-presstire gas storage: Figure 20

Supercritical storage of cryogenic fluid with theirmal pressurizations
Figure 21.

Siberitical storage of ciyogenic fluid with positive expuisions
Figtre 22.
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These arrangements are typicai of space vehicle installation. In some
cases, components are duplicated to improve the subsystem reliability by
redundancy. The estimated weight of the accessories shown in the sche-
matics is listed in Table S.

Subsystem Comparison

B Since weight is usually the determining factor in the seléction of:

a spdce vehicle system, a plot of the gas supply subsystem weight con-
sidered in this report is presented for comparison in Figure 23. This
plot has been prepared using the accessory weights tabulated above and
the storage véssel weights plots of Figures 5, 10, 14, 18, and 19. The
curvés are given for oxygen only, since the conclusions drawn from it
also apply to nitrogén storage vessels.

Gther parametérs of importanceé in system selection are listed in
Table 6. These include maximum subsystem pressure (excluding the pres-
surizing gas components), maximum estimated temperature in the subsystém,
power requirements, the heat évoived, and the heat sink potential of the
subsystem. Also listed in Table & is thé water c¢onsumed (or produced)
by the subsystem. Compléte system evaluation cannot be made without tak-
ing into account these paraméters. Normally, the gas supply subsystem
wouTd be penal ized {or credited) for eath one of the fiems listed above;
the penalties involved are discusséd in Section III of this report.

Cryogenic fluid storage subsystems are,on a weight basis, superior to
211 the otheér subsystems considered. This weight advantage increé '
markedly as the capacity of the supply system decreases. At a total fluid
Toad of 100 Tb, the weight of the two cryogenic subsystems is about the
same. Above 100 Tb of fluid storage capacity, the subcritical systém is
slightly lighter than its supercritical counterpart. Below 100 1b; the
weight picture is reverséd. The weight difference is so small that systen
selection must be based on other considerations.

The weight penalty of the high-pressure gas storage subsystem is
approximately 3 times as large as that of e¢fyogenic subsystems at large
fluid Toads. For this reason, high-pressure gas storage vessels are not
very attractive for space vehicle applications other thah emergency gas
supply. In this case; maximum reliability, indefinite stand-by periods;
and short-duraticn usage are the design ¢riterla; and weight Is & sec-
ondary consideration. At & stored weight lower than approximateiy 6 to 8
Ib; the high-presstire gas sibsystem shows a lower weight penaity than ail
the other sibsystenis analyzed.

_ Nohe of the chemical systems afre competitive on a weight basis
with either of the ciyogenic storage technigues. No sultable chemical
generation method for nitrogen supply has been fourd to date,

Oxygen geheration froi hydrogen peroxide decomposition could find a
use ofi veliltles where the water mahagerent subsystem shows & water deficit.
This wolild occur in nissions of short duration when water is not recovered
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TABLE 5

TYPICAL GAS SUPPLY SUBSYSTEMS

ACCESSORY WEIGHTS

Accessory’ Walght, 1 B Accessory Valght, 16
. 3. v
&, Pressure relief valve 0.3 8. Hellum prassurization subsyites:
wccounted for In storige’ viese)
b, Fill valve 1 welght)
¢. Transducer 0.6 ; b. Transducer 0.4
€. Quick disconnect né shutof? valve 0.2 i €. Fluld quantlty Indiceter .4
e. Fliter (A} 4 Vant vilve -0:%
i £, Check viélve 0.7 e, FIll vaive 0.3
§. Wigh-prassure regulating veive' 0.9 f.  Vassél shutoff vilve 0.7
K. Demand préssure’ reguisting vilvw v §. Faat éxchengor 0.7
T.  Partis) preéssure senser 0.2 K. Check velve 0.7
J.  Fiow controller 7.8 1. Demarid préssuré regulating velvwe x1.4
k. - Shutoff velw 0.4 J.  PavciaY pressure sensor 0.7
B Tots! Welght 7.7 K. Flow controtler 2.5
i = 1. Syitém ihutoff vaive 0.
r. _
] . Tota¥ Waight 3
&, Vessél vent and présiure rellef 0.7 .
vélve
. . . "
¥, Préssurs controlter 0.6 ] o o
N o . € WV TG presiai Idec lon dubdydien
c. Eledtrical fwiter 0.9 (aee d for 15 §tordgd veied!
L walgh
4. Interial hedt exchénger 0.9 ) o
o L L b.  Vent vaive 0.
6. Fluld quéntity copacitince denior 0.9 o L
. o o €. FITT valvi 6.3
f. Capacity ladicitor 6.6 o ) . )
o o 4. VYessel shutoff vilve 0.4
§.  FINT valve 0.3 . X L
. ] N o 6. Fiow éontrel vaive 1.4
b Vessel shuteff valve 0.7 L ) .
R R f.  Pariial presiure dendor 0.2
I, Extéinel hedt exchaiper 0.8 ) . .
L . ) §.  Fiow éontrollef i
Ji  Flow éontéol valve 1.2 o o
) N . N,  Gai genirator £.1
k. Check vaive 0.1 B .
L I Heat axchanger i
V. Chack valve 0.2 . o .
) ) L Ji  Mater sepirator 1.3
a.  Wigh-pressiie regildiing vaive Ex0. N X ]
ind ek i inid K. Pradiure reguistor i
n. Demind presiure fégillating valvé x 1, L ——
o o Total Waight i1
@, Partiai predsiie denior 0.4 _—
p.  Flow contegiier 1.8
q.  Systew shitoff vaive 0.4
F. Plped and flteingd 0.%
TR *T1TTYY “§.%
Tetai Weight .4
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from the waste or wash products. In this case, however, the small gas
storage capacity requirement and the high hydrogen peroxlde subsystem
weight offsets the advantages of water generation as a by-product of oxy-
gen production. In addition, hydrogen veroxide systems for breathing
oxygen supply are comparatively underdeveloped, are not easily controlled,
and lack safe operational characteristics.

Because of the high electrolytic cell welght, oxygen production from
water by electrolysis Is attractive only for missions In excess of one
year. The weight of thls system, &s shown, greatly improves if, In the
overall vehicle material balance, an excess of water is produced which can
be used for the eleéctrolysis process. The weight plotted can, In this
case, be réduced by the amount of excess water production. In a mission
of this type, it is very likely that vehicle electrical power would be -
derived frim nuclear or solar sources, and that a very low penalty would
be paid for supplying power to the electrolytic ceil. This type of gas
supply system, therefore, offers potentialities for long mission duration,
eéspecially if hydrogen is required for carbon dioxide reduction.

As shown in Figure 23, the two cryogenic gas supply subsystems are
competitive on a weight basis. However, cther advantages of the super-
critical system make it the praferred storage system for space vehicle
installation. These advantages are briefly discussed belows

a, The bladder of the subcritical liquid delivery system introduces
problems of fabrication and reliability which have already been
discussed In conjunction with positive expulsion supercritical
storage systems. These problems are particularly difficult in
large storage vessels In the range wheére subcritical vessels
with positive expulsion are competitive with supercritical ves-
sels,

b. The presence of a biadder makes difficuit accurate fiuld quan-
tity measurements inside the vessel. This also has been pointed
out in the discussion of subcritical vessels.

¢: Sinée heat is leaking from the amblient atmosphere and from the
pressurizing gas into the cooler stored fluid, a problem of
fiuid temperature stratification within the biadder and conse-
quent fluld vaporization 6n tie bladder wall arises, Presence
of vapor within the bladder defeats the puipose of the design
and could hardly be tolerated.

CONCLUSIONS AND DESIGN DATA

From the above discussion; it appears that even for missions of fong
duration SUpercritical storage of cryogenic fluids in thermally pres-
surized vessels is the most attractive method for breathing and pressur-
izing gas supply. For extended missions, oxygen production by water
electrolysis could find its application. High-pressure gas storage appears
attractive for emergency system gas supply.
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Parametric Data

Data pertinent to supercritical thermally pressurized gas supply
subsystems are given here in graphicai form. The plots for spherical
vessels ar2 based on the data assumptions listed on Page 30 of this. report.
In addition, the oxygen and nitrogen weight fraction in the cabin atmos-
phere Is here assumed to be 0.339 and 0.638, respectively.

The following plots are givens

[

d.

ey

Oxyger supply subsystem weight as a function of the mission
duration with the leakage rate as a parameter. This plot Is
given for a number of crew members from 1 to 6 (Figures 24
through 29).

Same plot for nitrogen (Figure 30).

Oxygen and nitrogen weight penalty for redundancy (Figure 31).
Here the added vessel weight incurred when the total gas stored
is divided equally between two vesséls is plotted as a function
of the totak gas storage load.

The'esffmated'stan&-by'perfoﬁ without veriting of the supercritical

oxygen and nitrogen vessels designed on the data of Page 30 s
plotted as a functfon of the total fluld load in Figure 32.

Heat sink potential (Table 6).
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SECTION V
HUMIDITY CONTROL SUBSYSTEMS
GENERAL CONSIDERATIONS

Humidity control of & space vehicle cabin atmosphere involves the
removal of the water vapor produced by the crew members. As discussed

_in Section I of this report, the rate of production of water vapor by

réspiration and perspiration varies greatly, depending on the occupants’

_ metabolic rate and also on their activity. In this section, the rate of

water vapor emitted is taken as the average value of 2.2 Ib per man-day.
If water is produced at a rate higher than average, the cabin relative
humidity wili rise slightly; this does not present any disadvafitage,
sirice the requirements fof relative humidity are very broad, as seen by
the comfort Zone definition in Figures 4a and 4b.

The water recovered from the cabin atmosphere is relatively pure
and can easily be made potzsble. The purification process Involves simple
filtration through activated carbon beds. This fact should be borne in
mind when coemparing the possible means of moisture removal.

In this section; the various methods of controlling the moisture
Tevel in the space vehicle cabin are reviewed and compared on & subsystem
basis. A sumidry of the conclusions drawn from this study follows.,
SUMMARY

Humidity contiol by moisture condensation in a cooler-condenser with
subsequént Tiquid water separation Is the best process avallable at this
time, Simplicity, Jow specific weight, relatively low heat rejection
loads, and pumping power: requirements are the attributes of the cooler-
coridensér process which make it a preferred method of humidity control °
of space vekicle cabin atmosphere. In addition, the water recovered is

_easily processed for drinking.

Coolér=condénser heat exchangers have been developed for some time,
&nd no specfal probléms are anticipated for zero-gravity environment,

" ¢lnce the water condensed In the cooler is blown through the exchanger

by the process afr being cooled, Of the saveral possible methods of
1lquid water separation from the process air stream, cyclone type separ-
ators appear promising, They have na.moving parts, are simple in design
and fabricatlion, and are essentially 1ightwelght. Although cyclone
separators have been extensively used In industrial applications, they
are ¢ti1l 1n the development stages for operation under zero-gravity
opération,

Water removal by absorbent materials Is not attractive for space
velifcle tnstallation because of the several serious disadvantages common
to most absorbing materials: These are 1isted below.

\
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a. The reactions involving water absorption by a solid liberates
an amount of heat equal to the heat of condensation of the
water, plus the heat of reaction. The total amount of heat re-
jécted in the process is in general much higher than that In-
volved in a simple condensation process (Reference 1).

b. For long mission duration, absorbents must be of the regenerable
type to minimize weight. Most chemical absorbents need temper-
atures on the order of 400 tc 500°F or above for regeneration. - !
A heat source at these high temperatures Is not readily avall-
abie aboard space vehicles; efectrical power would most prob-
ably be used for regeneratlon of the abscirption beds and this
at a considerable penalty, since the heat of regeneratica s
the sum of the heat of reaction and the heat of condensation. £

c. The specific weight of the chemical absorbents Is, in general,
heavier than that of the available adsorbents which have lower
heat rejection load and power requirements.

d., The water removed cannot be recovered as a liquid even in re-
generable systems.

In conclusion, it seems that for space vehicle applications, no
specific advantage favors the use of absorbing materials in preference to.
the other methods of moisture removal.

MOISTURE REMOVAL 'BY ADSORPTION
Seperal *

Humidity control by solid adsorbents, such as silica gel or molecular
sieves, is more attractive than water removal by chemical absofbents. No

" heat of reaction is involved in the process, and the heat of adsorption

released is roughly the heat of vaporization of the water., The saturated
adsorbents can be regenerated by addition of heat to the bed at a much
lower temperature level than required to regenerate the chemical absorb-
ents; 250°F is usually quoted for silica gel. Regeneration also can be

"achieved partially by evacuating the bed to vacuum; this process, however,

is relatively slow, and its dynamic characteristics are not well known at

- the present time. It appears that heat addition to the saturated bed,

¥

coupled with evacuation to vacuum, would be very satisfactory for systems
in which water is dumped overboard. A desorpticn temperature of 150°F is
sufficient in this case.

The characteristic adsorption curves for silica gel and three types
of molecular sieves are given In Figure 33. Silica gel has a much higher
capacity than the molecular sieves at the water vapor pressures encount-
ered in space vehicle humidity control systems; It is the only adsorbent
considered for moisture removal,
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rescricted to short-durat ion missions.

‘Non-ngenerable‘Si]ica‘Gel Subsystem

For missions of brief duration, a system in which the humidity is re~
moved from the cabin air by circulating it thiough a silica gel bed is very
attractive because of its simplicity. This system requires no valving,
heéating loops, nor cooling. The weight of such a system is readily esti-
mated from Figure 33, and is shownh plotted in Figure 34 as a function of

. the mission duration.

Calculations show that the canister weight s only a small portion of
the total subsystem weight. It varies between 3 and 5 per cent, depénding
on the pumping power expended to circulate theée process air through the sili-

" ca gel bed and also on the pressure level of the air in thé systéem. Here,

it was assumed that the bed utilization efficiency; based on the isotherm

adsosption capacity of the silica gel, was 0:.75. The weight of the system;

- .néglecting secondary effects, is proportional to the numbér of crew members.

It should be noted that, for high utiiization effi¢iency, the length of the
siFica gel bed must be Kept above a minimum léngth which depénds on the béd

face area and on the process gas superficial vetocity.

~ Since the weight of this non-regenerabie silica gel system is propor-
tidnal to the mission duration, its field of application. is severely

Regenerable Silica Gel Suféystem*

T. System Description.

For mission durations in excess of a few days, regeneration of the
silica gel bed is indicated. A watér removal system of this type is depict-
ed in Figure 35. Two identical silica gel beds are required; one adsorb-
ing and the other desorbing. Operation is fairly simple: when the proceéss
water concentration at bed outlet reaches a ¢eértain presét vaiue, all the
valyes of the system are turned 90% from the position shown; and heat is
applied to the saturated bed; which is then evacuated to vacuui. The pro-
cess afr is routed through the other silica gel bed. Water vapor firom the
saturated bed is dumped overboaird. Switching of the valves is usually
automatic at fixed time intervals. The valve actuating mechanism can be
a cam shaft driven by an electiic motor.

The heater provided for bed desorption can serve a dual puipose: it
can be used for removing the heat adsorption from the bed during the
adsorption period; thus increasing the capacity of the silica gel. However;
this adds to system cofipl ication and is possible only when the heat of
desoiption is provided by a hot fluid. .Often no suitable fluid loop at the
temperature required for desorption{i50%F)is available aboard the vehicle;
and electrical power must be used.

It is to be noted here that water is not easily recovered from a
saturated bed anhd is evacuated overboaird. If the regenerabie siiica gel
system is considered for instailation aboard a vehicle where no excess
water 1s produced; then the system niist be peralized by the aiount of
water dumped overboatds: '
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2. Silica Gel Bed‘ChaTacteristics

Calculations were performed to determine the weight of a system such
as that depicted in Figure 35. The following assumptions were used in the
computat ions:

a. The silica gel is dry at the beginning o6f the adsorption cycle.

b.  The water vapor concentration in the air exhausting from the
system is negligible.

¢.  The rate of watér adsorption is taken as 2.2 1b per man-day.
'd.  Calculations were performed for isothermal adsorption; an allow-

anceé of 20 per cent on thé bed length is made to account for non-
isotherma) operation.

é. The pressure drop through the silica gel bed is calculated by the
méthod presented in Reference 1.

f.  The pumping power is calculated from theé pressure drop assuming
a fan motor efficiency of 0.45.
g- Canister weight is calculated from a model using the followiny
expression:
¥e

h.  The system was not penalized for the water dumped overboard.

= 3.6 A + 2.55 JE Ly Th (5)

1. The weight inciudes the average water content of two beds over
the cycling period. This is about equal toc the water conterit
of one béd at the end of its adsofption period.

Je  The silica gel particle size is taken as 6 to 8 mesh.
ke The cycling time Ts one hour.

The results of the computations given in Figure 36 show the effect on
the silica gel bed weight of the pumping power expended to clrculate the
alt through the bed. The plot is given for three values of the cabin
relative humidity; namely, 50, 60; and 70 per cent, ahd cabin pressires of
5, 7; 10; and 14.7 psia. Low pumping power results froi large face areas
and shoit bed lengths for a given adsorption period. Short lengths; In gen=-
eral; lead to low utilization efficiericy and correspoiidingly high weight.
On the other hand, high pumping losses occur at the highet superficial atr
velocities which also prodiice low bed tilization efficienctes.

3. Sibsystem Inteﬁrat!on

The weights of the components of the regenerable siiica gel humidity
control subsystem depicted In Figure 35 are listed h Table 7. 1In addition
to the accessory welght; the total subsystem weight fricludes the weight of
the water contalned 1 the bed during operation.
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TABLE 7

REGENERABLE SILICA GEL SUBSYSTEM ACCESSORY WEIGHT
(3-MAN SYSTEM)

Componént

Number

Required

Total

- Weight, 1b

Heater

Switching valves

Valve actuator and‘dfiv€*
Flow control valve

Flow contfoller™

Sensor

Duets

i 2,**

0.6
4.2
2.5
0.6
2.5
0.1

0.5

Total Weight

¥ Fixed weight accessory

"*Valvmg is redundant for safety reasons
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Since the fixed portion of the accessory weight is a sizeable percent-
age of the total subsystem weight, the total weight of the system cannot be
averaged on a number-of-crew-member basis. Instead, the variable portion of
the accessory weight is taken as proportional to the square root of the num-
bér of crew members, and the total subsystem weight is expressed by

o = Wy N+ 341 JN + 5.1, 1b (6)
where N i's the rumbér of crew membérs, and W, is the weight of the two
sflica gel canisters. Wp can be obtained #o¥ various cabin atmosphere con-
ditions from the plots of Figure 36.

Another subsystem charactéristic of importance for space vehicle instal~

- kation is the heat required by the system for desorption of the bad. As

pointed 6ut préviously, the silica gel desorption temperature is approximate~
Ty 150°F. If electrical power is used as a heat source for bed desorption,
the pénalty incurred by the subsystem can. bé éxpressed by the folYowing
équation: i

Qp N (PP) ‘
- b
%1 = 3T (7

whéré ggéis the heat requifemégf for desorption as given in Table 8, N is
the number of crew members, and (PP) the vehicie power penaity in Tb per
watt of power consimed.

Aftér desorption, the bed temperature 1s 150%F; and the héat stored in
the bed 15 rejected partly to the environment and partly to the process alf
stream after valve switching. In any case; this amount of heat constltutes
a heat load on the vehicle thermal management systéms In addition; &ince
ne cooling of the bed Is provided, the heat reieased during adsorption &

dumped into the process air; thus raising lts temperature; part of the heat

of adsorption is expended in warimiig the bed itself. This amount of heat;

however, is smali compared to the load rejected to the airs The total heat
rejection Trom the silica gel system to the vehicie thermal management sys=
tem Is the same as required for bed desorption; which 15 given in Table 8.
The penalty associated with this heat rejection icad is given by the expres~
sion

Wy = Qg NCRP); b

¢ (8)
vhere Qg I5 listed in Table 8, and (RP) is the vehicle heat rejection penais=
ty in 1b pei Btu/lir.

 The water removed from the process air {5 dumped overboard tpon desorp=
tion of the silica gel bed: 1In vehicles where no surpius of water exists;
this 1s a serious disadvantage for which the system should be pefial izeds
This penalty is obviousiy a function of the numbei of crew members and of
the missioh duration; it can be expressed by

Wyo= 2:2 Moy 1b ‘ (9)
'S
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TABLE & ;
HEAT REQUIRED FOR DESORPTION AT |50°F j
AND
HEAT REJECTED DURING ADSORPTION
(BTU/MAN-HR)
System Pressure, psia 5 7 10 14.7

| cabin retative humidity | sob | 148.0 | 148.5 | 148.7 | 149.1 |

- 60% | 144.5 | 146.2 | 146.4 | 146.6 | !

706 | 143.7 | 146.2 | 146.3 | 145.0 | |

TABLE 9

4

TYPICAL SILICA GEL SUBSYSTEM PUMPING LOSSES (WATTS)

 System Pressure, psia 5 7 10 14.7 !
Cabin relative humidity | 50% | .635 .657 .632 .622 j
’ 60 | .484 | .546 | .534 519 5

706 | .451 467 451 hkk

- o
; .

;

!
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where T+ is the mission duration in days.

