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PREFACE
This document is onc of 14 Aerospace Information Reports (AIR) of the Third Edition of the
SAE Aerospace Applied Thermodynamics Manual. The Manual provides a reference source for
thermodynamics, aerodynamics, fluid dynamics, heat transfer, and properties of materials for the
aerospace industry. Procedures and equations commonly used for aerospace applications of
these technologies are included.

In the Third Edition, no attempt has been made to update material from the Second Edition nor
were ST units added. However, all identified errata were corrected and incorporated and original
figure numbering was retained for the first ten sections.

The SAE AC-9B Subcommittee originally created the SAE Aerospace Applied Thermodynamics
Manunal and, for the Third Edition, used a new format consisting of AIR1168/1 through
AIR1168/10. AIR1168/11 through AIR1168/14 were created by the SAE SC-9 Committee.

The AIRs comprising the Third Edition are shown below. Applicable sections of the Second Edition
are shown parenthetically in the third column.

AIRI1168/1 Thermodynarics of Incompressible and

Compressible Fluid Flow (1A.1B}
AIR1108/2 Heat and Mass Transfer and Air-Water

Mixtures (1C 1D, 1E)
AIRT168/3 Aerothermodynamic Systems Engineering

and Design (3A,3B,3C,3D)
AIR1168/4 Ice, Rain, Fog, and Frost Protection (3F)
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AIR1168/5 Aerothermodynamic Test Instrumentation

and Measurement (3G)
AIR1168/6 Characteristics of Equipment Components,

Equipment Cooling System Design, and

Temperature Control System Design (3H,3J,3K)
AIR1168/7 Aerospace Pressurization System Design (3E)
AIR1168/8 Aircraft Fuel Weight Penalty

Due to Air Conditioning €
AIR1168/9 Thermophysical Properties of the

Natural Environment, Gases, Liquids,

and Solids (2A.2B,2C,2D)
AIR1168/10 Thermophysical Characteristics of

Working Fluids and Heat Transfer

Fluids (2E,2F)
AIR1168/11 Spacecraft Boost and Entry Heat Transfer (4A4B)
AIR1168/12 Spacecraft Thermal Balance 40C)
AIR1168/13 Spacecraft Equipment Environmental

Control (4D)
AIR1168/14 Spacecraft Life Support Systems (4E)

F.R. Weiner, formerly of Rockwell International and past chairman of the SAE AC-9B Subcommit-
tee, is commended for his dedication and effort in preparing the errata lists that were used in creating

the Third Edition.
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SECTION 14 - SPACECRAFT LIFE SUPPORT SYSTEMS
1. INTRODUCTION

In the years since manned space flight began, some of the new developments have been
successfully demonstrated on only a few actual flights. Much has been written about man’s
new environment in space and the technology required to support him safely. In this AIR
much of this technology will be discussed and summarized, although the scope here is
restricted to the then current state of the art (circa 1965) in order to concentrate on
fundamentals and at the same time avoid the more advanced concepts that have yet to be
proved.

An attempt has been made to avoid, as much as possible, reference to the Mercury. Gemini,
and Apollo systems, since much has been included in the literature about these specific
designs. Rather, the attempt has been to describe objectively and discuss the fundamental
variations that were used in their design conception so as to permit the most valid
extrapolation to future spacecraft.

1.1  Scope
A life support system (LSS) is usually defined as a system that provides elements necessary
for maintaining human life and health in the state required for performing a prescribed
mission. The LSS, depending upon specific design requirements, will provide pressure,
temperature, and composition of local atmosphere, food, and water. It may or may notcollect,
dispose, or reprocess wastes such as carbon dioxide, water vapor, urine, and feces.

It can be seen from the preceding definition that LSS requirements may differ widely,
depending on the mission specified, such as operation in Earth orbit or lunar mission. In all
cases the time of operation is an important design factor. An LSS is sometimes briefly defined
as a system providing atmospheric control and water, waste, and thermal management.

The major subsystems required to accomplish the general functions mentioned above are:
1. Breathing and pressurization gas storage system.
2. Temperature and humidity control system.
3. Carbon dioxide control system.
4. Trace contaminant control system.
5. Water management system.

6. Waste management system.
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1.2 Nomenclature

¢, = Specific heat capacity, constant pressure, Btu / Ib-°F
D = Diameter, ft, in.

E.T. = Effective temperature, °F

g = Gravitational acceleration, ft / sec?
h = Enthalpy, Btu/Ib

L = Length, ft, in.

M, = Molecular weight, 1b / mol

Ap, = Pressure differential, Ib / ft?

p = Pressure, psia, mm Hg

P, = Ambient pressure, psia

P. = Cabin pressure, psia

Pm = Promethium

Po = Polonium

P, = Oxygen partial pressure, mm H,

P, = Total atmospheric pressure, mm H,
Q = Energy, Btu/ sec-ft*

q, = Body heat storage rate, Btu / ft>-°R
R = Ratio of end cap thickness to cylinder annulus thickness, dimensionless
S = Entropy, Btu/ °F

SA = Surface Area, ft?