Another factor, which must be accounted for in the system equivalent
weight, is the puniping losses Incurred for circulating the process air
through the system. The silica gel bed weight was plotted against the
system pumping losses which can, in turn, be translated into system weight
by the expréssion

Wp, = (PL); (PP) (10)
where (PL)T is the system pumping losses in watts, and (PP) is the vehicle
powér penalty. Here the subsystem power loss is made up of the bed,
valves, and piping losses. Table ? gives the pumping Tosses in the system
valves and piping for a fan motor efficiency of 0.45.

The subsystem total equivalent weight, taking into account ali the
penalties associated with its instaltation aboard a space vehicléy can

then be expressed by‘co!lectlng all the weights defined in the préceding
paragraphs; the subsystem is then characterized fully by -

- N
We = 50 + 3,41 YN + Wy N + (PP) [3 73 * (n.)]

+ (RP)'QR N+ 2.2 Nr
It should be noted that the véhkicle power pénalty can be a function
of the mission duration (e.g.; if the power source Is chemfcally fuelad):
MOISTURE REMOVAL BY COOLER-CONDENSEK
éenérai

A reTatiVely simple method of controlllng the hamfdfty of the cabin

Z'fcondensafe from the process air stream. Figure 57 is a schematic diagram

of siuch a system. Water from the moist air streain condenses on the surface
of the cooler-eondenser and is blown downstream by the air flowing through
the heat exchanger. Part of the liquid water droplets are separated from
the maln air stream In a water separator; the ait is then returned to thé
cabin oF to another subsystem for further processing. The condensate is
channeled to a reservolr (shown here as a bellows); puimped to the water
management subsystem, and dumped overboard or retirned to the cold side

of the cocler-condenser, where it is evaporated at low pressuie; ‘to pro=
vide part of the heat 5ink for humidity condensatlon. '

The system diagram i1lustrates a possibie arrangeient for the collec-
tion and disposal of the water separated, suitable for operation in a
zeto-gravity environment: The coridensate is ducted by means of wicks from
the water separator to a bellows-type reservoir. As the water in the res-
ervolr accumilates, an electrical contact activates a solenoid actuator
which compresses the beliows and thus pumps the watst through a check valve
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to the water manageinerit subsystem. As the bellows is depressed, the contact
i's broken and the cycle repeated.
In the following discussions, the characteristics of the cooler-

condensér are given in terms of system parameters, and the various means
of separating the condénsate from the procéss air stream are reviewed and

. discussed.
1 Coolet-Condenser Performance
¥ .
The flow requiréd through the system for the removal of 2.2 Ib of

. - water per man-day fs a furiction of the inlet and outlet water concentrations
! in the proceéss alr streany of the cabin pressure, and of the water separa-
; tor efficiéncy. The sxpression for the flow réquirement is given by the
'}y équation '

_ : W s Mo (1 o o
: : I T R LI 7))
: : w., W NM, o ede 12

R L e (TS D (12)

Graphic solution of this equation is shown in Figures 38 to 40, where
the flow requirement s plotted against the cabin relative humidity for
cool erscondénser outiet temperatures of 35, 40, and 45%F and cabin pressures
of & % 10, and 14.7 psia. Alsos, the flow requirement for water removal
is plotted against cooleér-condenser outiet teéwperature in Figurs 41+ In
Figures 38 to 40, the hKumidity control system cool Ing requirements are
aiso plotted as 4 function of the cabin relative humidity and cabin pressure.
-Figureé 42 shows the cool ing réquirements as a function of condenser outlet
. témperature.

The sharp rise—ln flow requirement and cooling Joad at low cabin
felative fumidity with a flattening characteristic at about 60 per cent
.- felative humidity points to thé desirability of maintaining the cabin humid-
ity as high as possible: The confort zone Inside the cabin extends over
& wide rangs of relative humidities with the maximum values compatible with
‘ ‘%2‘mﬁiiféd‘6féw parforimanceé varylng between 60 and 70 per cent (see Figure

'
i
!
§
¥
£

Thesé piots also indicate the savindgs ensuring from low condenser out=
‘fet temperatures. This,; however; 1s more difficult to satlsfy than high
relative humidity. Heat sink temperatires lower than about 40 to 45°F
iormal 1y impose very high walqkt penaltles on space vehicle liquid cooling
166ps: These penaities rasult from the iarge radiator aress required to
éool the heat transport fiuld to the temperature level desired for operation
of the humfdity control system: Temperatures on the order of 40 to 45°F
can; however; be achieved by evaporating water or another fluid at low
; . pressure and dumpirg the vapor ovérboards This process can be advantageous-
t : 1y used aboard vehicles where materfal balance shows a surplus production
o6f water. Where a refrigeration system is installed, it is advantageous
to operaté the heat exchanger at a temperature as low as possible. It
-§hould be noted here that the surface temparature of the cooler-condenser
mist be kept above the freezing temperature of the water. The operating
Eﬁmggggtufc range of the cooler«condenser surface is, therefors; restricted
o) 2 T . f
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The weight of the cedler-condenser was éestimated: by the methods pre-
sented in Reference 1. The calcutations were performed assuming a heat
exchanger effectivenéss of 0.8 for cabin relative humidities of 66 and 70

per cent. The plate fin arrangement used in the design with the air side-

éxtended surface defined is giveén beélows

Fin type: rectangular

Offset: 1/7 in.

Fin height: 0.15%3 in.

Fin thicknéss: 0,020 in.

Number of fins per inchy 16

Plate thicknessy 0.020 in. ' .

Material: aluminum

Constructions Double sandwich arrangemént

The ¢old fluid was assumied to bé ethyleéne glycol, and the heat
transfer surfacé on the liquid sideé was the samé as the air side finy but
in a single sandwich arrangément. The résutts of the cafculations are
presented in Figures 43 and 44 where the total heat exchanger weight s
plotted as a funition of the pumping power expeénded to flow the moist
afr through the exchangér- The -curves are plotted for cabin préssures

L 0f 5, 10, and L4.T psian.. etk the efficiéncy of tre fan and motor diive

i$ taken as 0.45. These plots fadicate that not much will be gained by.
Incréasing the pumping losses above zbout 2 or 3 watts. -

Selection of the heat exchanger ¢an only be madé on the basis of a
trade-off study between the pumping losses and the heat exchanger weight.
As an example of such a study, heat exchanger weight and pumping power are
plotted in Figure 45 against the vehicle power penalty expressed In 1b per
watt. The trade-off study was conducted for a coolefr-condenser outlet
temperature of 459 and cabln relative hmidity of &0 per cent:

Ligutd Wster Separator

The condensate blown out of the cooler-condenser by the process air
streai is partly entralned 1n the forni of small droplets and partly as
drops of 11quid water attached to the duct wails. Sevaral fiedns of refiiov-
ing the Ilquid water froi the ait streai have beeh proposed for zero-

gravity operatich. Among these are the filter separatois; sich as sponges;

and the centrifugal types; stch as bend separators; eyelone separators;

and rotat tig separators. All of these types are discussed and ahdlyzed in
keference 1. At present; a certain aiount of experierca on the sponge
separators has been developed fioni 1ts Use fn the Mercury capsule: Separa-
tors Using artificially {nduced centrifugal flelds; on the other hand; are
it various stages of developiietit.

Sponge separdtors are inherently high-energy loss devices; thelr
squeez ing imechdnisti s relatively cotplex; and their weight is higher than
cent+ifugdl-type separators. Of the centr{fugdl separators; the iost
dttractive for simplicity and reifabtitty is the cyclone sepsrators It is
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felt that with a moderate effort, a low-loss cyclone separator can be de-
velopad for zero-gravity operation- The analysis of Reference 1 suggests
that pressure drop on the order of 1:5 in. of water is within the expected
performance of these separators. iowever, all of the liquid water entrain-
ed by the air stream into the separator is not in small droplet form,

as assumed in the analysis, and an experimental program is required to con-
firm €he results of the analysis of Reference 1. Because of all the devel-
opment woirk being pursued presentiy in the area of water separation, it is
safe to assume in this report, for the purpose of systems znalysis, that a
water separator of the centrifugal type can be used in space vehicle humid-
ity control systems. The weight of the separator in the following analyses
will be assumed to be 0.5 Ib per man, and it wiil further be assumed that
the power losses in the separator are equivalent to a process air pressure
drop of k.5 in. of waters

Subsystem Integration

The weight of the accessories of the humidity control subsystem shown
diagrammatically n Figure 37 is listed in Table 10. The total weight of
the subsysteri hardware can be expressed as a function of the number of crew

inembers by
wT‘=26+w N+2.l9~f§,_lb (]3),

The various penalties to be charged against the subsystem and added to
Tits basic weight can be found below.

T- Heat Relecticn Penalty

The cooling load requirement of the cooler~condenser, Qs is plotted
in Figure 38, 39, and 40, for cabin pressures of 5, 7, 10, and 14.7 psia,
and cabin relative kumidities of 30 to 70 per cent. The corresponding
equivalent subsystem welght is expressed in terms of the vehicle heat
rejection penalty, RP (in 1b per Btu/hr) as

W

!
=4
~~

-

0
~
.,

[

o~
ot

.
S

."
2. Pumping Power Penalty

The weight of the cooler-condenser, Wy, is plotted in Figures 43 and
44 as a function of the pumping losses through the heat exchanger itself.
The total subsystem pumping power is made up of the lTosses in the cooler-
condenser Itself, and the losses in the rest of the clrcuit. These calcu~
lations for air temperatures of 40°F and 459F are listed in Table 11. The
subsysteri weight equivalent to the pumping losses is, theréfore, expressed
as

Wo = (PL); (PP) (15)

where (PL)y Is the total pumping power through the system from Figures 43
or 44 and Table 11.
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TABLE 10

COOLER-CONDENSER SUBSYSTEM ACCESSORY WEIGHT

(3-MAN SYSTEM)

Component

Weight, 1b

Flow control valve

*
Flow controller

, *
Relative humidity sensor

Water separator
Check valves
Pump reservoir

Solenoid actuator

0.6
2.5
0.1
0.7 -

0.6

0.7

e e e

Total Weight:

6.4 b

* Fixed weight accessory

TABLE 11

PUMPING POWER LOSS IN THE SEPARATOR AND PIPING OF A

COOLER~CONDENSER SYSTEM- (WATTS)

o .

Pressure, psia 5 7 10 14.7
Relative humidity 60% 2.69 2.81 2.74 2.68
70% 1.76 1.85 1.80 1.765
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3. Electrical Power

The electrical power required to activate the solenoid actuator is
negligible.

The total subsystem equivalent weight can finally be written as

W = 2.6+ Uy N+ 2,19 0% + Qg N (RP)

+ (PS) (PP) - e

It is inferesting to note that the total subsystem equivalent weight

" is independent of the mission duration as such. Mission duration can,

however, indirectly influence the weight if it has an effect on thé vehicle
power penalty. .
SUBSYSTEM COMPARISON

The two competing humidity control subsystems considered in this sec=

tion are compared here on the basis of their equivalent weight and other
characteristics pertaining to space vehicle installation.

.4
Equivajent Weight

The hardware weight, heat rejection load, heating réquirement, power
consumpt ion, and water balance for the cooler-condenser and the silica gel
subsystem were calculated for the following typical vehicle and mission
parameters:

“"Cabin pressure; 7 psia

Cabin relative humidity: 60%

Number of crew members: 3

Cooler-condenser subsystem air outlet temperature: 45°F

For these conditions, the subsystem parameters are listed in Table 2.

TABLE 12
COMPARISON OF SUBSYSTEM‘CHARACTERISTICS
Parameter Silica-Gel Cooler-Condenser
] ‘ ) Subsysten Subsystem
Hardware weight, 1b 28.1 16.3
. Pumping losses, watts 1.55 4.81
Heat rejection load, Btu/hr 439 569
at a temperature of, °F 70 45
Heating requirement, Btu/hr 439 f-m
‘ at a temperature of, or 150 * ek
Water balance, 1b/day =6.6 +6,6

*Dumped‘overboard

** pecovered
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The equivalent weight of the subsystem is plotted in Figure 46 for
various penaltiés considered. Here it is assumed that the heat rejectiecn
penalty (RP), in Ib per watt, is 10 per cent of the power penalty, (PP).

From this plot, it is seen that even in the best of light, the
sillca gel subsystem is heavier than the cooler-condenser subsystem for
vehicle power penalties below 300 lb per kw. If heat rejection load is

taken into account, and moreso if the water balance is introduced irto the
picture, the silica gel subsystem is not at all competitive with the sim~
ple coolér-condenser subsystem on a weight basis.

Even at high vehicle power penalty, the slight weight advantaye of
the silica gel system (In idéal conditions) is not enough to offset the ;
othér advantages of the simplér cooler-condénseér system, as discusséd !
below.

Rellability

The cooler-condenser subsystem is orders of magnitude more réliable
than the regenérable silica gel subsystem. Operation of the silica gel
subsystem valves requirés a complex mechanism. Thé number of valves, in
itself, makés the system unreliable. In addition, all the valves seal
agalnst the vacuum to which the bed is desorbed; this presénts & sérious
safety problém. In practice, two valves in séries would be installed
everywhere. Afthough singleée valves are shown in thesubsYstamdoagram'of
Figure 33, the accessory weight éstimaté is baséd on the use of two.

Process Air Gutlét Temperature

An undesirable feature of the regenerable silica gel subsystem is the
temperature cycling of the process air at subSYStem outlet. At the start
of the adsorption perlod, the bed is hot, near 150%, and the process air
temperature will rise through the bed approaching the témperature of the
bed at outlet. As the bad is cooled, the air temperature will decrease;
the cyclic temperature of the outgoing air depends on the bed dYnamlc
characteristics.

Integraiion Potentlal

Removal of the molisture from the cabin air by cooler-condenser offers
the possibility of integration of the humidity control and cabin tempera-
ture control subsystems. This greatly redices the installation number of
components as weil as control complexity. In actual practice; these two
functions, humidity control and temperature control, are unified and
aeffected in the same atmospheric cont rol loop- In this report, the
humidity control Is assumed to be divorced from the-temperature control to
better assess the penalties involved in the process of controlling cabin
humidity.
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SECTION VI

CARBON DIOXIDE MANAGEMENT SUBSYSTEMS

INTRODUCTION

This section describes and characterizes carbon dioxide removal sub-
systems sultable for use In spacecraft atmospheric contrsl systems. Only
the most promising procésses analyzed in Reference 1 are considered here:
for limited misslon durations = lithium hydroxide absorption, potassium
and sodium superoxide absorption with generation of oxygen3 for moderate
to long mission durations - regenerable adserbents, freeze-out heat ex-
changer processes, and continuous electrodialysis. Open-cycle carbon
dioxide removal can be discarded because of excessive fluid requirements.
On the othér handy closed-cycte carbon dicide management systems using
algae or plarts can be discarded for réasons of weight and development
status,

The systems are discussed in teérms of vehicle and mission parameters.
The weight peénalties associated with powér consumption will play an impor-
tant role in seléction of an optimum System. oOther, factors considered
incfude heat dissipation penaltiés, staté-of-the-ards Vimitations, réfia~
biTity, and intégration problens.

Récovery of oxygen from the carbon dioxide is treated separatély in
thé next section of this réports

SUMMARY AND CONCLUSIONS

For short mission durations, Tithium hydroxide sbsorption appears the
most aftractive means of space vehicle atmosphere carbon dioxide control.
Successfully used on thé Meréury capsiule; this method represents thé state
of the art. Oxygen-producing superoxidé systéms are at best heavier than
competing lithium hydroxide Systéms. In addition; the tendency of supéi- -
oxide beds to plug creates a control problem which doés not exist in
Tithium hydroxide beds.

Regenerable adsorbents; such as "moiecular sieves;" can be used as
the basis for regenerable carbon dioxide removal systems. The power
fequirenents for these systams répreseiit a serious limitation for mission
durationis oh tie order of two weéks and under. The main problen arises
from the necessity of drying the process gas to a very low dew point with
the presently available carbon dioxide adsorbeéntss Systems of this type
tequire a (arge number of valves; some of which must seal tightiy agaiist
a §pace vacuum: This poses a reliability probiem.

Freeze-out heat exchangers can be used for carboh dioxide removal !
whére a low-temperature heat sink is availables The most logical heat
sink for these systems is the atmospheric make-up fiuids stored as cryogenic
liquids: At present; theré is inadequate informationh concerning heat
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transfer to a subliming solid under conditions which exist in a
freeze-out system to permit complete evaluation of freeze-out methods.

Diffusion and electrodialysis cells are potentially very attractive

in that they are essentially static, continucus-flow devices. At present,

however, théy are in a fairly early research and development stage and
have excessive power consumption and other operational limitations.

CARBON DIOXIDE REMOVAL BY LITHIUM HYDROXIDE ABSORPTION -

" Gerieral

Lithium hydroxide absorbs carbon dioxide according to the reaction:
2 LiOH + Co, —p Li, CO5 + H,0 (17

Some water vapor is necessary for the reaction to take place. Theé
amount of water vapor preseént in space véhicle cabin atmospheres (from

50 t6 70 per cent relative humidity) is suitable to catalyze the reaction.

Absorption of carbon dioxide by iithium hydroxide is exothermic, 1305

Btu per 1b of carbon dioxide absorbed being reéieased. Under normal
operating conditions, some of this heat is expended in vaporizing the
_water of reéaction. Theé amount of water vapor producéd by the reaction is

0.41 1b of water per b of carbon dioxide, and the !ithium hydroxide con=

sumption is ideally 1.059 b per lb of carbon dioxide. tithium hydroxide

is commercially available at a purity of sbout 97 per cent and 2 bulk

density of 25 to 30 1b per ft3.

The heat and mass transfer performance of a granular lithium hy-
droxide bed may be visualized by referring to Figure 47, which shows
temperature and carbon dioxide concentration profiles at two different
times in a typical canister. Most of the reaction takes place in an
absorption zone which slowly moves from the inlet end to the outlet end
of the canister. When the leading edge of the absorption zone reaches
the otitlet end of the granular bed, the so-called breakthrough point
has been reached; after this point; carbon dioxide content of the gas
leaving the canister rises fairly rapidiy with time.

~ The theoretical capacity of lithium hydroxide for carbon dioxide
absorption cannot be achieved in an atmosphere control system because 6f
the bed dynamic characteristics. Typical closed-circuit test data are
shown in Figures 48 and 49.

A closed-circuit process involves recirciulation of the process gas
and addition of carbon dioxide at a constant rate. The inlet and outlet
carbon dioxide concentraticns in the process air are plotted against
test durations in Figure 48 for a typical bed design.

It is interesting to note that the relatively constant difference

between the inlet and outlet concentiations, even after "breakthroiigh;"
indicates that all the carbonh dioxide added to the air stréai .is iremoved.

9%



{os:rlou oF BED OF GRANULAR LIOH
- ABSORPTION ZONE

AFTER FOUR HOURS'\\ /‘CAN‘ISTER
SR AR B

CO2 CONCENTRATION IN

Figure 47. Temperatiire and Carbonh Dioxide Concentration
Proffles in a Typical Lithium Hydroxide Canister

95

& HOURS. | e i
AN
w 1/ NI
& . N\~ AIR TEMPERATURE
P 74 ] v/ y I DROPS BECAUSE
€ e .20 HouRs_. | ; | OF HEAT TRANSFER
g % T = ——— : ; TO THE BED AND
& | : THE SURRGUNDINGS
&
(]
a
< ! } t ' '
0
i UTLEY
“ .
o018
o
el
@ ‘..
w 010
-~ ‘ -
S
S o
> 005 MINIMOW =~
£ CONCENTRATION AT
, THE OUTLET IS
g _ LIMITED TO A CO,
0 S : | PRESSURE OF
INLET OUTLET ABOUT 0.5 md iig




€O, CONCENTRATION, MOLE %.

1.2 _
\ 1
: KBSORBENT: LITHIUM HYDROXIDE
l.:ok__-_____PELLEr SIZE: 4-8 MESH__|
= BED LEWGTH: 8.0 IN.
BED DIAMETER: 6.0 IN. |
- ABSORBENT WEIGHT: 3.5 LBl
AIR WEIGHT FLOW: 43 LB/HR k
; CARBON DIOXIDE WEIGHT FLOW: 0.043 LB/HR
0.8 ATR SUPERFICIAL VELOCITY: 50 FPM—§
AIR TOTAL PRESSURE: 14.7 PSIA |
ATR INLET TEMPERATURE: 182°F
0.6
0.4
INLET -
0. 2%
e OQUTLET | [ i
O ‘ b 11 SN SN S VS |
(] 10 20 30 40 50 60

DURATION; HOURS

Figure 48. Typical Closed-Circiiit Lithium Hydroxide Perforiance



5

Le: €0, ABSORBED/LE LioH:

6

6.5

|

THEOREFICAL 974 PURE, LioH |

i

! i
! i

— s G onen’ G’ st [’ wevs [t e ( w— ——— ematt S ew 8-—

amagry’

0.7

i

Lo

e‘ >
®

0.6

0.4

0.3

0.2

Figure 49. Lithium Hydroxide Absorption Capacity for Carbon Dioxide

=40

20 0

20 40 60 80 100 120
ABSORBER INLET TEMPERATURE, DEG F

97

140

160

180

200

ey

B R S Y

e Bt et



The carbon dioxide concentration at bed outlet is about constant for a
- long period of time and increases rapidly before "breakthrough."

The exact shape of the curves presented in Figuré 47 and the position
of the "breakthrough" depend on the air superficial velocity, the canister

dimensions, and the process air inlet temperaturé.

The carbon dioxide absorption capacity of several lithium hydroxide
canisters of different configurations is shown as a function of inlet
temperature in Figure 49. The two high values (0.88 and 0.87 1b carbon
dioxide/1b iithium hydroxide) represent prototype canister tests using
fresh iithium hydroxide. Production canisters of similTar désign provide
capacities on the order of 0.825 1b of carbon dioxide/Ib of lithiun hy-
droxide. This last valué corresponds to a bed utilization efficiency of
92.8 per cent.

In this report sec¢tion, the characteristics of thé lithium hydroxideé
carbon dioxide removal systems are based on the test data presented above.
The bed utilization efficiency is taken as 92.8 per cent and the carbon
dioxidé partial préssuré at bed outlét is assuméd to be 0.5 mm of mercury.
This last value is Somewhat higher than shown in Figure 48.

The lithium hydroxide particle size is generally kept betwéen 4 to
8 mech size for high utilization efficiéncies and 1ow béd préssuré drops.
It appears that no channeling oc¢curs with this particle sizeé at gas
velocities up to 1.0 ft per sec.

Subsystem Characteristics

1. F]ow Requiraments

The process air flow requirément for carber-«ditoxide absorption by
Tithium hydroxide has been calcuiated for the following conditions and
assumptions: -

a; The carbon dioxide partial pressure in thé process air stream.
leaving the absorber bed is C.5 mm Hg.

b. The carbon dioxide production rate in the cabin is 2:25 1b/man
day (Reference 3).

€. . The cabin air molecular weight is calculated assuming a cabin
relative humidity of 60 per cent and an oxygen concéntration
given by Figure 4.

The results of these calculations are plotted in Figure 50 for

various cabin atmospheric pressures.

2, Temperatureé Rise

The process air temperature isé across the canister is shown in
Figure 51 against the cabin air carbon dioxidé concentration: The flows
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Figure 50: Lithium Hydroxide Subsysten Fiow Requirement
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calculated above were used in the computations. Noné of the heat of reac-
tion is assumed transferred to the bed.

3. Subsystem Airrangement

The consumption of lithium hydroxide is a function of the number of
crew members i the cabin and of the duration of the mission. Under
normal average conditions, 2.728 1b per man-day are consumed; the corres-
ponding volume consumption is 188 in.® per man-day. This leads to
packaging problems as mission duration increases. In view of this;, the
use of rechargeable cenisters is advisable for missions of long duration.
It i's reasonable to assume that an interval of one day between charges
will not hamper crew operation unduly. Consideration of potential
composition transients, particularly during emergency situations when
suit circuit operation is required, leads to the recommendation of a system
using two LiOH canisters in parallel for carbon dicxide removal. The two
canisters are normally on stream, and operation on one canister involves
a loss of system performance. Such a subsystem is illustrated in
Figure 52.

4. Canister Weight Optimization

The weight of the canisters of the subsysiem depicted in Figure 52
is optimum when the sum of the canister weight and the weight equivalent
to the pressure loss in the LiOH bed is minimim. A canister design
method based on this criterion is presented below.

Assume two cylindrical canisters as follows:

Material: Aluminum
Cylindrical wall thickness: 0.050 in. thick
Circular end plates: 0.200 in. thick

The weight of the two canisters based on this model can then be expressed
by:

W =2 [5.76 A + 2,552 JAF L] s 1b (18)

Note that this welght includes the weight of the mounting brackets, flang=-
~es, fllters, springs for loading-the 1ithium hydroxide charge, etc.

The pressure drop through the 1ithium hydroxide bed Is calculated by
the method of Reference 1:

2
AP = 4 f 5= ke | p/fed (19)
gp DP
where
_ 850 _ 850
R S
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S

Therefore,
AP = 3gg°p oyt , 1b/ft? (21
P
The lithium hydroxide volume consumption in one day is:
Ve _2.728 N
825 0 i0n  PLioK

= AL, ft°  (22)

V=
where PLioH = 25 1b per cu ft

Noting that G = w%ZAF, where w is in 1b/s€é, and introducing

Equation 22 into Equation 21, the following éxpréssion is obtainéd:

" 2 N N
AP = .2_4').2..2_2. (B2) Th" , 1b/ft? (23)
P

and thé pumping power, assuming a fan-motor efficiency of 0.45, is given
by: . . o

. 0wty 1 :
(pL) = 233 (B5) 7, watts (24)
Dp p N
where b, = "0.00909 ft for a 6 to 8 LiOH particle mesh size.
~ Introduction of the expression for ‘F from Equation 22 into Equation
18 yields "
W, = 1.256 T + 1.684 JNL (25)

~ The optimim canister design is then found for a minimum of the
function

L2 i
(F) = 884 x 104 (£ (%P-) L+ 1,256 + 1884 YN T

where (PP) is the vehicle power penalty.

Differentiating (F) refative to L, the criterion for canister design
is found: -

1768 % 106 (Y (BB | 1256 N 082N _ (5
p N L T
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The first term of Equation 26 is small compared to the other two,
and its effect on the bed length is negligible. This means that the
~canister weight itself is much higher than the pressure loss weight pen-
alty. For the purpose of system €évaluation, Equation 26 reduces to

1.256 N _ %842 YA (27)

L¢ J[‘

yielding the optimum canister length:

= 1.305 NV/3, ft (28)

The pressure drop, the power loss in the bed, and the weight of the
bed are obtained by introducing the above value of L in equations 23, 24,
and 25. Noting that w = N w, the following expressions are obtained:

AP = 5 x 10¢ (2—*) NE/¥ Ib/Ft? (29)
» ‘ it i : )

(PL) = 1.507 x 107 €§¥—) NS/3  atts (30)

¥ = 2.885 M2/3 1pb (31)

- =2

In the above equations, (E2) and (Eggro‘are functions of the
cabin pressure and carbon dioxide conceéntration in thé cabin. Equation
37 is plotted in Figure 53, and solutions of Equations 29 and 30 are
given in Figurés 54 and 55.

For missions of short duration, no problem arises from packaging
all the required lithium hydroxide into a single canister. Redundancy
i$ not necessary in this case, since the canister is in the circuit at
all times. Results of an analysis of single canister weights are shown
in Figure 56. Also shown for comparison is the canister weight of a
double canister arrangément. On a weight basis; the use of single
canisters is limited to mission durations of léss than approximately
two days.

5. Subsystem Equivalert Weight !

The total subsystem equivalent weight s made up of ‘the terms
be Tow:

a. Lithium Hydroxide Consumption

This is readily caicuiated firom the carbon dioxide productioh rate
in ‘the cabin and the lithium hydroxide bed itilization efficiency. An
additional penalty is incurred for storing the chardes aboard the vehicle;
this is taken here as 3.0 per cent of the lithiii hydroxide weight. The
total weight of the stored hydroxide is then

W = & e (32
Wi o = 2-81 Hr (32)
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b Canister Weight

The canister welight has been found previously to be a function of the
riumbér of crew members and is expressed by the équation

W = 2.885 N2/3 (33)
¢. Accessory Weight
~ The vigights of the accessoriés showh in Figure 52 are listed in
Tablé I3 for a three-man systém. The total accessory weight is a functiomn
of the ruriber of créw meémbers and' ¢an beé eéstimatéd from: theé expréssion

d. Power Loss Penalty

Thé total subsysteém pressure drop-is made up of the losses in the
bed itseélf (seé Figuré 55), and in the piping, manifolds, and valves of
the systém. The weight equivalent of the preéssure drop can be caléulated
~ énly wheén theé veéhicle power penalty in Ib per watt is specified. It
¢an b& éxpressed as

Wy = (PL)7 (PP), Tb ’ | (35)

e. Heat Rejéction Penalty
“carbon dioxide absorbed. This is the heat load which must be disposed
of by the thermal contiol system, since the water evolved in the reaction
is ultimately condensed for huiidity control purposes. The heat rejection

Toad can; therefore; be written as
Q = 122.3 N, Btu/hr (36)
&hd the heat rejection weight penalty as
Wy = (@) (RP); 1b (37
where (RP) is the vehicle heat rejection penalty ifi ib per Btu/hf. This
heat is rejected at a temperatire level above 70°F. The exact tefipeia-
ture depends oh the atmospheric and theirmal contiol arrangement.
f. Material Balance
Water is produced in the carbon dioxide absorption process at the

rate of 0.41 ib per ib of carbon dioxide absorbed. This water is relativa-
Iy pure dhd can be used for dridking purposes after fiitration through
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TABLE 13

LITHIUM HYDROXIDE SUBSYSTEM ACCESSORY WEIGHT

(3-MAN SYSTEM)

. Coinponerit

. Weight, 1b

 Flow control valve
: Sengar

- , ¥

' Flow controlier
shutoff valves (4)

 piping

0.6
0‘; ‘
2.5

1.0

0.2

Total Weight:

4+4 1b

oo
Fixed weight accessory
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activated charcoal beds. The system should be credited by the weight of
the water evolved in the reaction. In addition, a further saving ori the
water management subsystem results from the use of a smaller container.
Assuming the water storage weight penalty to be 8.5 per cent of the water
stored, the total weight saving becomes '

W = 1.0 Nr, 1b (38)

H20

The total subsystem equivalent weight is the summation of all
terms given above and is written as:

We = 2.81 Nt +2.885 N /3, 2.6 + 1.16 JN + (PL) (®P)

+ (122.3 N) (RP) ~ 1.0 Nv (39)
where 1 is the mission duration in days.

The equivalent weight of a lithium hydroxide carbon dioxide removal
subsystem was evaluated by the above equation for a typical case defined
by the following parameters and data assumptions:

Cabin pressure: 10 psia
Cabin carbon dioxide pa§iia] pressufe: 7.6 mm Hg

Vehicle heat rejection penalty: 10 per cent of the vehicle
power penalty in lb per watt

Pressure losses through the system other than lithium hydroxide
bed loss: 0.8 JN,in H,0

Accessory weight: (2.6 + .16 Jn), 1b

The results of the calculations are given in Figures 57 and 58, where

the subsystem equivalent weight is plotted versus the mission duration for
the number of the crew members up to 5. Figure 57 applies when the sub-
system is'riot credited for the water evolved in the process. Figure 58
shows the same plot applicable when the system is credited for the water
of reaction. From these curves, it is apparent that for mission duraticns
in excess of 10 days, the weight penalties due to pumping losses and

heat rejection are only a small percentage of the total equivalent weight.
The subsystem weight is mainly the hardware weight and the expendabie
jithium hydroxide weight. The plots presented can, therefore, with
discretion, be used for estimating lithium hydroxide subsystem weight at
operating conditions other than those defined above.

For mission durations shorter than two days, the weight of the lithium
hydroxide subsystem is lower than shown by the difference in weight
between the double and single-canister arrangesment. The difference
between the weight shown and the actual subsystem weight can easily be
estimated from the data presented.
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Cohclusions

The lithium hydroxide carbon dioxide removal subsystem whose charac=
teristics have been presented in the preceding paragraphs is simple in
construction and control. Its reiiability has been proved by use in the
Mercury capsule and numerous ground tests. Handling problems might arise
from the necessity for charging the canister; however, if this operation
is performed only once a day, it can hardly te considered to interfere -
with other crew activities. Reactant storage can in some cases present
difficulites for missions of long duration.

As the absorber is expendable, the systam weight is time-dependent.
This limits its use to relatively short mission durations on the crder
of a few weeks. Because of its simplicity and reliability, thé lithium

‘hydroxide subsystem is attractive as an emergency system for long

duration vehicles..

The water generated in the absorption process is not always a credit
to the system. In véhicles where. a .water excéss is produced from fuel
cell power installation, for examplie, the water supply is already plenti-
ful, and the water produced by carbon dioxide removal can hardiy beé
tréated as a subsystem credit.

CARBON DIOXIDE REMOVAL BY ALKALI METAL SUPEROXIDE ABSORPTION

General

P

Alkali metal superoxides such as potassium superoxide and sodium
superoxide act as both carbon dioxide absorbents and oxygen sources.
This makes them very attractive for space vehicle usage, since it appears
to dispense with the necessity of carrying oxygen for breathing purposes.
However, as oxygen is required for leakage makeup, the oxygen produced
in the carbon dioxide absorption reaction is not, in general, sufficiént
to fulfill all the space vehicie oxygen requirements. In Some special

cases when no leakage occurs, the process is of interest.

Thé use of such materials in atmospheric control is generally
similar to that of lithium hydroxide in that they are packaged as granular
beds through which impure gas is circulated: Superoxides are highly re-
active, with strong oxidizing and alkaiine properties; they appear to
provide for odor control and sté#rilization of process air. Although this
factor makés such materials promising for space vehicle use, This
advantage is offset by handling probiems incirred by their chemical
reactivity.

In contrast to lithium hydroxide, the superoxides absorb both water
and carbon dioxide; a variety of reactions is possible, depending upon
operating condntlons. Possible reaction products include carbonates,
bicarbonates; and hvdroxndes, as well as hydrates of these compounds «

The primary reactions of interest, yielding the carbonate and bicarbonate,
are indicated below for sodium superoxide.

14
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2 Na0, + CO, —Na,C0; + 5 0, + 2150 Btu/1b CO, {40)
2 Na0, + 2 TOy + Hy0 =2 NaHCO5 + 7 0, + 1700 Btu/Tb CO, (41)

Analogous reactions exist for potassium superoxide; correspending
heats of reaction are 1875 Btu and 1625 Btu per 1b of carbon dioxide
absorbed.

In the carbonate formation reaction oxygen Is produced at the rate
of 1,09 1b/1b of carbon dioxide, while the bicarbonate reaction corresponds
to the production of 0.545 1b of oxygen/lb of carbon dioxide. It appears
possnble to match these two reactions, by proper control of the process
air humidity, to yield the amount of oxygen necessary for respiration
while absorbing the carbon dioxide produced in thé cabin. Assuming 2.25
Ib of carbon dioxide is absorbed and 2.0 1b of 6xygen is produced, such
metabdl i¢c matching corresponds to an overall reaction of the form:

2 NaO, + 1.227 €0, + 0.227 H,0 —80.775 NayC0, + 0.454 NaH(O + > O
2 2 2 2773 372 %
(42)

The heat releaséd in this reaction is 2048 Btu/lb of oxygen; sodium
superoxide expenditure is 2.29 Tb per ib of oxygen The analogous reaction
for pOt&SS‘um superoxide would have a heat rejease of 1817 Btu/1b of oxygen
and a potassium superoxide eXpendlture of 2.96 1b pet 1b of oxygen. The

water absorbed in the reaction is 0.0758 1b per 1b of carbon dioxide removed.

As it has not yet been shown pussible to achievé reliability in
control, some designers resort to the use of parallel beds of superoxide
and tithium hydrexide, wheére all oxygen requnred is generated by the
‘superoxide which handles part of the process air. The lithium hydroxide
is then used for partial carbon dioxide removal. Such an arrangement
is not considered here, sincé& it can be shown that, tnder the ideal
conditions described by the above reaction (Equation 42); a supéroxide
system is not compstitive with thé simple lithium hydroxide system
described previouslys

Test results summarized in Reference | have shown that, with careful
bed designh and appropriate control of the process air humidity level,
utilization efficiencies onh the order of 0.90 are attainable: Since the
purity of available sodium superoxide and potassuum supefoxide is about
0.95, the consumption rates of these sibstances in carbor dioxide contrél
systems are 5.36 and 6.93 b per manh=day respectively.

Siibsys tem Characteéristics

“1; Flow Rquirements

The fiow requirement is taken here to be the same as for the 1ithium
hydroxide subsystem: Siiail variatiohs ih the carbon dioxide ‘conicéntration

15



at outlet will not change the procéss gas flow rate appreciably. This
flow is piotted in Figure 50 as a function of the carbon dioxide partial
pressure in the cabin.

2. Process Air Température Rise

Based on the flows shown in Figure 50 and on the assumption that all
the heat of reaction is dumped into the process air stream, the tempera-
. ture rise of the air flowing through the superoxide bad has been calculat~
ed and is shown plotted in Figure 59 for a sodium superoxide and a
potassium superoxidé subsystem. The air temperature rise is much higher
(double for sodium superoxide) than in the case of the 1ithiuni hydroxide
subsystem.

3. Subsystem Arrangement

The use of a two-bed arrangément with daily replacement of one charge
is considered, although this presénts serious handling problers relative
to lithium hydroxide. The subsystem arrangement is also more complicated
bécausé of the requirement for humidity control of thé process air at
canistér inlet. A typical superoxide subsystem is illustrated in
Figure 60.

Here, the water content of the piocess air is controlled by mixing
of two air streams, one from the cabin and the other from thé humidity
control subsystem. The air 2ritering the system is réTatively cold under
these conditions, and some preheating might be necessary at the start of
the opération.

A preheater is not shown here, hovever. A catalyst mixed with the
superoxide in the upstream portion of the bed will initiate the reaction,
and the bed will be warmed up by the heat released in the reaction.

4. Canister Weight Optimization

The design problems for superoxide canistéers are genérally similar
to those mentioned previousiy relative to lithium hydroxide; in addition;
becaise of the highly oxidizing nature of the superoxides, stainless
steel or plastic construction is indicated.

Canister désign optimization follows the same Tines as for lithium
hydroxide. The model expressing the canister weight is assuined here to
be the same as for lithium hydroxide. Using a 2 to 4 superoxide mesh
'size to reduce the tendency of the bed to plug up, the equations derived
for lithium hydroxide become for sodium siperoxide canisters:

L = 1.422 NV/3, f¢ (43a)
W= 3.423 N2/3, 1p _ (44a)
AP = 1,537 x 10° (%'i) NE/3 ) 1b/ft? (45a)
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et 3 .
(PL) = &.62 x 10% (%“,',—); H5/%, watts {462

arid for potassiun superoxide canisters

E = 1.5 N3, £t (43b)
W = 3.87% 'i"'/ 5’, b (“b)
A = 1.468 x 10° (LGN35, yp/fet (45b)
: R R .

(PL) = 3.97 x 10% (=5 s watts :
(pL) 3.97 x 10% (43 NS/3 » (46b)

Figure 61 shows the canistér weight of sodium superoxide and potassium

supéroxide bedy of optimum désign.

_ Sincé the fired weight and also the expendable superoxide weight
6f the potassium subsystem is considerable higher than that of the

- §6dium Superoxide subsystém, only the latter will be concidered in the

following discussions. The only advantage of the potassium superoxidé
is its slightly Tower canister pressure drop and heat rejection loads

Thése two parameiérs account for only & simsli percéntage of the total

subsystem equivalent weight, &% wil) bé seen iater.

5;  Subsystem Equivalent Weight
The items to consider in computing the subsystem equivalent weight
are discussiad belows
& Sodium Superoxide Consumption - This has aiready been given,
assuiming a ptrity of 0.95 and a bed ttilization efficiency of

0:90; Using & storage weight penaity of 3 per cent; the total .

weight 6f the sodium superoxide becomes
Wy a0, = 5.52 N+ (47)

bs  Cafilster Weight - The optimum canister design wiight fias béen

found préviousiy to be
w = 3:423 Ni/sj ib ("03)

€« Accessory Weight - The weight of the accessories shown in the
schemat ic diagram of Figure 60 is tabulated for a three-mari

systéft in Table 14. The variable part of this weight is taken

to be a function of the number of crew members: The following
expression is ai estimate of the system hardwar@ weight; other
thah the canister:

Wy = 5.2 41,79 VN, b (49)
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TABLE 14

SODIUM SUPEROXIDE SUBSYSTEM ACCESSORY WEIGHT

(3<MAN SYSTEM)

Component Weight, 1Ib
Flow control vaiQes (3) 1.8
" Flow control ler (2)* - 5.0
;Smmms(a* 0.2
‘.Shgtoff valves (4) 1.0
Piping 2;;
fétaflé weight: 8.3 Ib

‘.

*
Fixed weight accessory

Power [oss Penalty - The total subsystem power loss is esti-
mated from the canister pumping power loss and thé subsystem
The weight equivalent to

valves; piping and manifold losses.
the subsystem power 10ss is given by

Wp = PLo (PP), 1b

(50)

Heat Rejection Penaity = A1l the heat of reaction genérateéd in
the absorpticn of carbon dioxide is transferred either to the
This heat is eventually

superoxide bed or t6 the process airs
rejected to the vehicle thermal management $ysétem.

The é¢arbon

dioxide control subsystem must bé penalized for this heat load.