Sr = Strontium

t = Temperature, °F

t, = Ciritical temperature, °F

t, = Rectal temperature, °F

t. = Skin temperature, °F

T = Temperature, °R

vy, = Gas velocity, ft/ min

W = Body mass, b

w, = Weight flow of gas (air), b / man-day
Wi, = Weight flow of water, 1b / man-day
Y = Mole fraction, dimensionless

Nszp = Efficiency of water separator, dimensionless
= Absolute viscosity, Ib / sec-ft, Ib / hr-ft
Mass density, Ib-sec? / ft*

pg = Specific weight (density), Ib /ft*

T E
o

T = Relative burning time, dimensionless

y = Relative power penalty parameter (fluid heat flow transport parameter),
dimensionless

Yy = Power penalty parameter defined by Egs. 14-3 and 14-4, dimensional
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Subscripts
g = Gas
l = Laminar
t = Turbulent
1 = Inlet
2 = Qutlet

1.3 Common Abbreviations

AC

AFOSR

AIAA

Air Force

amb

AMRL
anti-g

approx

ARS
ASD
ASHRAE

ASME

ASTIA

atm
av

Btu (BTU)

°C
cap.
cat
cC
cfm

clean room

Co.

Conc.

contam.
Dacron
DC-200,
DC-550

DC
deg

Full document details: SAE AIR1168_14A

Alternating current

Air Force Office of Scientific Research

American Institute of Aeronautics and Astronautics
United States Air Force

Ambient, or local (surrounding) conditions

Aerospace Medical Research Laboratories (USAF)
Capable of support (restraint) under high acceleration
(anti-gravity) ‘

Approximate

American Rocket Society

Aeronautical Systems Division (USAF)

American Society of Heating, Refrigeration, and Air Condi-
tioning Engineers

American Society of Mechanical Engineers

Armed Services Technical Information Agency (now Defense
Documentation Center)

Atmosphere

Average

British Thermal Units

Degrees Centigrade

Capacity

Catalytic

Cubic centimeters

Cubic feet per minute

Room with controlled air cleanliness and environment
Company

Concentration

Contamination

Trade name for woven synthetic produced by Dupont

Trade names for heat transport fluids produced by
Dow Corning Co.

Direct current

Degree
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Dowtherm A

Dowtherm E

Trade names for heat transport fluids produced by
Dow Chemical Co.

ed. Editor

ELF Electrolysis cell / fuel cell system

E. T Effective temperature, °F

et al And others

etc. And so on

°F Degrees Fahrenheit

FC-75 Trade name for fluorinated hydrocarbon heat transport fluid
produced by Minnesota Mining and Manufacturing Co. (3M)

Fig. (Figs.) Figure(s)

fpm (FPM) Feet per minute

tps Feet per second

Freon 21 Trade name for Refrigerant 21 produced by Dupont

ft (FT) Feet

GARD General American Research Division (GATC)

GATC General American Transportation Association

g Gravity

gm Gram

Hg Mercury

hr (HR) Hour

. (IN.) Inch

kcal Kilocalorie

kg Kilogram

kW Kilowatt

lam Laminar

Ib (LB) Pound

LSS Life support system

m Meter

Max Maximum

mg Milligram

min (MIN) Minute

ml Milliliter

mm (MM) Millimeter

mol Mole

mol. Molecular

Mol. Wt. Molecular weight

mrem Millirem

NASA National Aeronautics and Space Administration

No. Number

p. (pp.) Page(s)
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Par. Paragraph
perm Permeation
pH A measure of the acidity of an aqueous solution
ppm Parts per million
PRESS Pressure
psi Pounds per square inch
psia (PSIA) Pounds per square inch absolute
psig Pounds per square inch gage
P4SR Predicted four-hour sweat rate
Ref. (Refs.) Reference(s)
REG Regulator
RH Right hand
RH Relative humidity
°R Degrees Rankine
S.A. Surface area
SAM School of Aerospace Medicine (USAF)
sea level 760 mm Hg
sec (SEC) Second
TEMP Temperature
Trans. Transactions
TR Technical Report
turb Turbulent
USAF United States Air Force
[AY Ultraviolet
U-238 Uranium 238
V Volts
Vol. Volume
W Watts
WADD Wright Aeronautical Development Division (USAF)
WADD TR Wright Aeronautical Development Division Technical Report
Wt. (WT) Weight
Zero-g Zero Gravitational acceleration (zero gravity)
% Percent
o Alpha
vl Micron (107 meters)

2.  DESIGN CRITERIA

Under the general heading of design criteria for a spacecraft LSS, many things must be
considered during the preliminary design phase: the various spacecraft restraints, mission
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parameters, reliability and mission safety requirements, and of course the physiological and
psychological requirements of man himself.