This penalty is ¢alculated here from

%=(%)mm,w

where Q = 176.6 N, Btu/hr

(51)

(52)

Material Balance - Water is consumed in the reaction at a rate
of 0.1706 1b per man-hr. 1In vehicles whére a shortage of water
exists, this constitutes a siubsystem weight penalty which can

be calcilated by

W, o = 0185 Nr, 1b

Hy
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assuming an 8.5 per cent storage weight penalty. On the other hand,
oxygen is produced by the reaction at a rate of 2.0 lb per man-day,
assuming the conditicns for Equation 42 are satisfied. Considering
a storage weight penalty of 1.14 1b per 1b (Reference: Sectior IV
of this report), the system is credited by :

= 2.28 N+, Ib (54)
2

Yo

The total subsystém équivalent weight is the sum of the above terms
and is expreéssed by
s o o2/ ; - . , .
W = 3.262 Nt + 3.423 K  + 5.2 + 1.79IN + ( PL)T (PP} + 170 N (RP)
(55)

Equation 55 has bsen solved for a typical set of conditions defined
by the following data assumptions:

Cabin pressure: 10 psia

Carbon dioxide partial préssure in the cabin: 7.6 mm Hg
Véhicleé heat rejection penaity: 10 per ceént of the vehicie
power penalty in 1b per watt

Pressure losses through thé systém othér than Nao2 bed
Joss: O. 8’J§:|n HZO

Accessory weight: (5.2 + 1.79JN), 1b

Figure 62 is a plot of the sodium superoxide subsystem equivaient
weight as a function of time. Nuinbér of crew mémbers considered is
from 1 to 5. In Figure 62, thé system was assumed not penalized for
the water consumed nor credlted for the oxygen produced while re-
moving the carbon dioxide. The plots were prepared for vehicle
power penalties of 6.1 and 0.4 1b per watt. The same parameters are
plotted in Figure 63 when the system is credited for ‘oxygen and
peénalized for water; here the vehicle power penalty is 0.1 b per
watt.

Con¢liis.ions

‘ Although oxygen is produced by the superoxide while carbon dioxide is
‘removed, the rateé of oxygen production is hot sufficient to supply the vehicle
breathing and leakage gas. As an additional oxygen suppiy must be proVnded
aboard the vehicle for cabin pressurization, the gas supply subsystem is in
o way simplifiéd by the use of superoxides for carbon dioxide removal.

Superoxide carbon dioxide removal systems have been tested and shown
applicable to space vehicles; however, they have a tendency to form a hygro-
scopic hydroxide under certain conditions. This tends to plug the beéd: The
contiro! problems associated with their iuse have hot yet been solved completelys
Usu;lly, a lithium hydroxide bed is used in paraliel with the supsroxide bed
to insure compiete carbon dioxide removal. This, however; adds to the system
control compiexity and weight.
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.with dry air at temperatures of approximately 250°F.

Handling of the sodium superoxide charges is more of a problem than in
the case of the lithium hydroxide.

Like the lithium hydroxide, the sodium superoxide subsystem weight is
time-dependent, and its application limited to relatively short mission dur-
ations. The system, however, is attractive for use in emergency situations

because of its capacity for supplying oxygen. Superoxide sub~ystems might

prove more reliable than lithium hydroxide for this application.

system, where excess water is produced aboard the vehicle; this would occur
if a fuel cell were used for power generation.

Lithium hydroxide and sodium superoxide siizsystems are comparsble on
a mission duraticn basis. Figure 64 shows such a comparison for a 3-man
system, a cabin pressure of 10 psia, and a cabin carbon dioxide partial
pressure of 7.6 mm Hg. This plot shows that even in the case when the
sodium superoxide subsystem is credited for the oxygen produced, it is
still much heavier than the lithium hydroxide subsystem.

CARBON DIOXIDE REMOVAL BY MOLECULAR SIEVE

General . -

Carbon dioxide removal by the use of regenerable solid adsorbents is
a means of obtaining Jow environmental control system weight in moderate-
to-long duration applications. Materials considered suitable for this use :
include silica gel, activated alumina, and synthetic zeolites. The synthetic 3
zeclites are most promising for space vehicle use and are the subject of
consideration here. For ease of discussion, reference is made only to
"Molecular Sieves” manufactured by Linde, although other manufacturers
produce equally satisfactory materials. "Microtraps" by Davison Chemicals
are another example.

et — e e e

-

Present regenerable carbon dioxide adsorbents also adsorb water; their
affinity for water is considerably greater than for carbon dioxide. Thus,
in adsorption, water will be picked up in preference to carbon dioxide, dis-
placing carbon dioxide previousiy adsorbed if necessary. The capacity of the
zeolites for water adsorption is shown in Figure 33.

Molecular sieves require temperatures on the order of 400 to 600°F for
the desorption of water. This in itself prohibits their use for gas drying
aboard space vehicles. Their greater affinity for water than for carbon
dioxide also establishes a requirement for drying the process gas to a very
low dew point if they are to be used for carbon dioxide removal. Silica gel
is commonly used to dry the gas. Very low dew points are attainable by care-
ful desiccant bed design, and silica gel can be regenerated by purging it

The carbon dioxide adsorbents can be regenerated by application of .a
vacuum with the bed at ordinary temperatures. A vacuum less than 50 microns
is required for desorption at reasonable rates. In practice, it will not
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usually be practical to completely desorb the bed, because of the time this
process requires. As a consequence, there will be an initial carbon dioxide
loading at the start of the adsorption cyclé. This must be taken into account
in bed design.

Figure 65 shows the comparative carbon dioxide adsorption capacity of
molécuiar sievés at a temperature of 77°%F. OQther adsorbing materials also
are shown. The temperature at which the adsorption process takes place has
a marked effect on the molecular sieve loading capacity; this is shown in
Figure 66, where the isothérmal adsorption equilibrium capacity of molecufar
sieve Type 5A at various temperature levels is given.

Under dynamic adsorption conditions in an adsorber bed, the usable capa-
city is substantially less than the values given by the equilibrium curves.
A large number of variables influence performance. These include superficial
velocity, carbon dioxide partial préssure, température, béd léngth, particle
size, and process gas composition.

Carbon Dioxide Removal System Description

Figure 67 shows a typical regenerable removal systém configuration. To
avo:d pousonlng the carbon dioxide adsorbént with water vapor, the process
ied to an extremely low dew point in & ‘esiecant canistér.

a
-
sn et i A o an l-\A air Ve by ane o = -
LG D‘y u-"‘.,’w"at‘ N £ ir causés an =ncrw35 in ir tem-

perature, and the air is cooled prior to entéring an adsorbér where theé car-
bon dioxide i$ removéd. The process air is reheated in the recuperative héat
exchanger and is additionally heated by the compressor and an €léctric heater
before entering the desiccant bed being regenerated. Thé carbon dioxide
adsorbent is réegenerated by application of a high vacuum.

i
a¥
at

The main internal design trade-off associated with the regeneration

cycle of the desiccant beds involves the cycie time and pirge gas temperature -

level. For example, using silica gel as the desiccant; thé desorption time
wili be approxnmately 75 per cent of the adsorption time, using a purge gas
temperature of 250%. For a higher gas temperature, the désorption time will
be shorter and, conversely, for a lower tempeiature, the désorption time will
be longer. It is hot necessary to completely desorb the desiccant bed with
every cycle. As a means of reducing the power reguirements; the desiccant
bed can be partially desorbed for a number of cycles with periodic compiete
desoiption at a higher temperature levels This will be reflected in a some=
what increased fixed weight. Many other trade-offs between power and fixed
weight are to be found in the design of regenerable systems: Thé réecupéra-
tive heat exchanger provides utilization of the heat stored in a freshly
regenerated bed for regeneration of the bed being desorbed: Also; most of
the heat of adsorption is recovered for the desorption of the satlirated” beda

chure 68 shows a modification of the previous system inh which waste
heat is used for desorption of the desiccant as a means of réducing the
electrical power inpit to the system. The temperature level for the waste
heat will be anh important parameter in system design. If the cabin air is
pre-cooled to a sufficiently low vaiue, the heat éxchanger will not be re-
quired.
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Subsystem Characteristics

| Flow Requirement

The flow is determined on the assumption of complete removal of the
~ carbon dioxide present in the process air at subsystem inlet. This flow,
baseéd on a carbon dioxide removal rate of 2.25 1b per man-day, is shown
in Figure 69 as a function of the carbon dioxide partial pressure and the

cabin total pressure.

The amount of water to be removed in the desiccant bed, assuming com-
plete removal of the water, is plotted in Figure 70 for a dew point temper-
ature at bed inlet of 45°%. The heat released in the adsorption process is
shown in Figure 71. These two parameters, water adsorbed and heat load, are
not functions of the cabin pressure but depend on the carbon dioxide partial
pressure and on theé .process gas dew point.

2. Air Temperature Rise Through the Desiccant Bed

The heat and mass transfer processes taking place within the silica
gel bed are very complex. At the beginning of the adsorption process,
assuming the bed is cold, the Tace of the bed will be heated by the heat of
adsorption. Some of this heat will-be entrained downstream by the “process
air warming the rest of the bed. As the adsofption front ioves downstream,
the face of the bed, which is then saturated at some equilibrium temperature,
will be cooled by the cold incoming air. Its capacity thus increases, and
it adsorbs more moisture. At the end of the bed cycling period, the front
portion of the bed will be relatively cold while the back portion will be
warm. The same phenomenon will take place if the bed is warm at the begin-
ning of the adsorption period. In this case, however, the bed is cocled
somewhat by the process air to a temperature at which it can adsorb water
at the partial pressure present in the process air.

Since at the end of the adsorption cycle most of the bed is at the
inlet air temperature, only the downstream end being warm, the greatest
part of the heat of adsorption is dumped into the air stream. In Figure
72 is plotted the preocess air temperature rise, assuming all the heat of
_ adsorption is rejected to it at a constant rate. ‘

Since the curve was plotted for a constant inlet dew point of 45°F,
the temperature rise is the same for all values of the carbon dioxide
partial pressure in the cabin, although the air flow through the siibsystem
varies with this pressure.

Only steady-state conditions are considered here. It should be noted
that if the bed temperature is 2509 at the start of the adsorption period,
the air temperature at bed cutlet would approach the bed -temperature. Since
the adsorption efficiency of the warm bed is very poor, most of the water
vapor present in the incoming asir will not be adsorbed until the bed is
sufficiently cooled; soon, poisoning of the molecular sieve beds will cccur.
Therefore, the heat stored during desorption of the silica gel bed should be
removed after each cycle.
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Figure 70. Watér Vapor Flow to the Carbon Dioxide
Management Subsystem
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Figure 71. Heat Rejection Load firom Watér Adsorption
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3. . Silica Gel Canister Design

The silica gel bed utilization efficiency depends on the silica gel
particle size, on the process air superficial velocity, and on the actual
bed dimensions. However, for reasonable canister dimensions and air
superficial velocities yielding acceptable pressure drops, the bed utili-
zation efficirency based on the equilibrium capacity shown in Figure 33 is
on the order of 30 per cent. This value was obtained from calculations
performed assuming isothermal adsorption and outlet dew point temperatures.
on the order of ~70%F. The particle mesh size used in the calculations was
6 to 10.

Using this value of the bed utilization efficiency, an estimate of the

silica gel bed canister weight was made for the purpose of system
characterization. The following assumptions were used in the computationss:

a. The canister is assumed to be cylindrical. The wall of the cyl=
inder is 0.050 in: thick and the circular ends 0.125 in. The
canister material is aluminum. Using this modef, the weight of
the canister is expressed by -

W, = 3.6A_ + 2.553 NA_ L (56)

[+

b. The pressure drop through the canister is taken as a function of
- the number of crew members and equal to

AP = 0.7 + G.3N, in Hp0 (57)

€. The canister length is calculated from the equation:

Saf S L )
AP = 4F 290 D (58)
p
where . f= %ég , (59)
e

d. The temperature of the process air is taken as average between
bed inlet and bed outlet. The air temperature rise of Figure 72
is used here. :

e. The adsorption-desorption cycle is taken as one hour.

f. The caiculations were performed for a silica gel particle mesh
size of 8 to i0. .

The reslitts of these<computationé are given in Figures 73 and 74,

where the silica gel charge weight and the canister weight are plotted as
a function cf the system pressure for three values of the carbon dioxide
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partial ptessure in the cabin: 7.6, 5.7, and 3.8 mm Hg. The canister
weight is given for a number of crew members from | to 5. The weight of
the canister varies between 30 and 50 per cent of the silica gel weight,
depending on the amount of silica gel contained. The silica gel weight

is plotted in Figure 73 as a function of the cabin pressure and the carbon
dioxide partial pressure in the cabin.

Based on the above assumptions, the power loss incurred for pumping
the process air through one bed during the adsorption cyéle is plotted in
Figure 75. Here the compréssor-motor effncnency’ls taken as 30 per ceént.
During desorption, the friction power loss in the canister is about I.8 to
2.0 times as large because of the higher process air temperature.

4. Recuperator Optimization

"The recupérative heat exchanger shows i thé diagram of Figure 67 can
in some operating conditions be used as a means of reduc¢ing the power néc-
essary to heat the process air to the temperature required for bed
desorption. While heat is transferred from the air leaving thé adsorbing
bed to the relatively ¢old air from the molécular siéve, the load en the
cooler is also reduceéd; the recuperator, theréfore, has & dual function.
The power saved by the récupérator is especially large when the bed is not
¢ooted after desorptiem. In this <cate; the heat stored tn the bed at the
end of the déesorption ¢ycleé is used over again for désorption of thé other
bed.

A trade-off study betwéen power saving, cooling load reduttion, and
heat exchanger weight was ¢onducted to determnne the optimum recuperateor
size and effectivenéss. The weight of the exchanger and the pressUre drop
were estimatéd by the method derived in Reference . The heat transfer
surface used in the study is defined as follows:

Construction: Plate fin; sane fin on both §ides

_ Fin type: Rectanguiar

Number of fins: 16 fins per In.

" Fin dimensfons: 0.153 ins high; 1/7 ins offset; 0.004 in. thick

Material: Altminum ‘

The systeii equivalent weight saving due to the use of the regenerator
obviously depends ofi the vehicle power penalty (PP) and cooling lodd peii-
alty (RP)« For the purpose of systeiii characterization; these paraiietets
wete taked as (PP) = 0:200 ib per watt of powet and (RP) = 0.0200 ib per
watt of cooling.
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The power reduction due to the recuperator is expressed for a oné-man
system by

& _ w 0.2 .
PS = eATmax 22 X 4TS » watts (60
‘where ¢ is the heat exchanger effectiveness
AT is the temperature difference between the hot and cold streams

at inlet. AJma obtained from Figures 72 and. 77, assuming the air

X
temperature at silica gel bed inlet is 45°F, and at molecular steve
. bed inlet, 50°F :

w is the air flow from Figure 69

The cooling load reduction, QRS’ also is expressed by the same
equation.

The equivalent system weight saving for any operating conditions can
be written as

We = W, - PS (PP) - QS (rP) (61)

Calculations of héat exchanger weight and system penalties show that
in the range of conditions considered here and for the penalties defined :
above, the optimum recuperator effectiveness is about 0.82. The system )
equivalent weight saving per man is shown plottéd in Figure 76. Also shown
in Figure 76 are the cooling load reduction and the heater poweér savings
for optimum system weight. It should be émphasizZed that thesé calculations
were perforiied for steady-state operation or average conditions, when the
bed is cooled after desorption.

VP

5. Air Tgmperature Rise in the Molecular Sieve Bed

The air température rise in the molecular sieve bed was calculated in 3
the same manner as for the silica gel bed. The carbon dioxide removal rate :
was taken as 2.25 1b per man-day, and it was assumed that the heat released
in the adsorption process was entirely dumped into the air. The results of ‘
these calculations are shown in Figure 77, )

6. Molecular Sieve Canister Design

' The characteristics of the molecilar sieve canisters were determined |

in the same manner as for the desiccant canistérs: Here the basic design

assumptions are as follows: i
Molecular sieve type: SA . |
Bed utilizZation efficiency: 0.30
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Particle mesh size: 8 to 10
Cycling time: 30 minutes
Canister weight: W, = 3.6 AL + 2.553 VA L (62)
(Reference: Equation 56)
Pressure drop through the bed:
AP = 0.9 + 0.3 N, in. Hz0 (63)

The significant results of the computations performed, based on the

above assumptions, are shown in Figures 78, 79, and 80, in which the molec~

uiar siéve material weight, canister weight, and pumping power lossés are
plotted against the system pressuré for thrée values of the carbon dioxide
partial préssure in thé procéss air: 7.6, 5.7, and 3.8 mm Hg. These para-
meters are only slightly dépérident on the carbon duoxvde concentratnon i
the air streéam.

7. Subsystem Power Requirerient

For space vehicle applications, it is important to minimize the power
consumption of various systéms because of the high weight penalties asso-
ciated with power éxtraction. In the regenérablé carbon dioxide removal
systém under consideration, éléctiical power is used to provide gas cir-
cutation and gas heating fof desiccant bed desorption. The power input to
the compréssor will appéar as a témperature rise in the gas fiow: Thus,
the combréssof powéer input répresents a diréect contribution to desiccant
bed desorption, in the arrangements shown in Figures 67 and 68. For the
désiteant bed to undergt desorpiion in a period shorter than the adsorption

ceyeley the grocess gas must be heated to a témpérature of 250°F before it

enters the desiccant canister being desorbed. The power required for this
process will detérmine the power input to the system. From the temperature
effects previously calculated for the adsorbent beds, the total power input
réqulred to provide desictant bed desorption can be calculated: This is
shown in Figure 81 as.a function of the cabin pressure for three different
values of the carbon dioxide concentration in the cabin: Here it is
assumed that the silica gel bed is coolfed after desciption and that the

temperatures at silica gel bed inlet and molecular sieve bed iniet are 45%F

ahd 50°F, respectivelys A large poftion of this power is used to drive the
compiessors

8. Heat Rejection Load

Throtghout thée carbon dioxide removal system, heat is transferred fro
the adsorption beds to the air stream and inversely; heat also is exchanged
in the reciperator; compressor; ahd heater element: A tomplete analysis of
the Heat transfer in the circuit is very complex; fot the puipose of system
evaluation; heat is assumed to appear in the systeii at three locations of
ititerest ofily:

g IH the cooler; upstrean of the molecular sieve bed; whiare heat is
Fejected froii the pfbhéss ditr to the vehiclie tooling ioop: Here
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it is assumed that the air temperature at bed inlet is kept at a
temperature of 50°F; the recuperator optimum effectiveness for a
vehicie power penalty of 0.2 1b per watt was found to be 0.82. |
Under these conditions, the ‘heat rejected to the vehicle cooling
system i$ plotted in Figure 82.

b. Heat is entrained by the process air exhausting from the system;

this heat appears somewhere in the thermal balance of the vehicle

and is considered here as a system penalty. The average value
of this heat load ‘is plotted in Figure 82.

. ¢c. To prevent molecular sieve bed poisening by entrained water, the
siiica gel beds are cooled before the adsorption cycle. The
beds are not cooled during the adsorption process, since the
heat of adsorption is partiy recovered in the recuperator, thus
reducing the system power requirement. This is achieved at the
cost of a slight fixed weight penalty. The heat rejected to
the vehicle cooling loop for bed cooling is calculated based on
an initial bed temperature of 250° and a final temperature of
70%. It is plotted in Figure 82.

9. Subsystem Equivalent Weight

The subsystem equivalent weight is made up of the subsystem hardware
weight and the various penalties or credits associated with material bal-
ance, power requirements, heat rejection lcad, and heat sink potential of
the subsystems In the case of the molecular sieve subsystem, the total
equivalent weight is expressed by :

We =W, + (PrY(PP) + (QR)(RP) (64)

W, is the hardware weight including all the subsystem components.
This weight can be estimated from the data presented in this section and
from the weight of the accessories. The accessory weight of the subsystem
depicted in Figure |7 is listed in Table 15 fcor a three-man subsystem. It
is here, for the purpose of system evaluation, assumed to be a function of
the number of crew members and is written as

Wy = 6.1+ 6.29 N _ (65)

The system hardware weight is plotted in Figure 83.

The total equivalent weight depends on the vehicle power penalty and
heat rejection penalties. Figure 84 is a plot of the total system weight
for power penalties of 0.1 and 0.4 Ib/watt; the heat rejection penalty is
here taken as cne tenth of the power penalty. The plet has been prepared
for a carbon dioxide partial pressure of 7.6 mm Hg. The equivalent weight
for other values of the power penalty or other values of the carbon dioxide

partial pressure is easily obtained from the data presented in this section.
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TABLE |5

MOLECULAR SFEVE SUBSYSTEM ACCESSORY WEYGHT

(3-MAN: SYSTEM)

Componént

- Weight, Fh|

| Desiccant Foop check valves (4)

# | Desiccant loop control valves (4)

Motecular sieve Toop ¢heck valves ( 4")*
. MotecuTar sieve Foop controt valves (8)*
Valve actuator and drive’™
Pucts
| Fiow control valve
Sensor (ot shiowin) ¥¥
Flow controller (not shown) ™
Heater contiol

Fan and motor drive*

Total Weight: 17

*‘bcqbied‘far redundancy
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“Conciusions

The aralyses conducted in this section are based on steady-state
operation of the molecular sieve systeme« Actual systems will be in a
continual transient state: process air temperatures, heat rejection loads;
and power recuirement will vary al! through the cycling period. A compre-
liensive anaiysis of the transients in a loop such as the one of Fidure 67
is very complex and would require extensive use of computer techniaues.
Moreover, the characteristics of the adsorption and desorption beds under

.non-isothermal conditions are not well kncwn at the present time, and

considerable work in this area is required before a thorough system anal-
ysis can be performed. Howéver, the résults preésénted here are based on
overall performance and provide relatively accurate values for sysiem
evaiuation and comparison.