In this AIR it is impossible to treat with any degree of completeness the spacecraft restraints
or mission parameters. Similarly, a detailed treatment of reliability concepts cannot be
included. A few general items involved in some of these considerations are applicable,
however, and include weight, power requirements, volume, reliability, development status,
interfaces, and physiological requirements. For any given application it will be necessary to
consider all these criteria, since no single one can be assumed to control the selection of the
optimum system, nor is any criterion independent of another.

2.1 Weight
Weight includes the weights of fixed equipment, ducts and connecting fixtures, all supplies
(such as activated charcoal) necessary to the operation of the system, and related control
mechanisms and instrumentation. In addition, the power requirement is often considered in
terms of the weight required for the power sources.

2.2 Power Requirements
Power requirements include mechanical or pneumatic power for circulation of the atmo-
sphere, heat power for use in a catalytic burner, mechanical or pneumatic power for the water
separator, and pneumatic or electric power for operation of control elements and instrumen-
tation. Mechanical power may come from electric motors, and heat power may come from
electrical resistance elements; that is, the entire power supply may be electrical. Pneumatic
power 1s customary in capsule pressure controls and pressure relief valves.

The preferred type of power will depend upon the design of the equipment and on the relative
availability of the different types. For continuously rotating devices such as compressors,
electric power may be better than pneumatic, while for periodically actuated devices such as
control valves, pneumatic power may have distinct advantages.

Both the maximum rate at which power will be used and the average rate must be considered.
The penalty imposed by any power source will be a combination of the influences of the
maximum rate and the average rate of power utilization.

2.3  Volume

The volume of an atmospheric control system is relatively difficult to determine at an early
stage of a program because a substantial percentage of the total volume is necessarily devoted
to ducts and fittings, the actual sizes of which are dependent upon the layout or arrangement
of components. The total volume includes:

1. Core volume or volume of heat exchanger element, or volume of a reacting substance
such as lithium hydroxide.
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2. Volume of the supports for the core.

3. Volume of the pans and manifolds.

4. Volume of associated or integral ducts.

5. Volume of auxiliary items, spare parts, tools, and replacement chemicals such as
lithium hydroxide.

6. Volume of space clearance necessary for access to equipment and for repairs, on the
ground or in flight.

It is essential that a layout (or, better, a mockup) be used to arrange system components for
minimum volume.

2.4 Reliability
LSS studies must include realistic considerations of reliability, serviceability, and life for
each component and subsystem. Component reliability must be emphasized in design
together with failure modes and effects analyses, which must be used to establish redundancy
and spares concepts for the systems in the comparison and selection stages.

Existing LSS designs should be examined for suitability. Wherever adequate reliability
margin is notevident, the equipment designer must analyze new designs that offer the greatest
promise of improvements required to meet the mission requirements.

The relative reliability of components is important to the various system and subsystem
designs that are to be analyzed and compared. Mean time between failure values of most
components are presently known with reasonable confidence. Besides ensuring that the
weakest reliability links are adequate, the standard practice of redundancy for all weak links
must be judiciously followed.

In particular, all continuously rotating equipment essential for either mission completion or
crew safety must be redundant. In addition, certain spares should be recommended wherever
a weight or volume advantage might thus result and where this is physically feasible. The
reliability analysis should include reliability logic diagrams for each subsystem, to show the
applicable failure rate anticipated and to complement the failure modes and effects analysis.

2.5 Development Status
The development status of each component and subsystem should be determined to provide
an evaluation as to the probability that the total system can be developed within the known
limitations of time and budget. For example, the design of some components such as heat
exchangers and ducts is so well advanced that they may be assumed to perform as required,
with little or no development.
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On the otherhand, aregenerative chemical system for space application will require extensive
development, together with some risk that it will not be possible to reach the goals at the
desired time. A closely related problem is the adaptability of the system to different mission
profiles, a requirement which is becoming essential.

2.6  Interfaces
There are numerous interfaces between the atmospheric control system and the other vehicle
systems. All must be taken into consideration in arriving at conclusions relative to the
advantages and disadvantages of competing systems. These include:
1. Thermal loads to and from other vehicle systems, including vehicle structure.
2. Power requirements, including quality, type, amount, and variation of rate.
3. Supplies of oxygen, nitrogen, and any other gases required. This is especially
important when the gases are stored remotely 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 must be taken into account.