A carbon dioxide removal system using a molecular sieve is fairly
complex. Cyclic uvperation of the 14 vaives shown introduces a reliability
problen which can be sclved only by extensive testing of such a system.

In practice, the valvés isolating the system from the vacuum would be

- doubTed to reduce the rate of leakage and the possibility of system failure.

Deterioration of the adsorption bed after a number of cycles may be
remedi éd by bed repiacement during the wissiow. +Fossibility of molecutar
siéve bed poisoning also indicatés the desirability of carrying spare
adsorption canisters aboard the vehicle. Provision also should be made
for heating the beds to high temperature.

Carbon dicxide removal by molecular sieves is suitable for modefate
to long mission durations. Although the system equivaient weight is not
time-dependént, system reliability for long durations would necessitate
some weight increase as discussed beforé. The systém powef requirement
¥'s high, and the total system c4uivalent weight is sengitivé to the

" - vehicle power source weight.

For a typical case, the duration of the mission in which a molecular
sieve system instead of an expendable lithium hydroxide system would be
used can be found from the equivalent weight plots of Figures 57, 58, and
84. The break-even point between the two systems depends primarily on the
power ¢onsumption of the molecular sieve subsystem and on the vehicle
power penalty. Vehicle parameters affecting these variables will greatly
influence the field of application of these two carbon dioxide removal
sibsystems. Figure 85 is an estimate of the mission duration where the
two siibsystems have the same equivalent weight. The plot was prepared for
two values of the vehicle powei penalty, 0.1 and 0.4 1b per watt, and a
three-man vehicle. The lithium hydroxide subsystem is credited for the
water of reaction.”

It should be emphasized that other considerations, such as state of

the art and reliability, would favor the lithium hydroxide subsystem and
shift upwaid the plots of Figure 85.
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CARBON DIOXEDE REMOVAL BY FREEZE-OUT PROCESS:

General

Carbon dioxide removal by freeze-out technique has been the subject of

an extensive study conducted recently and reported in Reference 4. The
study shows that, for space vehicle applications, the most attractive
freeze-out systeém is one in which both the water entrained by the précess
gas and the carbon dioxide are removed by freeziig; subséquently, the
solids are sublimated to vacuum and the heat of sublimation recovered in
a regenerative manner to cool the incoming gas. Such a systeém is shown in
Figure 86.

While the process gas is cooled in a heat exchanger, water vapor is

successively condensed and frozen; the ice formed adherés to thé heat ex-
¢hanger surface. This process takes place over a whole section of the heat
exchangér, the freezing front moving downstream as ice deposits on the cold

surface. Esséntially, complete removal of thé water necessctates ¢ooling
of the process gas to temperatures on the order of 360%R. Freezing of the
carbon dioxide océurs at a much lower temperature, depending on thé carbeon
dioxide partial pressure in the procéss gas. Iw the range of partial pres~
surés encounteréd in space vehicle atmospheres, carbon dioxide will fréeze
at about 270°R. Removal is practically total at téemperatures on the order
of 230°R. i

The heat sink réquired to pull the témperaturé of the process air to
these Tow Tevels is, therefore, well defined. If the heat sink is provided

- by the oxyaen and nitrogén stored in cfyogeni¢ form for bireathing and cabin

préssurizZation; supercrnt;cal technigues cannot be used for storing the
gases. Flgure 87 is a plot of the oxygen temperature in a supéercritical
vessel for constant préessure operation, and Figure 88, a pressure-énthalpy
diagram for oxygen. From thesée plots it i's séen that siith Tew vessel
contents, about 20 per cént, thé ORygeir tém yerat rre after °vpan=-nn 22

system pressure Is higher than the temperature requured for carbon dioxide

~freeze-out. In addition, the enthalpy of the ¢oid fluid increases with

fluid usage until its useful heat sink potential completely dlsappears
when its temperature reaches that required for carbon dioxide freezung.

Subcritical storage with positive expulsion appears to be the oily
storage technique capablé of providing the constant heat sink corresponding
to the constant heat load of the system. As discussed iy Section IV of
this report; this type of storage vessel is hot as reliable nor as advanced
in the state of the art as the supercritical storage vessels. Usage of
stubcritical storage with bladder pressurization is; therefore; in itself
a drawback of the carbon dioxide removal systeii by freeze-otit.

Freeze-out iethods also are attractive when an external heat sink is
available aboard the vehicle, such as hydrogeh stored cryogenically. Here;

afi intermediate transfer fiuid loop is used between the cold hydrogen sink
afid the process air to minimize the possibility of liquefying the process
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FLOW REQUIREMENT, L3/MAN-DAY

ANEREL

—

3 4 5 .6 7 8
€O, PARTIAL PRESSURE, MM Hg

Figure 90. Carbon Dioxide Freeze-Out Subsystem Flow Requirement
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Simple Carbon Dioxide Freeze=-Out Subsystem Charactertst{cs

1. Subsystem Heat Sink

An analysis of the simple freeze-out system depicted in Figure £6

has been conducted. Oxygen and nitrogen are stored subcritically aboard

the vehicle and delivered to the carbon dioxide subsystem as cryogenic
tiquids. Evaporation of these liquids by mixing with the process gas
provides the heat sink required by the system. Since the process is of

. @ regenerative nature, the capacity of the heat sink required is a function

of the temperature diffsrence between the inlet and outiet gas. Here it
is assumed that the sublimating water and carbon dioxide are regenerated
to the temperature of the outlet process gas. Based on these assumptions,
the leakage flow rate from the cabin, insuring system operation, was de=
terminéd as & function of the hot-end process gas témpérature difference.
This is plotted in Figures 93, 94, and 95 for three values of the carbon
dioxide partial pressure in the cabin (7.6, 5.7 and 3.8 mm Hg). The zero
leakage flow rate condition déscribes a system wherée metabolic oxygén only
is used as a heat sink.

2. Heat Exchanger Optimization

The methods of Reference ! were used toc optimize the system heat

--exthanger weight. The optimum heat exchanger is défined hére by

:—%x)’) ac) [‘PL"""*’]‘ =0 (68)
where whx is the heat exchanger weight
AP  is the pressure drop in the heat exchanger
PL  is the pumping power loss, watts
PP is the vehicle pumping power penalty, 1b per watt

The heat transfer surface used in the optimization procedire is defined

" as follows:

Aluminum plate fih exchanger
Single sandwich constriiction
16 recganéuiar fins per in., 0.153 in. high, 0.004 in. thick,
1/7 in. offset
For this surface; the weight of the exchaihgetr can be approximated by

PR

. - . ‘NTui.ios -
"'Hx = 0.01862 w W (67)
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LEAKAGE: REQUIRED FOR HEAT BALANCE, LB/MAN-DAY
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LEAKAGE, REQUIRED: FOR; HEAT BALANCE, LB/MAN-DAY
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LEAKAGE. REQUIRED' FOR HEAT BALANCE, LB/MAN-DAY
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where " w is the equivalent process air flow, Fblhan*hﬁ
P is the system pressure, psia ’
AP is the pressure drop, in. Héo
NTU is determined assuming.CQunterfIOW‘aErangement

Solution of Equation 66 yields optimum heat exchariger weight ex-

préssicns of the form

whx = KL NTUy ib (68)
where K] is a function of the system~t0ta1 préssure, carbon dioxide partial

préssure, and vehicle power penalty. The préssure drop in the optinium '
‘heat éxchanger system depends on the NTU and a constant, K , function of
thé system préssure:

£ = K, NTU, in. Hy0 (69)

K‘ and KZ are listed in Table 16 for various ¢abin conditions and a
vehicle power penafty of 0.2 ib per watt.

The subsystem heat éxchanger weights corréesponding to the ¢ryogenic
oxygen and nitrogen flows of Figures 93, 94, and 95 have beén calculated

. _frem these éxpressions and aré given in Figures 96, 97, and 98 for various

¢abin conditions and ¢abin léakage rateés.

3. Subsystem Equivaiert Weight

In addition to the heat exchangers, several components are integral
parts of :he simple carbon dioxide freeze-out subsystem. Most of these

- ¢omponénts are shown in Figure 86; others not shown on the diagram are

the valve-switching mechanism and the redundant valving used for safety
reasons wherever a valve séals the system against vacuum. For a typical
three-man subsystem, the Welght of the system components, other than the
heat exchangers, is given in Table 17. The variabie portion of the ae-
cessory weight far the purpose of system analysis is taken as a function
of the number of crew members. The weight of the actessories is ex-
préssed by

Wy = 5.1 +3.75 JN . (70)

. |
Other factors to be considered in compiiting the total subsystem
equivalent Weight are the water lost by sublimation to vacuuim,; the power
losses die to friction; and the use of the cooling capacity of the gas
supply for carbon dioxide removal .

168

it S WA

e =~

ey

F T T



TABLE 16

A\

SIMPLE FREEZE-OUT SYSTEM OPTIMUM HEAT
~ EXCHANGER CHARACTERISTICS
. (VEHICLE POWER PENALTY:

0.2 LB PER WATT)

VALUES OF I(],:

ax = Ky NTU, Tb

| System Pressure, psia

10 | 14.7

7 &

5'-‘7

3.8

iCa'rb.on‘ dioxide partial pressure, mm Hg :

0.1258 [0.1446

lo.1823 Jo.2105

0.0975 |0.L1126

0.1256 |0.1531

0.1643 10,2011

0.2407 |0.2969

.

VALUES OF Ky
AP = Ké NTU,; in. Hzo

‘System Pressure, psia

7

10 14,7

K2

0.11

0.144

0.182 | 0.238
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TABLE 17

SIMPLE. CARBON DIOXIDE FREEZE-OUT SUBSYSTEM ACCESSORY WEIGHT
(3-MAN SUBSYSTEM)

Component o .  Weight, 1b
Heat exchange? control valves (lZﬁﬁ* W _ : 4.2
Heat exchanger check valves (4)* . N T} 1.2
' Valve actuator and’drive** - ) ‘ 2.5
Process air flow control valve , i 0.5
Sensor** | ; ’ ‘ 0.}
Flow controlIer** - : 2.5
Cryogenic fluid check valve 0.2
| Piping i 0.4
Total Weights 1.6 1b

¥

Sl At s .

‘% Doubled for safety
Fixed weight component
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The rate of water exhausted from the system is shown in Figure 91.
The power losses due to friction can be calculated from the data of Table
18 for any cabin condition. The loss in cooling capacity of the gas
supply subsystem is on the order of 90 Btu per 1b of gas supplied to the

“cabin.

Since. the leakage raté of & space vehicle is very difficult to pre-
dict with any kind of accuraty, and since it will most certainly differ
greatly from one vehicle to the other of the same design, it is imprac-
tical to base the design of any vehicle system sn this unknown parameter.
On the other hand, the average oxygen métabolic use rate of the crew
members can be estimated and the freeze-out systeém safely designed to

-opérate on the crew metabolic oxygen consumpticn. Variations in this use

rfate can bé adjusted by use of the inevitable Yeakage gas supply.

The total subsystém fixed weight is plotted in Figure 99 for two values :

of the carbon dioxide partial pressure. The plot was prépared for a
vehiicle power penalty of 0.2 Ib per watt. The subsystém weight dépends
scmewhat on the value of the power penalty, sincé the heat éxchanger opti-
mization procedure depends on this parameter. Thé héat éxchanger weight
at other vehicle power penalties can easily bé calculated noting that it
is proportional to the factor (PP)0-!43,

UFSCussiqns of Other Freeze=0ut Subsvstems

A numbér of carbon dioxide rémoval subsystems using freeze-out téch-
niques are possible., Among them are the simple freeze-out subsystem dis<
cusseéd previously in which the heat sink is provided by an external cool-
ing loop. This system is particularly attractive if cryogenic hydrogen
is kept aboard the véhicle for purposes other than atmosphere control.
Here; bécausé of the danger of liquéfying the process air, an intermedi~
ate heat transfer loop must be used Hellum is normafly chOSen as the

H

The size and weight of tﬁé ffeeze-out heat éxchanger depends on the avails'
able heat sink as shown in Figure 400~ However, numérous disadvantagés
offset this apparent advantage?

a. Two additional heat exchangers are necessary for operation of
the heat transfer loop.

b: A pump is required to circulate the heat transport fluid.

¢. The additional valves and controls of the héat transfer 16op
decrease the reliability of the system.
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Freeze~out subsystems with water removal are essentially limited to
short mission durations because of the cumulative weight of the water ex-
pelled overboard in the freeze-out process. Subsystems in which the
water frozen out is recovered are feasible; one of them is shown in Figure

-89, Because of the high heat load involved in freezing the water (Figure

92) and because this heat is not recovered regeneratively, the cryogenic
metabolic oxygen supply does not provide a heat sink of the needed capac-

. ity for system operation. Even with a reasonable cabin leakage rate, on

the order of 2 to 4 1b per man-day, the total cryogenic gas supply to the
cabin is still not sufficient as a heat sink. Water recovery in freeze-
out subsystems, therefore, necessitates the use of an external heat sink.
In general, a heat sink of thé size and temperatufre required here will

be Found only aboard vehicles where cryogenic hydrogen is stored for chem-
ically fueled power genérating units. This in itself Fimits the field of
application of the freeze-out subsysteit with water recovery to missions

of short to moderate duration.

Thus, in a comparison of freeze-out subsystems with and without water
recovery, the weight of recovered water must be balanced against the dif-
ference in hardware weight of the two systems. Other factors entering
the comparison are system complexity and reliability. For a typical case,
comparison on an equivalent weight basis is shown in Figure 101. The
sfot was prepared fof a two-man system, a cahin pressure of 10 psia, and
a carbon dioxide partial pressure in the cabin of 5.7 mm Hg. The carbon
dioxide removal subsystems considered are the freeze-out subsystein with
water recovery, the simple freeze-out subsystem with water overboard,

e - o . , . I I I R & oy o g o7 gt
the molecular sieve subsystem;and the Tithium hydroxide subsysﬁem‘credjted
for the water produced. The comparison is made on the basis of a power
penalty of 0.2 Ib per watt.

From this piot, it is evident that the siight advantage of the
freeze-out system at mission durations over 10 days does rot offset the
teliability problems posed by the compiexity of the system. In additici,
dolecular sieve sysngfstaﬁe-df-fﬁeﬂarf is more advanced. The systein
has been shown workable, whereas -considerable experimentation is hieede
to assess the removal efficiencies and general petforfiance of freeze-
out subsysteris.

‘ Moreover, for iiission duratiois in excess of abouit fﬁfge weeks, it
is unlikely that cryogenic hydrogen woiild be stored aboard the velicie
ih quantities sufficient to provide the heat sitik reqliired for water re-

. . L. . ol
covery in a freeze-olit systeii.
Coniclis ioiis

the simple freeze-out subsysten described in this section has sev?fai
drawbacks which inipose seveire restirictions on its use aboard space vehicles:

R e et — ey —

d. A large fiber 6? valves .is hecessary-gof cdﬁtihdou§‘sysfem
opetation. Elght of these vaives seal the systeii agaiist the
aiibient vacuiit ahd pose a reljabiltty probiem which thfilehces
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greatly the seleéction of the freeze-out subsystem iLn prefeérence to
simpter systems such as ‘the lithium hydroxidée subsystem.

b«  The vehicle gas supply must be stored and delivered as a cryogenic
liquid. As the heat sink réquired for freéze-out useés the heat of
evaporat ion of these cryogenic Viquids, the delivery lines from the
storage vessels must be well insulated and as short as possible.
This introduces installation problems in addition to the c¢ited dis<
advantagés associated with the use of positive-expulsion type
éryogenic vessels. ' Ft should be noted here that for short nirssion
durat ions and Tiquid Toads less than 100 kb, positive-expulsion
vessels are seméwhat heavier than fheir préferred supercritical
counterpart; however, the frééze-out syster i$ not heéré penalized
for this added gas storage weight.

¢+ Comparative development refative £& 6ther carbon dioxide removal

sobsystems The carbon dioxide removal éfficiency of various heat
transfer surfacés i not well known; alsoy information is Tacking
in the field of heat transfér to and from a sublimating solid.

In the analyses conducted hére, jt was assumed that the sublimation
of watér and carbon dioxide takes place at' a raté consistent with
the rate of solid buttd-up in the freeding passages of the heat ex-
changer: If the sublimatihg process were much sTower than the
fraeze-out process, additional passages would be necessary within
the heat exchangér at the cost of incréased weight and additional
valvi ng«

Compar ison on an equivaient weight basis was made; however; to
assess the merits of the freeze-out subsystem &s & means of atios=
pherfe carbon dioxide control aboard space vehicles: The compari-
son initiaily considered short-duration missions on which water
balanee is unimportant. The simple freeze-out subsystenm; not penai-
ized for the water evacuated overboard; is compared with the 1ith-
{ui hydroxide subsystem tsing vehicle power penalty of 0.4 1b per
watt; Figure 102 shows the freeze-out subsysteii break-even niission
time for various tabin conditions: On the basis of weight; it ap-
peatrs that the simple freeze-out subsysten can be tonsidered eomi-
petitive for mlssion durdtions on the order of 3 to 5 days and
lohgetr: Because of the disadvantages inherent in the freeze-out
subsysteti;  howevet; this break-even time is in practice much high-
€F than shown:

The simple freeze-out systeni next was cofitpared on a ried fum-
duration niission basis: Here, the power penalty used for the
totiparison was 0:2 b per watt; and while the fresze<out sub=
systefi was penal ized for the water evacuated overboatrd; the 1ithi-
U hydroxide subsysteri was credited for the water generated in
the reaction: The utiiization fietd of the simple freeze-out
subsysten s showh in Figures 103 and 104 for a carbon di=-
oxide partidl pressure of 7.6 i Hg ehd cabin pressures of
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7 and 10 psia. Under these conditions, the field of application
of the freeze-out system is practicably non-existent. Since

the freeze-out system weight increases appreciably with a de-
creasing carbon dioxide partial pressure while the lithium
hydroxide subsystem weight is fairly constant, the relative
weight of the simple freeze-out system deteriorates at lower
carbon dioxide partial pressures.

d. Heat sink problems also are involved. Because of the size
of the heat sink required, relative to the large
amount of heat transferred in the exchanger, particular care
in the design of the exchanger must be taken to reduce heat
conduction from the warm to the cold end. Moreover, insulation
of the heat exchanger to prevent heat leaks from ambient poses
serious design problems, since any heat lesking into the heat
exchanger corresponds: to an increase in the cryogenic heat
sink requirement of the subsystem.

CARBON DIOXIDE REMOVAL BY ELECTRODIALYSIS PROCESS

General
E!ect*odsa}ysss has been proposed as a practical means of control-
PRI SPENCIN | PRSI P PRITUPRPINY Sy U IR S g e & om Y Py S prares
"’13 I.IIU Caroon QiOXiGe DUIIDCIILIGLIUII vl apuuc vVeérnicie COUIII dLlﬁUbPllcle'
This process appears very promising for long-duration missions in which

system reliability becomes a primary factor in system selection. Also;
since the process power requirements are high, its applicability is
necessarily limited to vehicles on which the power source specific weight

. is relaiively low, as for long-duration nuclear or solar power systems.

A schematic diagram of an electrodialysis ceil illustrating the principle

of operation is shown in Figure 105, The ion exchange membranes are separ-
ated by beds of ion exchange resins; as indicated, the carbonate ions,
formed by reaction of carbon dioxide with the anionic exchange resin of
the bed, migrate toward the anode through the anionic exchange membrane.

On the other hand, hydrogen ions formed at the anode and migrating toward
the cathode encounter the carbonate ions in an adjacent cell, where water
and carbon dioxide gas is formed and discharged from the cell, In the
resin system, hydroxyl fons generated ai the cathode are ucns;ant.y re=
placing those reacting with carbon dioxide in the passages where air flows.
A targe number of such cells are manifolded together. Small quantities

of hydrogen and oxygen are discharged at the cathode and at the anode re-
spectively.

Because the electrodialysis process is continuous compared to the
batch type process previously considered for the removal of carbon dioxide,
it offers the advantages of simplicity and reliability for long-duration
missions. Another advantage lies in the ease with which the carbon diox-
t{de removed can be recuperated for further processing.
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Figure 105. 1Ion Exchange Electrodialysis Unit
for Continuous Carbon Dioxide Removal
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Performance Characteristics

At the present time carbon dioxide removal systems based on electro-
dialysis techniques are in the early stages of development. Little is
known about the performance characteristics of such systems; the weight,
size, and power requirements of the existing experimental cells should
be improved considerably in the near future. The effect of total pressure,
operating temperature, and carbon dioxide partial pressure on cell desigh
is not well defined. In this report, the following values, based on a
literature search and information received from cell manufacturers, are
used to evaluate this system:

Power requirement: 117.8 watt per 1b 6%anrbon dioxide removed per day
Cell weight: 18.2 1b per Ib of carbon dioxide removed per day

Heat rejection: 302 Btu per hr per lb of carbon dioxide removed per day
Hydrogen produced: 0.000444 1b per 1b of cérbon éioxide removed per day
Oxygen prodﬁced: 0.003555 1b per b of carbon dioxide removed per day
Net water consumption: 0.004 ib per ib of carbon dioxide removed per day
Pressure drop through the cell: O©AP = 5 in. HZO

A schematic diagram of a carbon dioxide removal subsystem using the

lnelectrodialysis technique is shown in Figure 106. An estimate of the

weight of the accessories shown in listed in Table 18. The process air
flow through the system necessary for the removal of carbon dioxide at
the rate of 2.25 1b per man-day is the same as that calculated for the
molecular sieve subsystem and is shown in Figure 69.

Part of the heat generated within the cell is dissipated to the sur-
roundings; however, most of it is dumped into the gases flowing from the
cell. These gases are saturated with water vapor at cell outiet. A
considerable amount of water is, in this manner; dumped into the air pro-
cessed in the cell, An analysis of the cell operating temperature was
pérformed based on the celi characteristics listed above; 10 per cent of
the heat generated in the cell was assumed lost to the ambient atmos-
phere. 1In these conditions, the cell operating temperature was found to
vary between 120°F and 125°F, depending on the cell operating pressure,

The amount of water carried by the air stream out of the cell is approx-

imately 13.8 1b per man-day, whatever the cell operating pressure.

Based on the above considerations, the performance characteristics
of the subsystem depicted in Figure 106 were estimated and are listed in
Table 19 for a one-man vehicle., The carbon dioxide removal rate was taken
as 2.25 b per man-day, and the carbon dioxide was assumed completely re-
moved from the process air as it flows through the electrodialysis cell.
The relative humidity of the air at cell inlet was assumed to be 60 per

w4 e e
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TABLE 18

ELECTRODIALYSIS SUBSYSTEM ACCESSORY WEIGHT
(3-MAN SUBSYSTEM)

Coriponent

' Weight, Tb

. Air flow control valve
i iy L -k
Water flow <ontrol valve
HE S L l,n.,»:*
. Préssure regutators
. Cheek valves
.
" Sensor
 ers ear K
Flow controller

Cetll ¢ontrol

0.3
0.15
1.4
0.6
0.1
2.5
5.2

Total Weight

7.25 1b

* Fixed weight accessoiies
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ABLE 19

ELECTRODIALYSIS SUBSYSTEM CHARACTERISTICS
(10 PSIA SUBSYSTEM) :

Parameter A Value
Weight 48.2 1b/man
>‘y 1 Power requirement ( 265 watts/man

- | Cell operating temperature 125°F
Heat rejecfed to ambient - 68 Btu/hr per man

, Hydrogen production 0.001 1b/man-day
Oxygen: production 4 | 0.008 1b/man-day
Water entrained by carbon dioxide. ~ 0.208 1b/man-day
Water entrained by air 13.8 1b/man-day -
Net cell watér consumption 12,66 1b/man-day

Conclusions

Although accurate cell weight and performance characteristics are
not available at the present time, the estimates listed in Table 19 are
based on the information presently available and will be used in subse-
quent sections of this repoft for integrated system analysis and com-
parison. As mentiored previously, several design factors and their in-
fluence on cell desigh are unknown. Deterioration of the cell with usage
also is an unknown design parameter.

Catbon dioxide removal subsystems using the electrodialysis process
ate, in their present state of development, much heavier than molecular
sieve subsystems. Their power requirement also is much higher. However,
becatise of their simplicity and possable improvement with development, they
appear very attractive for long mission duration when the vehicle power
penalty is small and the oxygen is recovered from the carbon dioxide,
(Referance 6).
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SECTION VII

RECOVERY CF OXYGEN FROM CARBON DIOXIDE
BY HYDROGENATION TO WATER AND METHANE

GENERAL

For space vehicle missions. of extended duration, it becomes essential
to recover oxygen from metabolically produced carbon dioxide. The first
step in this direction is based on the hydrogenation 6f carbon dioxide to
methane and water. This reaction also is called Sabatier reaction and is
described by the. 2quation: )

CO, + 4 H, —=CH, + 2 H,0 ' (71)

2 2

The reaction with suitable catalyst yields high conversion efficiencies
at moderate temperatures. Tests conducted as part of Reference 5 have
shown conversion efficiencies on the order of 95 per cent at temperatures
of 610°F, with a catalyst consisting of nickel deposited on kieselguhr.
These tests were conducted at atmospheric pressure; at reduced pressures,
the conversion efficienéy drops somewhat {85 per cent at 0.5 atmosphere,
as reported in Refersnce 5).

In Sabatier reaction whi¢h is exothermie¢, 1600 Btu are liberated per
1b of carbon dioxide converted. This posés a problem of reactor design,
since the reaction is temperature-dependent. If the temperature of the
bed is excessive, thz catalyst can be damaged, its life considerably re-
duced, and the conversion effected less efficiently. On the other hand,
if the temperature is too low, little conveFsion will océur. A bed design
used for experimentation with considérable success is shown schematically
in Figure 107. The heater is uséd only t6 initiate the procéess; once
started, the reaction is seif-sustaining, with part of the heat of re-
action carried away by the outgoing process gas.

The largest part of the heat released, however, is conducted from
the bed through the fins and the insulation and dissipatéd to the ambient
atmesphere. Sihée the rate of heat released is low, this posés no problem.
Instead of being dumped to the atmosphere, this heat can be recovered for
useful purposes in the atmospheric contiol system. This aspect of the
reaction will be considered later. A catalytic: reactor of the type shown
in Figure 107 weighs about 3.0 1b for a three-mah system. As will be
shown, this weight is small compared to the weight of other componefits;
a reactor weight of 1.0 Ib per mah will, therefore, be ised in this section
to evaluate the system, .

The heat liberated by the reaction is available for use at other
locations in the atmospheric cohtrol system. This heat is available at
a relatively high temperature level (600°F to 800°F) and is of particular
interest for the desorption of the silica del beds of the molecular sieve
system described in Section VI. Therefore; iising the reactor as a heat
source in some other pairt of the system offers a doiible advantage: first;
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a reduction of the heat dumped into the vefiicle cooling system; second, '
a saving in the system power requirement, since heat at the temperature
level considered here is usually geénerated by electrical means., The heat
flow rates in quéstion here, howevér, are very’small, and great care in
packaging thé whole atmospheric¢ coritrol system is necessary to prevent
dissipation to the ambient atmosphere.

Under low Toading conditions and dgood bed témpérature control, the

 catalyst life is estimated to exceed 400 hours (Reference 5).

For the corvérsion of 2.25 1b per man-day of carbon dioxide, Equatnon
7Tt defines the following rates:

Hydrogén ¢onsumption: 0.409 1b/man-day
Methane production: 0.818 1b/man-day
Water éevolved: 1.841 1b/man-day .

At conversion effectiveness other than 1.0, Equation 71 is written

€Oy + 4 Hy s CH, + 27 K0 + (1-n) €0, + 4(T-1)H, (72)

whéere n is the carbon dioxide convérsion efficiency.

System Description

In the Sabatier reaction; oxygen is récovered from carbon dioxide
as water, This water is not, in itself, a very useful product on long-
duration mfssions, however; by electrolysis the oxygen can be liberated
from this water for further use in the cabin. Aiso, the hydrogen gener-
ated ih the electiolysis process can be used as part of that required fof
the Sabatier reaction. Additional hydrogen 1§ necessary for the methan-
ation pfocess, since only two molés of hydrogen are produced by electro-
lysis of the water of reaction, while four are required for the hy=
drogenaﬂon process (see Equation 71)s For long duration missjons, the
storage of cryogenic hydrogen for the Sabatier reaction is impractical;
the hydrogen balance s, therefore; achieved by sipplying the électio=

tytic cell with additiondl water from the vehicle water management sub-

sygtem.

‘ At oxygeh recovery subsystem featuring water electrolysls in cons
junctioh with the Sabatier reaction is depicted schematically in Figure
108. A discussion of the major components cf the subsyster foliowss

1. Electroiytic Cell

The heat geherated ih the glectrolytic cell by the ihefficiency of-
the process is removed from the cell ih two ways: first, part of this
heat is dissipated from the cell itself to the surroundings; second, the
rerainder of this heat is used up in vaporizing water which is entrained
by the outiet gases. Sitnce these gases are saturated with water at the
cell outiet; the operating temperature of the celil is fixed mainly by the
cell operating pressure and by the heat leaking from the celi. ‘The
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electrolytic cell characteristics used here are the same as those reported
in Section IV, namely,

Power input: 117 watts per 1b of oxygen per day
Cell weight: 18.7 Ib per Ib of oxygen per day
Heat generated within the cell: 74.5 Btu hr per 1b of oxygen per day

Using the above performance parameters, cell operating tempera-

~ tures were estimated corresponding t. “-essures of 7, 10, and 14.7 psia.

The heat dissipated té the surroundings w. ftaken as 70 per cent of the
heat generated in the cell. Temperatures ot 144, 159, and 165°F re~

_ spectively weré estimated for the pressures listed. The amount of water

“entrained by the oxygen and hydrogen streams was calculated as practi-

1

cally |ndependent of the cell pressure and equal to 0.473 1b per 1b of
oxygen and 7.58 Ib per 1b of hydrogen, or 1.546 1b per man-day entrained
in. thé oxygen stream and 3.10 b per man-day entrained in the nydrogen
stream.

If the water carried by the oxygeﬁ stream is dumped into the cabin,
the load on the cabin humidity control system will be nearly doubled.

Sifice the oxygen stream is saturated with water &t high tempersture; it

is advantageous to Tiquéfy this water before it reaches the cabin. Re-
moval of 1.5 Ib of the 1.546 1b per man-day entrained can be achieved by
cooling the oxygen stream to 50°F,

The water vapor carried by the hydrogen stream would greatly offset
the Sabatier reaction equilibrium If piped to the catalytic reactor with
the hydrogen. It is estimated that less than 15 per cent of the c¢arbon
dioxide could be converted under these conditions. It is, therefore, imi-
perative to remove as much water as possible before the hydrogen enters
the reactor; ¢ooling the hydrogen stream to 50°F and making possible the
separation as a liquid of 3.0 1b of water per man-day from this stream.

Removal of the heat dissipated in-the electrolytic cell [in sltu would
reduce the amount of water carriéd by the oxygen and hydrogen streams;
however, the cell resistance would increase corisiderably with a cofres-
ponding drop in cell efficlency.

2. Cata]ytic,Reaetor

The heat of reaction; as mentioféd before, is available as a heat
source in some other part of the atmospherlc control system; however, if
this heat is to be used, the Feactor itself and the lines carrying the
hot fluid from the reactor must be carefilly Insulated. Here, since the

carbon dioxide reduction subsystem is considered by itself; most of the

heat of reaction is assumed dissipated to the ambient atmosphere. The
methane and water vapor from the reactor are asstmed to enter the cooler
condenser at a temperature of about 175°F, '

ies
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e ¥ =777 N+ 2.05 % IWTP\ Nt + 383 N (PP) + 453 N (RP) (7§}
where N is the number of crew members
T is the mission duration, days

Subsystem Characteristics

1. Material and Heat Balance

Figure 709 shows the material balance for the carbon dioxide re-
duction subsystem of Figure 108. Also shown are the power requirement
énd the heat loads generated within the subsystem. The.values given are
for a 7-psia subsystem, In generatl, the power requirement and heat loads
are practically independent of thé operating pressure. Table 20 lists
the subsystem paranieters of intérest for operating pressures of 7, 10,
and 14,7 psia.

2. Subsystem Weight

The weight of the electrolytic cell of the subsystem shown in Figure
108 contributes more than three quarters of the total subsystem weight.
Since this weight is not known very accurately, a detailed estimate of
the weight of other subsystem componénts is hardly justified. The total

,weight of the carbon dioxide reduction subsystem was estimatéd with this

in mind: Table 21 is a Yist of thée component weight showang a total sub-
system hardware weight of 77.7 1b pef man«

3. Equivalent Subsystem Weight

An estimaté of the total subsystem equivalent weight can be calcu-
lated from the values of Tables 20 and 21. It can be expréssed for &
V0-psia subsystem by the equation

(WTP) is the water tankage penalty, lb per 1b of water §tored
(PP) is the vehicle power penalty, 1b per watt
(RP) is the vehicle heat rejection penalty, ib per Btu/hr

Obviously, since the recovery of oxygen is the function of the sub-
system, It cannot be credited for the oxygen prodiced.

4, Subsystem Utsllzatlon

When the subsystem equivalent weight becomes smaller than the weight
of the oxygen supply required with no oxygen recovefry; the carbon dioxide
reduction subsystem becomes necessary for minimum overall system Welght
"This occurs when the condition

w,

g = 3.273 (OTP) Nr (74)
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TABLE 20

[ R

196

CARBON DIOXIDE REDUCTION SURSYSTEM CHARACTERISTICS

System Pressure, psia 7 10 14,7
 Power requirement, watts/man 383 383 383 ‘
- Heat load to surroundings, Btu/hr-man 144 152 159 1
Heat load to cooling system (
(50%): Btu/hr-man 2?§ g 303 308 §‘
 Net water requirement: |b/man-day 2.158 2.050 1.946 |
 Carbon dioxide overboard: 1b/man-day C.3575 | 0.225 | 0.1i25 B
' Water overboard: 1b/man-day 0.0414 O’.0249 0.0142 %
Oxygen supply to cabin: 1b/man~day 3.273 3.273 3,273 f
| ]
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TABLE. 21

CARBON DIOXIDE REDUCTION SUBSYSTEM WEIGHT BREAKDOWN

Component ﬂ . weight,:lb/man
Electrolytic cell 61.1
0, stream coofer-condenser b.é&
H, stream cocler-condensér - ‘ = 085
0, stream water separator 0.5

; Hzﬂstream water separator 0.5
Reaction products cooler-condenser Il
React{an products stream water separator 0.5
'Wgtgr‘pump-réseFV6?r .5
Pump actuator k.0
Flow controller 3.0
Electrolytic cell control i.2
Water flow control valve ‘ 0.2
Catalytic reactor 1.0
Co; flow control valve - 0.25
Cooler - I.2
Subsystem pressure regtilator (2) 0.7
Check valves (3) - 0.6
Ducts and piping 2.0

Total Weight 77.65
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s satisfied. Here, (OTP) is the oxygen tankage penalty. Thlsrequatlon
was solved for the following conditions:

" Oxygen tankage penalty: 1.16 1b per 1b 0,
Water tankage penalty: 1.05 lb par 1b Héo
Heat rejecilion penalty: 0.04 1b/watt

The resulting mission duration plotted In Figure 110 against the vefiicle

. power penalty glives the field of appiication of the subsystem on a welght

basis alore. Other conslderatlons, such as system simplicity and rella-
bitity, would shift upward the plot of Flgure 103. The welght chargeable: -
to carbon dioxlde reduction would alsc be Increased somewhat by integra-
tion with the atmospheric control subsystem.

Concluslons

Recovery of part of the metabolic oxygen by reduction of the carbon -
dioxide offers the possibillity of appreciable savings In weight for long~
duration missions. The state of the art In the actual reductlon process
Is fairly advanced; however, major problems assoclatéd with oxygen re-
covery subsystems rnmain.

The welght of fhe subsystem discussed In thls section is largely
dependent on the eléctrolytic cell weight and power réquirement: any
Improvéement in these two parameters would reduée considérably the duration
of the mission when carbon dioxide methanation becomes applicable.

Another problem area is the recovery of the carbon dioxide from the
carbon dioxide management subsystem. If carbon dioxide is to be recovered
from the molecular sieve, two téchniques can be used: the sieve ¢an be
desorbed by use of a pump; however, a bettér technique would be to desorb
the sleve by fiowing through it the hydrogen necessary for the reaction.

This necessitates heating of the sieve bed and also drying of the hydrogen

generated in the electrolyti¢ cell, A control problem also arises to
preserve the sfoichlometrlc balance betwéén thé hydrogen and the carbon
dioxide,

The carbon dioxide reduction system is particularly attractive for
use in conjunction with carbon dioxide removal by the electrodialysis
process. Here, carbon dioxide is continuously removed from the process
air and fed to the methanation subsystem; thus, control problems are
greatly simplified. However, as discussed previously, carbon dioxide
removal by electrodialysis process Is still In the early development stage
and can only be .accomplished presently at the cost of very high system
welght and power requirement. .

At the present time, carbon dioxide methanation subsystems are appli-
cable to missfons in excess of about 100 days' duration. It is felt that,
In the near future, this value will be rediiced considerably by the de-
velopment of electrolytic cells and carbon dioxide removal process»a.

198

B

e

e




i

i

Y

MISSION DURATION, DAYS

Ty I N N

o . o .2 .3 4 .5 Y

HEAT REJECTION PENALTY: 0.04 LB/WATT

120

VEHICLE POWER PENALTY; (8 PER WATT

Figira 110. Hission Duration for Utilization of Curbo bioxide
Rediict ion Sibsystem

i99

EECTEN

wb ¢




-

~

I

.

SECTION VIII
TRACE CONTAMINANT MANAGEMENT

GENERAL

Trace c¢ontaminants may be expected to cccur in space cabins as & result
of the metabol ic processes of the crew, vaporization of insulating and
potiing materials in electronic equipment,volatilization of lubricants and
organic coatings, and Teakage of stored materials and in-process materials
from the equipmerit. Combustion processés or overheating caused by equiprient

mal funct bon could rapidiy generate Targée quantities of toxic gases. Sore
6f the possibie contaminants are Tisted in Table 22. Theé occurrénéé and the
éxact amount of the contaminants are impossiblé to prédict Rased on the pre-
sent stateé of the art. These factors can be deteérmined only by actual test-
ihg aboard vehicles; even then the accidental genération of contaminants
femains an unknown paraméetér. -

_ Various methods of controlling these contaminants have been considered:
The rmethods suggested fall into several ¢lassificatfons, depending on the

 hature of the contaminant and on the removal process: These are Tisted

beT ow:
L. Gaseous Contaminants
ks  Contaminant Sorption by Sofids o “’,“?<~;-“*

Is Aetivated carbon
2: Molecular sieves
3. §ilica gel
4. Activated slumina
§. theiical Conversion of Contaminants
1. tatalytic oxidation
2. oOxidation oy superoxides
A, Oxidation by ol ybdenum ahd tungsten trioxide
4. Gzoie oxidation
5. phiotocheiilcal coriversion
b: Miscellatieois Methods
t. Electrodigiysis
¢.  Freeze-oiit
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~ TABLE 22

FOSSIBLE CONTAMINANTS OF SPACE CABIN ATMOSPHERE
M. ' ” ‘ Allowable
Contaminant Concéiitration, PPM
flydrogen & x 10%
Carbon monoxide 10
Méthane 5 x 10%
Hydrogen sulfide zox

10 )

Hydrogen cyanidé
Atdehydes
Kétonés

Hydrocarbons

Hydrogens and halogenated organics

0.5 to 200
50 to 200
500 to 1000
0:1 to 100
6.7
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1I. lons, Aerosols, and Particufate Hatter

A. Filtration
B. Electrostatic precipitatioh -
€. UWtrasonic agglomeration

Activated charcoal has a high adsorption capacity for many of the
anticipated trace contaminants. It adsorbs effectnve]y'the vapors of most
materials that are liquid at temperatures of O°F or above. This classifis
cation includes most of the toxic or odor-causing materials likely to be
present or genérated in a space cabin. The major trace contaminants not
effectively adsorbed by activared carbon aré hydrogen, methané, and carbon.
monoxide.

Although synthetic zeolites are available which will adsorb hydrocar-
bons and other contariinants from the air, they have léss capacity for these
materials than activated carbon. They do not adsorb hydrogen. carbon mon-
oxide, or methane effectively at room temperature. Furthermore, since a
polar substance such as water displaces less polar materials from molecular
sieves, the process air rsownng through the motecular sieves mist be thor-

oughly dry. Molecular sievés do not appear to offer as satisfactory perform=

ance as activated charcoal for the tracé contaminant control system and,
therefore,will not be discussed further.

Cther solid adsarbéents for gases, such as silica gel and activated
alumuna, are much less effective than activated charcoal for the adsorption
of the trace contaminants expected to accur in space cabins.

Low molecular weight contaminants which cannot be effectlvely adsorbed,
such as hydrogen, carbon monoxide, and methane, may be “converted by ¢catalytic
oxidation into other materials which are adsorbabie or are non-toxic. The
best known catalyst for carbon monoxide and hydrogen oxidatioh=is hopcal itey
a mixture of copper and manganese oxides. Hopcalite is anh effeciive cata-
lyst for the oxidation of carbon monoxide and hydrogen at moderate tempera-
tures, but methane is only approximately 30 per cent oxidized at 750°F.
Recent. work has demonstrated that other catalysts, dbtably cobalt oxide and
palladium or alumina, are more effective than hopcalite for oxidizihg meth-
ane. The hopcalite catalyst was chosen for considefation in this anaiysis
because of the relatively greater amount of experience and information
availabie for the newer materials. fowever, it is possibie that improved
performance couid be achieved with the use of othei catalysts; this,
however, requirfes a comprehensive test program.

Other imethods of oxidation have been considered, bit the available

- information does not indicate effectiveness comparable to hopcalite. Super-

oxides appear of some valie in oxidizing various cdoroiis compotinds.
Molybdenum and tungsten trioxides have demonstrated good ability to oxidize
hydrogen and carbon monoxide. Ozone is ineffective in non-toxic cohcentfa=
tions. Ultraviolet radiation does not seem practical for space vehicle
appiication because of its power requirements and the associated production
of undesi+able compounds such as ozone.

K
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Fiterglass filters appear the most satisfactory means of removing aero-
sols and particulate matter. These contaminants may also be destroyed dur-
ing passage through the catalytic burner. Bacteria are also destroyed in a
catalytic hurner and, in addition, are adsorbed by activated charcdat.

System Description

The trace contaminant control system. considered most practical on the
basis of présent experierice consists of an activated charcoal canister and
a hopcal ite catalytic combustion bed with filters, valves, and piping. A
sketch of the proposed system is presented in Figure 111. The activated
charcoal, which adsorbs most of the organic, toxic, and odoriferous impuri-
tles |n the air, lS contauned as a hollow cyl:nder w:thln a cannster. The
the one-lnch-thuck carbon layer. Flgure 112 s & dnagram of the acttvated
c¢arbon canister.

A portion of the air coming from the activated carbon adsorption bed is
piped through a heat exchanger and an électrical heater in succession before
belng circulated through a hopcalité bed. The temperature of the air enter-

- ing the hopcalite beéd is 750°F; the hot process air from the catalyst is

cocled by the incoming air in a regenerator before being returnéd to the

main atmosphere control circuit. In PldClec; the regenerator, heater; and
hopcalite bed can be integrateéd as a unit witiin & singlé canister. Filters
are located at the outlet of each unit to trap the particulatée matter carried
by the air stiréam.

The air circulated through the hopcalite bed is first partly decontam-
inated ih the charcoal bed {o rédicé the load on the ¢cataiytic burner, A
flberglass filter is provided at the exit of the hopcalite bed t6 insure
that no catalyst particles enter the process air. As the air processed

in the birner {s returned to the main air stream upstréeam of the faw, rost

of it flows through the main charcoal bed before being returned to the
cabin.

System Analysis

Since Tittle is known about the nature of contamirants and their prodic=~
tioh rates within space vehicle cablns; assumptions form the basis for systef
analysis. The following assumptions appear reasonable and should yield
system weight; which is somewhat high; however, it is feit that; as the
state of the art progresses In the field of trace contaminant management,
ilghter systems will be designed.

& The cabin atmosphere avaliable to each ciew member {s 125 ft3.
b. No cigarette smoking is allowad.

c. The activated charccal bed and hopcalite biirner operates
cont i nuiotis1y.

c. A volume of air equal to the cabin volume is processed through
the charcoal bed every hour.
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d. A volume of air equal to the cabin volume is processed through
the charcoal bed every hour.

- The flow through the hopcalite bed under normal conditions is 521
£t¥ per hour, corresponding to one cabln voluue per day.

f. The activatéd charcoal bed life is taken as six morths, and the
weéight of activated charcoal required in that period is 1.0 1b
par man. :

¢. The hopcalite cataly@t life is assumed indefinitey and the weight
of catalyst required for the emergency case Is takeén as [.0° b
per man.

Considérable amounts of high- bonlung-ponnt aCldIC, odor-producing con-
taninants aré removed from the procéss air stream in the humidlty cont rol
and the carbon dioxide management subsystems. This somewhat alleviates
ghe Toad on the activatéd charcoal beéd undér both nofmal and émérgency con=

it fons.

Oné important factor in the design of the contami nant rémoval subsystem
is the trade-off bétweéen the regenerator weight and size and the powe*
expanded in héating the process air through the hopcal ite bed to 750°F.
Calculations performed on the weight of the regenerator show an optimum de=<
$ign at an effectiveness of about 90 per cent under hormal conditions.
Obviously, this valué depend$ on thé actual désign of the unit and alsc on
the vehicle power pénalty. Heéré; a penalty of 0.2 b per w...t was used.

The electrical power consumed by the unﬁt under norﬂai operatfng conditions

~f¢ shown piotted ia Figure TT3:°

The trace contaminant removal subsystém must be designed to handie a
wormal contaminant production rate within the cabins In addition; emergency
eonditions in the case of a fire or electronic equipment bréakdown must be
considered. Two approachés to the solution of the émé rgency situation are:
first; the contamindnts can be disposed of by dumping . the cabln atmosphere .
overboard; second; the system can be designed to process the air at.an
accelerated rates The optimum solution will evidently be the resuit of a
trade-off study between the additional system weight incurréd in designing
for emergency and the weight of theé atmosphere dumped to vacuums Because
it is impossible to predict emergency conditions; both means of contaminant
contirol will be made available to the cabin occupantss Figure 114; showing
the wetght of the das contained in the cabin; is given for reference. The
hopealite unit is dﬂslgned for very low sressure dfep Ih norimal opefating
conditions; and the air exhausted fiom the hopcal ite unit is returned to the
fwain atmosphere control loop upstream of the fan: Thus; ih emergency condi«
tions; the flow through the hopcalite unit can be increased considerably by
using all the availabie pressure drop:

The electrical heater must also be designed with sufficient capacity
to maintain the temperature of the catalyst bed at 750% . The additlonal
power Used_in this case canhot be tharged against the system, since tts

obeElrrence catinot be predicted; and other non=essential electriical equfpment

could be shiit off during the emergency periods
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© CABIN GAS WEIGHT, LB/MAN

POWEK REQUIREMENT. WATTS/MAN

Figure 113, Heater Power Requirement

10
CABIN FRESSURE, PSIA.

CABIN vOLY

ME-~

= 125 FT3/MAH |

Figure 114,  Cabin Atmosbherlc' Gas Weight

10
CABIN PRESSURE; PSIA
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An estimate of the subsystam weight is shown plotted in Figure 114 for
a cabin pressure of 7 psia. The plot is given for a vehicle power penalty of
0.2 1b per watt of power consumed. The weight of the subsystem wiil vary
siightly with the cabin pressure; however, in view of the .assumptions used
in the design, it is felt that the plot of Figure 115 is sufficiently accur-
ate for any cabin pressure. ;
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SUBSYSTEM EQUIVALENT WEIGHT, LB.
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Figure i15. Trace Contaminant Subsystem Equivalent Weight
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SECTION IX

LEAKAGE DETECTION AND REFPAIR

The probiem of leakage detection and repair in a space vehicle is
largely a problem of leakage detectior, and a questicn of access to the
feakage area. The first requisite is, of course, to know that the Jeak
has occurred. For large leaks a noticeable drop in pressure will take
place and no special instrumentation is required to detect it. For inter-
med iate size leaks, perhaps the most satisfactcry warning indicator will
be a drop in the nitrogen partial pressure. This is more satisfactory
thar @ drop in the total pressure, since total pressure may vary somewhat
for different levéls of crew activity or for heating or cooling of the
capsule. However, since it is not a part of any of the metabolic pro-
césses, the nitrogen tends to act somewhat as a trace gas.
nitrogen partial pressure sénsor should be a good indicator of leakage.

On a long-range basis, even minor leaks not accountablé by other
activity such as use of the airlock could be shown by a careful log of
gas inflow. The fundamental problem then is whether or not the space
vehicle walls are exposed or covered; that is, whether or not they are
access tble to the astronauts. For sccessible walls or portions of walls;
a number of ideas may be considered. For example, the wall couid contain
a visual color indicator responding to any leakage. The cabin oxygen
could react with a sublayer and cause a color change. The reactants caus-
ing a color change could be stored im adJacent films or capsules, as in
somé of the modern carbon papers, coming in contact only on puncture.

A wali puncture could cause an imbalance on an electrical capacity
Gcircuit, and, if this circuit were well subdivided for the small areas of
the walls, this would immediately localizé the -leakage regions If it
were feasibie to go outside the vehicle to detect the ieak, numerous
oxygen-sensitive or possibly nitrogen-sensitive detectors could be used.
They could be eléctrical, electrochemical, or chemical type, or they could
operate on a physical property of oxygen such as paramagnetism. If it is
possible for a man to go outsidé the vehicle, it should be quite easy to
detect location of leaks; and this may well prove the most satisfactory
method for detecting smaller leaks difficult to determine internally. If
the capsule contains two s0lid walls which could be broken up into iso-
lated sections, miich 1ike the watertight bulkheads on a ship, then it
might be possible to isolate the leak by checking pressure of each of
these sections. Possibly, too, a small amount of helium could be intro-
duced in the cabin and then standard heliiim 1eak detectors utilized.

Once the leak has been found, a number of sealing techniqies are
possible. The holes cotuld be hand-sealed by the astronaut; solder, vair-
nish, various plastics, or bonded patches could be used. However; it
would be desirable to have self-sealing walls, wnth hand-sealing used
only as a backup, or for large holes. For exavple, the tiubeless tire
principle could be used, where a plastic coating would flow inder a
slight pressure and repair small leaks: The leaking air could react
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chemically with an exposed material and thus seal small holes. Also, self-
foaming plastic, contained in small cells under pressure, could fill the
puiictured area by foaming action if the cell is penetrated.
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SECTION X

ATMOSPHERIC CONTROL SYSTEMS
. F

GENERAL

Based on the results of the subsystem analyses performed in the pre-
ceding sections of this report, complete space vehicle atmospheré control

systems are déscribed Integrating the following subsysteéms:

Gas supply .

. Carbon dioxidé management
Humidity contrél
Tracé contaminant removal

Although gas supply is, in géneraly thé heaviést subSyggém; the atrios-
phére control system arrfangement is affecteéd oSt by thé carboh' dioxide

Fémoval subsystem. Systems considéréd aréy théreforéy identified by theseé

> ¢arbon dioxide managerient methods:

Lithium hydroxide

Fréezé-out techiique

Molecular sieve

Electrodialysis process :

MoTeculai sieve and oxygen recovéty by carbon dioxide methanat ion
Electrodialysis and oxygen recovéry by carbon dioxide methanation

In this section, the above atiospheric contiol subsystems are dés-
¢ribed. Schematic diagrams showing the atrangement of the componsnts and
subsystems are given in Figures 116; 120, 128, 133; 134; and 136. The
system weight, power requirerent, heat Toad on the vehicle cooling system;
and material balance are presented in parametric form. Sufficient data
ate given to mzke possible ihtegration of the atiospheric contiol syste
with other vehicle systefis; namely; power souree; therial control; and
water management systeris.

the gas supply stbsysteii is generally heavier than all the other atwos-
pherie control subsystens. 1ts weight; if included in the computations of
total system weight, tends to disguise the overall chiaracteristics of any

. patticulai system. For this reason,. the das sipply subsystein characteristics

are excluded from tHe parametric data presented in this settion. It should
be noted here that the das supply subsystei is ths same for all the systens
s idered, except wher oxygen is recovered froi carbor dicxide vy methan-
ation and carbon dioxide reitoved by freeze-viit.

By simple inspection of the schematic diagrams, {t is evident that
several features are coftioh to all systeis. To sitiplify the description
of each ohe of the systeiiis atd to preveht UHhecesssiy repetitiohs; these
coiiioh cottporients are reviewed beiow. :
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Ga‘.’fi- Supply Subsystem

The preferred gas supply subsystem for space vehicle application uses
supercritical storage of gases at cryogenic temperatures (Seé Section IV).
Thic subsyStem is incorporateéd in all the atmospheéric control systems con-
sidered here, éxceépt whén carbon dioxide is removed by freeze-put process.
In this casé, subcritical $torage with positive expuision is necessary to
provide the héat sink required for fréeze-out. The systems feéaturing oxy-
gén recovery from carbon dioxide by methanation require hydrogen for this
précess; storage of hydrogén as a cryogenic fluid for Yong duratiom is
mipractical; in this casé, hydrogén is produced by eleéctrolysis of water.
Thé oxygen generateéd in thé process is useéd in the cabin. The pertinemt
¢haracter istics of the gas supply subsystérs are given in Section IV.

Quanit ity gages aré installed in the cabin skowing the amount of oxy-
génr and nitrogen léft in the storage veéssels. This is doneé by dénsity
measurément in theé casé of supeércritical storage vessels. Subcritical
storage vessel quantity measuréménts are éstimated from the pressurizing
gad storage preéssuré.

Detivery of oxygenm from the storage véssel is controlled by the oxy-
gen partial pressuré in the cabin, and the cabin total pressurée is used to
modulate the fiow from thé nitrogen storége tank.

-

- =267 Leakage Detection

The nitrogen rate of fiow from the storage vessel is measured and
translated into cabin leakdge raté shown on an instrument inside the cabin.

Humidity Control Subsystem

In all the atmosphéric control systems considered, cabin humidity
control is effected by covler-condenser process with subsequent separ-
ation of the water as a ligquid: This techniqué is discussed in detail
ih Section V, whére the subsystem characteristics are given parametri-
céily: In some systems describéd later; several cooler-condenser-sep-
arators are used to contiol the moisture content of different gas streams.

tabin relative humidity measurement s used to control the coolant
flow to the cooler-cohdenser. This noduiates the process air temperatire
st the outlet of the cooler and the rate of condensation of the water
véapor; '

The ligquid sepsrated from the process yus i3 returred to the vehicle
water management system. - :

Trace Contaminant Reroval Subsyste

Anothier feature common to &1l the systems considered is the removal
of trace contaminants by circulating cabin air through an activated char-
coal bed: Part of this flow is then directed to a hopcalite unit consist-
ing of a regenerator; électric heater, and hopcalite catdlyst bed whers
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low boiling point contaminants are oxidized. The flow from the hopcalite
burner is returned to the system fan inlet for two reasons: first, the
oxidization products from the hopcalite unit are themselves contaminants,
and second, in case of emeérgency, the flow through the hopcalite .nit can
be increased considérably by manually opeéning the ¢ircuit fiow control
vaive. All the préssure différential across thé fan is then available to
¢irculate cabin gas through the unit. A discussion of this subsyStem and
parametri¢ data is given in Section VIII.

Redundancy for Safety and Reliability

In all the systems considered, two fans are |nstalle¢7§n parailel to
insuré the flow through the atmospheric control sysétém. Each fan c¢an handle

all the flow. For missions of tong durationy three fans are useéd in the
system.

Valvés sealing thé system against vacuum are also rédundant for safety
and réliability reéasons. .

Thé systém studies were conducteéd for the following data assumptions
defining cabin conditions and ¢rew average meétabolic processeés: w

Cabin températurée: 70°F

Cabin relative humidity: 60%

Cabin pressure: 5 to 14.7 psia ' ;

Carbon dioxide production rate: 2.25 1b/man-day
. ﬂvvnon consumntionse 2.0 lb/man-day

Water evelved in respiration and perspiration: 2.2 Ib/man-day
Cabin oxygen partial pressure: (see Figure 4)

Cabin carbon dioxide partial pressure: 3.8 to_7.6 min Hg
Leakage of carbon dioxide from the cabin: negligible

Leakage of water firom the ¢abin: negligible

These assuiptions are common to all the systems analyzed; other assufiptions
applicable to particular systems are discussed with the systém désciiptions
and ahaiyses.

The Welghts plotted in this section are not a true criterion for sys-
tem comparison. The other parameters relating the atmospheric control sys-
tem to other vehicie systems must be considered to establish the relative
merits of the varicus atmospheric control systems.

Thermal control of the cabin atmosphére and eguipnient is hot considered
in this report; however; it shouid be poifted out that part of the heat gener-
ated in the cabin is removed from the process air fiow necessary for athmospheric

ompos i tioi control. First; the watér vapor produced by the cabih occupants;

»through réspiration and perspiratioh, is condensed in the atmospheric controi

system. Second; the process alr is; in gerieral, returned to the cabin at a
temperature lower than the cabin air temperature: Third; the cryogenic gas
supply provides a heat sink whick must be cunsidered in the overail vehicle
thetrial controi.
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LITHIUM HYDROXIDE ATMOSPHERIC CONTROL §YSTEH
General

This system, as seen from Figure 85, is applicable to mission durations
up to 30 days, depending on the cabin pressure and the allowable carbon dio-
xide concertration in thé cabin. The main advantage of this system, other
than weight, is its great simplicity and reliability. Also, it is the most
advanced in the state of the art.

System Deséription

The systeém, shown schematically in Figure 116, uses supércritical stor-
ageé of oxygen and nitrogén for metaboli¢ and leakage make-up gas supply to
thé cabin. Humidity control is effected by cooler-conderisér~separator teéch-
< niqué. Tracé contaminants aré rémoved by activatéd charcoal adsorption and

by catalytic oxidation in a hopcalite bed. Carbon dioxide is removed by
adsorption in two lithium hydroxidé béds. This subsysten arrangeérient is
discussed in Section V of this report.

The flow through: thé systém is clearly indicated on the systém diagram.
The carbon dioxide partial préssuré in thé. cabin is used to control indirectly
N the fiow through the Vithium hydraxidé canisters.

The hu’mi‘d’it{ control is efrected downstream of the Vithium hydroxide
beds to rémove the water evolved in the carbon dioxidé adsorption process
without increasing the flow through thé system.

.

_ System Characteristics

1] \le‘ight
- An estimaté of the weught of the compiete system, exclusive of the gas
suppiy subsystem, is shown in Figure n7 plotted aga:nst mission duration
for one- to five-man véhicles. Slight variations in weight; due to cabin
pressure and carbon dioxide partial pressure in the cabin; are not shown.

; 2. Power Regiiirement

Figure 118 is a piot of the system power requirement against the cabin
préssure. Small déviations diie to carbon dioxide partiai pressure in the
cabin and nuimber of crew members aré negiected. The piot shown here in-
cludes the power necessary for loop control.

3. Heat Load
The heat rejected to the vehicle cooling system through the cooler-
condenser is plotted in Figure 119. Here, it is assumed that ail the power
 lhput to the system; inciuding the power expended for loop control; is
duimped into the process air stream and removed at the cooler-condenser.
It shouid be noted that the air returning to the cabin from the cooler-
condenser is saturated with water at 45°; while the process air from the
cabin enters the system at 70%F and 60 per cent reiatfve humidity.
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POWER REQUIREMENT, WATTS/MAN

HEAT REJECTION, BTU/HR-MAN

 NOTE: GAS SUPPLY SUBSYSTEM
. MOT INCLUDED
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5 - 10 ’ ' 18
'CABIN PRESSURE, PSIA

Figure 118, Lithiuw Hydroxide Atmospheric Control System
. Power Requirement

~NOTES: — e
1. HEAT SINK AT 45°F ‘
2; GAS SUPPLY SUBSYSTEM NOT- INCLUDED

400

5 16 'S
CABIN PRESSURE, PSIA

Figure 119: Lithium Hydroxide Atmospheric Control System
, Heat Rejection '
Y
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‘ 4. Material Balance

e The atmospheric control system removes carbon dioxide from the cabin
. atmosphere at the rate of 2.25 Ib per man-day and water vapor at the rate

of 2.2 ib per man-day. Liquid water separated from the process air is
returned to the water management system at the rate of 2.92 |b per man-
day- .

FREEZE-OUT ATMOSPHERIC CONTROL SYSTEM

Geperal

FréeZ¢-out processes, although rélatively undeveloped, appear proc-
mising as a means of carbon dioxide rémoval. However, the water €vacuated

overboard limits the field of application of s;mple freesze-out systems to

short-duration missions.« System reliability is considerably less than for
other short-duration systems using cheémical processes. :

A‘System Déscription

The system uses a simple freeze-out heat exchanger wheré carbon dio-
xide and mcisture are frozen and subsequently evacuated overboard in a
regenerative manner. Figuré 20 is & schemaiic diagrom of the system shows
ing the component arrengement and the process gas flow through the system.

Subcritical storage of atmospheric gases with positive expulsion is
used here to provide the heéat sink required for the freeze-out process.

The oxygen and nitrcgen vessels are pressurized from two separate
helium bottles. This greatly simplifies quantity measurements, and no
wolght penalty is incurred by the use of two bottlas, o;ber than the pres< -
surizing subsystem accéssory weight.

The liquld oxygen flow from the tank is regulated by the oxygen par~
tial préssuré in the cabln; and the liquid nitrogen flow is controlled by
the cabin total pressure.

Moisture from thé process gas is removed in a cooler-condenser-sep-
arator subsystem upstream of the freeze-out heat excharger to redice the heat
1oad on this exchangér and alsé to reducé to a minimum the amount of water
evacuateéd overboard. Trace contaminant removal is achiéved by activated
charcoal adsorption and catalytic oxidation in a hopcalite bed.

Operation of the carbon dioxide freeze-out heat exchanger is control-
led as follows: the flow of cabin air is modulated by the carbon dioxide
partial pressuré in the cabin. The valve switching mechanism is activated
when the préssure drop of the process air flowing through the exchanger
exceeds a preset value. This occurs when the heat exchanger passages where
fréezing occurs becone blocked by deposited solids. The flow of éryogenic

liquids; oxygen,; and nitrogén to the freeze-out heat.exchanger is contrélied

by the temperature of the process gas &t the heat exchanger outlet. The

éxcess cryogenic liquid delivered from the storage vessels is dumped into the

process air returning to the cabin.

v,
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System Characteristics

I. Weight

The weight of the system is platted against the carbon dioxide partial
pressure in the cabin in Figures 121 and 122 for two values of the cabin
pressure: 7 and 10 psia. This weight estimate was based on a cabin leakage
rate of 2.5 1b per man-day. This value seems reasonably conservative for

short-duration mission vehiclés where the simple fresze-out system applies.

2. Power Reauirement

Figure 123 gives a plot of the systém power requirement on a one-man

basis. Power is plotted as a function of the cabin total pressure for a

rarige of carbon dioxide partial pressurés. The small variations due to
the number of crew meribérs are neglected. :

-

3. Heat Load

The heat reéjected to the vehicle cooling system at the cooler-condenser
is plotted ln Figure 124. The process air at cooler-condenser outlet is :
taken as 45° F. The cryogenlc heat sink requlred for the freez:wg process
i$ provided by the fiow of 4.5 Tb per man of Liguid oxygen and nitrogen . 4
from the subcritical vessels; this corresponds to a heat sink of approxi-
mately 26.1 Btu per man-hr at a terperature on the order of 225°%R. More
accurate values are g1Ven in Section Vi where freeze-out subsystems are :
discussed. . g

{

4, HMaterial Balance

Carbon dicxide is removed from the process air and evacuated overboard
at the average rate of 2.25 1b per man-day. Part of the water vapor pro- i
duced in the cabin at the rate of 2.2 1b per man-day is frozen in the carbon 7
dioxide removal process and evacuated overboard with the carbon dioxide. The !
rate of water lost in this manner is plotted in Figure 125 as a function of
thé carbon dioxide partial pressure in the cabin. This water is not recov-
ered by the water management Subsystem; however, the flow through the humid-
ity contrel subsystem i$ considerably reduced, since complete water removal
is effected in the freeze-out heat exchanger. Calculations were performed
to determine the amount of water carried by the process air required for
carbon dioxide removal. This is plotted in Figure 126 as a function of the
cabin relative humidity for a cabin temperature of 70%. This plot shows
that at low carbon dioxide partial pressure, water is removed from the air
stream at siich a rate that theé cabin reélative humidity cannot be kepi at
60 par cent. Thé amount of water removed inthe cooler-condenser and returned :
to the vehicle water management system is piotted in Figure 127 for the cabin , ;
relative hiumidity shown in Figure '26 (6C per cent maximum). . ’ |
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Figure 121. Freeze-out Atmospheric Control System Weight
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Figure 124. Freeze-out Atmospheiic Control System Heat Load
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MOCECULAR SIEVE ATMOSPHERIC CONTROL SYSTEM

General

For missions of moderate to long duration, molecular sieve atmospheric
control systems presently appear the most attractive means of contralling.
space vehicle atmospheric compositions. The system, however, is complex
and incorporates a larga number of valves, which makes it unreliable, espec-
ially for long-duration missions. This stéms- from the cyclic nature of the
adsorption-desorpticn processes of the dessicant and molecular sieve beds..

System Description

The system is shown schematically in Figure 128. Both oxygen and
nitrogeri are stored supercritically; cabin humidity is contrulled by the
cooler-conderiser-separatcor process; trace contaminant removal is effected
in activated charcoal and liopcalite catalyst beds.

The carbon dioxidé removal sibsystem is basically that described in

Section VI of this report. A codler is shown on the switching silica gel
beds. Its purpose is to cool the beds between the desorption and adsorption

cycles to prevent poisonirg of the molécular sieve by water entrzined through

the desiccant at the baginning of each cysle.

The valve-actuating mechanism of the silica gel bed arrangement is acti-
vated when the water partial pressuré at the désiccant bed ciutlet reaches a
fixed preset value. Similarly, cycling of the molecular sieve beds is con-
trolled by the carbon dioxide partial préssure at the molecular sieve outlet.

For safety, three fans are uséd in the main system and in the carbon
dioxide renoval subsystem. All the valves controlling the flow throusgh the
molecular Siéve beds seal thé systém against vacuum: and areé redundant. A
completé analysis of the carbon dioxide managémért subsystem is given in
Section VI of this report.

Sys téni: Characteér istiés:

i. Meight

The weight of the systém shown in Figare 128 is a function of all the
cabin parametérs and of thé numbeér of men aboard the vehicle. An éstimate
of the system weight is plotted in Figure 129 as a function of the number
of créw membérs. The plot was prépared for_a carbon dioxide partial pres-
sure in the cabin 6f 5.7 nim Hg and a cabin pressure of 7 psia. The system
weight is slightly depéndent on the carbon dioxide partial pressure. The
analyses of Section VI shows & carbon dioxide removal subsystem hardware
weight variation of approximately 10 per cent whén the carbon dioxidé par-
tial pressuré varies from 3.8 to 7.6 mi Hg. This corrésponds to a system
wéight variation of about 5 per cent.
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o

 the tramsient nature of the cycle; maxisum boat loads in an actual syst-

‘ &. Haterial Baiance

-gatalyst. The sysiem is cztentially for lotig-duration missions because Y

" 2. Fower Requiirememtt ’ R

The system totall power requirememt is showm im Figure 130 plotted wver-
sus the cabim pressure for various carbom dioxide partial pressures in the

- calbiime  The siot was prepared for a one-mam system. Small variations for
~ the number of crew nambers were ignored.

3. Heat Lload

teat iis dumped From the atmospiveric cocling system imto the wvehicle

" coall i iimg system at ihree locations: First, through ihe cosler-condenser,
Cilhere the process air is assumed cooled to 45%F; secomd, tllmromgltn the cooler

upsuream of the molecwlar sieve bed, where the air temperature is dropped
to SO%; thiird, im the sillica gel bed cooling process betweem the desorp-
tiom amd tive adsorption cycles. The total amount of heat rejectedi to the
welhicie” coollimg system at these tiwee locatioms is pllotted iim Figure §31
as a fumctiiom of the carbon dioxide partial pressure im the cabim.

Weat also iis carried to the cobim From the hot air discharged from
the carlbom dioxiide managememt subsystem. This amount of heat, czlculated

, a8 the differemce betweem the subsystem heat content at outlet and inlet,
" is shown plotted im Figure §132.

These piots are based on average values and do not take into account o

R e

are kigher than shoun bhere.

A

R S—

Carbon dioxide is removed from the cabin atmosphere and evacuvated
overboard at tiwe rate of 2.25 ibd per manm-day- Water vapor generated in
the cabin is condensed, separated from the process air as a liquid, and
returned to the vehicle wvater sanagement system at the rate of 2.2 b per
man-day.

ELECTRGDIALYSIS CELL ATMOSPHERIC CONTROL SYSTEM s

K System Description

Carbon diokide remcwza! by electrodialysis has been discussed in Section -
¥X of this report. An abteospheric control system using this technique is
shown: schematically in Figure 133. The system uses superci-itical storage
of atmospheric geses, siidity control by cocler-condenser-separator pro-
cess, and trace contaminant management by activated carbon and hopcalite

of its high power roqmmunt and hnyl spacific uelghr therefore, three
fans are installed in parallel to insure process air flow through the
system.

Iinldlty control is effected domnstream of the_electrodialysis celi,
because the air processed in the cell is saturated with water vapor at cell
cutliet. This moisture is r-w!? in the same coolér-condenser-separator as
the humidity from the cabin. P
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The process air flow to the cell is indirectly controlled by the zarbon
dioxide partial pressure in the cabins The water flow to the cell is- mod-
ulated hy thé amount of air procéssed in the cell, its relative humidity,
and the cell operating temperature. :

System Characteéristics

By far, the heaviest subsystem (excluding das storage) of the atmos-
~ pheric control system depicteéd in Fidure 133 is the electrodialysis carbon
© dioxide removal subsystem. It comprises about 75 per cent of the total
system weight. Similarly, the othér characteéristics of the electrodialysis
cell far outweigh thoseé of the athér subsystems. Since the electrodialysis
cell paraméteérs cannot be estimated accurately, only rough estimates of the
overall system characteéristics can be made. The atmospheric control system
paraméters of intérest are listeéd on a oneé-man basis in Table 23. The car<
bon: diioxideé rémoval subsystem. parameteérs used hére are given in Section VI.

ATMOSPHERIC CONTROL BY MOLECULAR SIEVE WITH CARBON DIOXIDE METHANATION:

-

System Description

For lTorig-duration missions (in excess of 100 days), recovery of oxygen
from the carbon dioxide produced by respiration becomes a necéssity. A
compieté atmospheéric control system, in which the carbon dioxide is removed
by molécular sieve adsorption, récovered, and réduced to methane with hydro-
gen;, is showh schématically in Figure 134. This system is basically the same
as the molécutiar sieve system described previousty with thrée additionalb
featurés. First, the carbon dioxide is recovered from the molecular sieve
instéad of being évacuatéd overboard. Second, the hydrogen neceéssary for
methanation of the carbon dioxide is produced by watér &lectrolysis; the
électrolytic ¢ell is also used as an oxygeén supply for the csbin. Third,
thé systém incorporatés a catalytic réactor where the meéthanation process
takes place. The methanation subsystem incorporating an eéleéctrolytic cell
is described and discusséd in Section VII. Here, only thé intégration
aspéct of the subsystems is discussed.

System operation is as follows: hyd'rogen produced by water électro-
Tysis is first circulated and cooled in a cooler-condénseér-separator unit.
Most of the moisture carried by the stream is condensed, separated, and
_Féturned to the vehicle water management System. Thée hydrogen stréam is
further dried by flowing it through a silica gel bed. It is then used to
desorb the "off-stream” molecular sieve bed. The mixture of carbon dioxide
and bhydrogen exfiausting from the bed is introduced i the catalytic redctor
where inéthanation takes place. Part of the heat of reaction leaks thiough
thé reactor wall into theé molecular sieve bed to make possible the desorp-
tion process: The hot gases exhausted from the reactor are cooied by the
incoming hydrogen and pified to a cooler-condenser-separator unit where the
. water of réaction i$ récovered and returned to thc water management sub-

~Eydteams 2 .
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TABLE 23

ELECTRODIALYSIS CELE ATMOSPHERIC CONTROL SYSTEM CHARACTERISTICS

(10 PSTA SYSTEM)

w— !

' Parameter Yalue
 Weight 82 Tofman
* Power requirement 310 watts/man
| Heat load on the vehicle cooling system 900 Btu/hr-man
- lf Heat rejected to ambient 68 Btu/hr-man

.

Temperature o% process air at.syst’em outlet

W‘ater' returned to vehicle water managemént system
Hydrogen overboard _

| “carbon dioxide overboard

Water overboard

Oxygen production

Water required for system operation from
vehicle water management system - .

45 (sat. with Hy0)
14.2 tb/man-day
0.001 1b/man-day
2.25 ib/man-day
0.208 1b/man-day

0.008 1b/man-day

12.20 ib/man-day
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The catalytic reactor is built into the molecular sieve bed. In this

~ ....manner, the temperature of the catalyst. bed can be maintained at a reasonably

low: level by allowing most of the heat of reaction te leak olt. Fins are
used to carry the heat of reaction tc the sieve and to increase the contact
area between the. heat source and the: molecular sieve pélléts.

Heating eleménts are pirovided within the molecular sieve bed to insure
desorption at the start of operation and to maintain stoichiometric composi-
tion of the mixture éntering thé methanation reactor. To initiaté the meth-

reactor.

The valves céﬁtro%lingvthe hydrogen flow path into the molecular sieve.

ﬁeds are actuated by the same méchanism operating the process air flow vajves.
Carboi dioxide partial pressure at sieve outlet signals valvé switching. The

hydrogen drying silica gel béd valves areé switched when the moisture cortent

s of the hydrogen stréam réaches a prését valué. The Sitica gel bed is desorbed

by hot air from the main atmospheric control system.

The flow of hydrogen to the methanation ¢ireuit is regulated by the
amount of hydrogen and carbon dioxide present in thé gases exhausted from
thé catalytic reactor. If this stream is hydrogen-rich, the hydrogen flow
s reduced and the pressure inside the eléctrolytic ¢ell builds up. The
power and water inputs to the cell also are reducéd when the cell operating

pressuré reaches a maximum value. If the gases at reactor outlet are carbon

dioxide-rich, the hydrogen fiow is increased with a cofiesponding incréase
in powe: and water inputs to the electrolytic cell. :

System Characteristics

I. MWeight

The weight of the electrolytic cell of the systei showh in Figure 134
comprises more than half of the total systeii weight. Thus, the effect of
parameters such as cabin pressiire and carbon dioxide partial pressiure can
be ighored, since the electroiytic cell weight cannot be predicted accura-
-tely. An estimate of the systéii weight was iade using a cell weight_of
18.7 ib per Ib of oxygen per day prodiuced; the corrésponding systeri weight;
exciusive of the gas supply subsystem; is then estimated at 110 1b per mati.

2. Ppowei Reqiiirement

The systeni total powei requireiieiit was conipiited from the subsysteii
parametric data given in preceding sections. Figure 135 is a plot of the
power required for system operation. Adain, the power itiput to the eiectro-
iytic celi far outweidhs that of the rest of the systei. In this piot; the
power hecessary for molecliar sieve desorptiot wds negiected.

’ 3. Heat Rejection Load

The atoufit of heat rejected to the velicle coollig systén from the
atitospher ic control systeii is estifated to He about 750 Btu/hkr per mari.
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§
Heat also is dumped from the system to»thé.surroundings-at the rate of
about 50 Btufhr per man. Theé heat generatéd within the carbon dioxide
removal subsystem and carried to the cabin by the process air is shown
plotted in Figure 82. '

4. Material Balance P—

In Table 24 are listed data pertinent to the system material balance.
A large amount of water is circulated to and from the water management
systém. This water is pumped into the efectrolytic cell where part of it
is converted into hydrogen and oxygen; a larger portion of it, however, is
éntrainéd by the gases produced in the cell and subsequently condensed
and separated from these streams to be returned to the vehicle water man-
agement subsysteém.

ATMGSPHERIC CONTROL SYSTEM BY ELECTRODIALYSIS PROCESS WITH OXYGEN RECOVERY

System Déscription

This system offérs the adventage of great simpiicity over the mole-
cular sieve systém with oxygen recovery discussed previously. This stems
from the fact that carbon dioxide remuval by eiectrodiaiysis is a contin-
uous process compared to theé cyclic type of operation of the moiecular
sieve system: Figure 136 is a system schematic diagram. The bas.ic system
has béen described before; the only addition here is the methanation sub-
system. This subsystem has also been described previously in Section VII.
Integration of thé carbon dioxide removal and carbon dioxide reduction
subsystem presents no problems; as seen from the system diagram: As shown;
the electrolytic cell is controliéd by the carbon dioxide flow from the
electirodialysis cell. Host of the heat generated in the methanation pro-
cess is dissipeted to the surroundings, and contributes to the load on the
vehicle thermal managément $yscem.

§ystem Characteristics

The weight, power consumption; and effectiveness of the two major
components of this systen aré not well-known at present, and only & rough
estimate of the system characteristics can be made. Table 25 lists the
pertinent system paraméters and material balance data:

ot =
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TABLE 24

ATMOSPHERIC CONTROL 3Y MOLECULAR SIEVE
WITH CARBON DIOXIDE METHANATION

SYSTEM MATERIAL BALANCE

Flow Rate, "
Parameter 1b/man~day
- Oxygen production 3.273
Hy0 from water management system 8.275
Hzo to water management system 8.42
HZO overboard 6.025
co, overboard 0.225
H2 overboard 0.04F
CHy overboard 0.736
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g : | TABLE 25

ATMOSPHERIC CONTROL SYSTEM BY ELECTRODIALYSIS

WITH OXYGEN RECOVERY '

SYSTEM CHARACTERISTICS

w e e - Parameter

Value

Weight

Power requirement

Heat rejection to vehicle cooling system (45-50°F)
Heat rejection to ambient |

Oxygen produc}ion

Water consumption (from water management systénﬁ
Water to water manag;m;nt system

Carbon dioxide overboard

Methane overboard

Water overboard

Hydrogen overboard

135 1b/man

710 watts)man
1200 Btu/hr-man
220 Btu/hr-man
3.281 1b/man-day
20.28 1b/man-day
20.42 Ib/man~day
0.225 ib/man-day
0.736 1b/man-day
0.0300 1b/man=-day

0.0409 1b/man-day

S
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SECTION XI
CONCLUSIONS
In this report, analyses of the various subsystems, which are integral

parts of complete atuwigspheric control systems, were performed. Parametric
data were given, and subsystems that perform particular functions were com-

‘pared on an equivalent weight basis. The parameters introduced in the con-

cept of equivalent weignt wére the subsystem hardware weight, power consump-
tion, heat rejection load, and material balance. Subsystem reliability also
was discussed. Trade- off studies were presenterd delineating the field of
application of particuiar subsystems.

The studies performed on gas supply subsystems have shown that, at the
present state of the art, supercritical storage of atmospheric constituents
is preferable to other storage methods. Subcritical storage with single~
phase delivery poses operating problems which are presently being studied
experimentally. None of the chemical methods of atmospheric gases genera-
tion appears competitive with cryogenic storage techniques. However, water
electrolysis will be applicable as a source of hydrogen for long-duration
missions when oxygen is :ecovered from carbon dioxide. Intensive experi-
mental work is requirzd to develop an efficient, Ilghtwelght, electrolytic
cell for zero-gravity operation. Experimental work also is necessary for
the deveiopment of a reliable subcritical cryogenic storage vessel with
liquid delivery. This type of storage vessel is very attractive for use
in conjunction with carbon dioxide freeze-out systems. It provides the
heat sink necessary for the free2|ng process which appears to have a defin-
ite field of application in vehicles where water is plentiful.

Cabin humidity contrcl by the cooler-condenser process; with subse-
quent liquid water separation, seems to be the only suitable method of
water removal at present. The subsystem based on this process is very
simple and offers a double advantage: first, it can be used for complete
thermal control of the cabin atmosphere; second, the moisture removal
from the cabin air is recovered as liquid water.

An excess production of liquid water aboard a space vehicle is desir-

able, since it can be used in an evaporator as a low-temperature heat sink.

Sink temperatures on the order of 40°F are not easily attained with liquid
loop cooling systems; however, evaporation of excess water can, for a very
low weight penalty, produce these sinks with a considerable overall cooling
system weight reduction.

While the selection of subsystems, such as gas supply and humidity
control, are virtually independent of time, the choice of a carbon dioxide
management subsystem is essentially based on the vehicie mission duration.
The design of the atmospheric control system is, in this manner, critically
dependent on the carbon dioxide management subsystem. A number of such

. systems were analyzed in this study. Parametric data have been presented

and trade~off studies were performed. The results of trade-off studies
are given in Sections IV through IX of this report.
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For short-duration missions, lithium hydroxide appears the only
attractive chemical means of carbon dioxide control. Depending on the
design cabin conditions, carbon dioxide removal by freeze-out technique
is definitely applicable to missions shorter than two weeks. Freeze-out
systems, however, are inherently less reliable than lithium hydroxide
systems. Experimental testing of freeze-out heat exchangers is recommend-
ed to determine the characteristics of the freezing process:

For moderate to long-duratiocn missions, carbon dioxide removal by
molecular sieve adsorption is indicated. Problem areas here are the high
system power requirement, the system reliability arising from the large
number of valves, and the desorption characteristics of the desiccant
and molecular sieve beds. Considerabie analytical and development work
is required to fully understand the complex mass and heat transfer prob-
lems involved in these systems, and to éstablish realistic design criteria.

For long=duration missions, carbon dioxide removal by the electro-
dialysis process appears attractive be.au-2 of the simplicity resulting
from the ¢ontinuous nature of this_process. Considerable development,
however, is indicated to reduce the electiodialysis cell weight and
power requirement. - -

The problems associated with oxyger recovery from carbon dicxide
arise from the integration of the carbon dioxide reduction subsystem with
the rest of the atmospheric control system. Hydrogen required for the
process is produced by water electrolysis, which has been discussed
previously. A control problem is associated with the desorption of
molecular sieve beds at a rate consisteni with stoichiometric compo-
sition of the gases entering the catalyst bed. Heat recovery from the
methanation process also presents a problem.

In the present state of the art, trace contaminant removal sub-
system design is based on assumptions relative to the contaminant
production rates within the space vehicle cabin. Efforts should
be expended on the determination of the nature and the generation
rates of these contaminants. Once the problem statement is establish-
ed, a better design can be effected with present methods of control.
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