4. Metabolic inputs from occupants, carbon dioxide, water vapor, odors, and similar
contaminants.

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

6. Chemical process supplies such as lithium hydroxide, molecular sieves, activated
charcoal, and catalysts.

7. Vibration and shock loads, including those generated within the system and those
received from outside.

8. Noise generated by operation of the system.
9. Control linkages for operation of the life support system itself.
10. Space and relative location requirements within the vehicle. The resolution of this
item usually requires the use of mockups and trade-off studies with other spacecraft
systems.

11. The ground checkout system.

12. On-board display instrumentation.
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13. Instrumentation providing information to be telemetered.

14. Provision for supplying an atmosphere for use in a portable backpack to provide
atmospheric control for a pressure suit used for extravehicular operation.

15. Provision for use of an airlock to enable occupants in pressure suits to leave and
reenter the space vehicle.

16. Detection of malfunctions within the system and the transmission of the information
to the astronauts.

17. Interaction with operator; manual control required; extent and scheduling of operator’s
time; special skills required, if any.

2.7  Physiological Requirements
Table 14-1 presents the physiological requirements that are generally in current use. These
values will usually be made more precise for a specific mission; however, the range of values
shown is sufficiently accurate to support preliminary investigations.

3. ATMOSPHERE CONTROL

In space flight or atmospheric flight, man must be maintained in a comfortable environment
if he is to work at his best. This does not necessarily mean that it is essential to duplicate
exactly man’s terrestrial environment in space, for it is evident that man can adapt

Table 14-1 - Physiological Requirements

Requirement Value

Total Pressure, psia 3.5-70
Oxygen Partial Pressure, psia 3.5-5.0
Atmosphere Diluent (if any) Nitrogen
Carbon Dioxide Partial

Pressure, Nominal, mm Hg 4-7.6
Temperature,°F(nominal) 75
Relative Humidity, % 4060
Oxygen Consumption (av),

Ib/day 19
Carbon Dioxide Production

(av), Ib/day 2.2
Respiration and Perspiration

Water Qutput {av), Ib/day 24
Metabolic Heat Load (Un-

pressurized Suit), Btu/hr 350600
Metabolic Heat Load (Pres-

surized Suit), Btu/hr 10002000
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satisfactorily to a fairly wide range of environmental conditions without detectable degrada-
tion in performance.

The conventional ASHRAE comfort criteria involving ambient air temperatures and humidi-
ties may not be applicable to space systems because of the entirely different relationships
among the various heat transfer processes that may be obtained in manned spacecraft as
compared with a terrestrial environment. Since it is not possible at the present time to adopt
the statistical empirical methods employed by ASHRAE to determine comfort zone condi-
tions, 1t will be necessary to establish the design criteria in terms of thermal and pressure
adequacy. Heat transfer models may be used to determine the heat removal rates for particular

conditions, and the available physiological data must be used to determine the required
pressure.

Man normally dissipates waste heat by a combination of heat transfer processes, including
natural convection, forced convection, radiation, and evaporation of moisture. The energy
balance for the body is given by

Qmelubulic = Qwork + Qlatw’/ + Qa‘enxible + Q,\'larecl (14_1)

Any deficitin body cooling is accompanied by heat storage, an undesirable condition that can
be tolerated for only a limited time. Although heat storage in amounts up to approximately
600 Btu can be tolerated before physical collapse occurs, it should be assumed intolerable as
adesign condition for normal operation. That is, the condition for thermal adequacy requires
zero heat storage under design operating conditions.

It is reasonable, however, to allow a certain amount of heat storage (up to 275 Btu) for short
duration emergencies, as long as the cooling deficit rate does not exceed 15 Btu / min.
Figs. 14-1, 14-2 and 14-3 show available data on comfort and heat storage permissible.

InRef. 23, from which these illustrations are taken, supplementary information relative to the
figures is as follows: For Fig. 14-1:

“Human thermal comfort is defined by air temperature and humidity in the area
enclosed by the heavy solid line. Note the stipulations of normal street clothing,
seated resting individuals, and minimal air movement. An increase in air velocity to
200 fpm, which is a common level in high performance aircraft, extends the comfort
zone into higher temperatures as shown. If impermeable clothing is worn, comfort
(indefinite tolerance) for seated men moves toward the cold side. Partial coverage
with rubberized cloth, as found in anti-g suits and partial pressure suits, calls for drier,
cooler conditions as shown in the cross-hatched area. Complete coverage with
impermeable material, as found in anti-exposure suits and full pressure suits, calls for
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Figure 14-1 - Thermal comfort zone (Ref. 23)
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Figure 14-3 - Thermal tolerance limits (Ref. 23)

cooler temperatures, but no special humidity, since evaporation cannot take place.
Activity in such assemblies produces critical thermal loading, solved only by forced
clothing ventilation to permit removal of water vapor.

“Several reference points are shown for warm conditions above the comfort zone,
again for normally clothed resting men, where air velocity is low. The sweating
threshold falls at about the line labeled 79°F E.T., as derived from a prediction method
called the Predicted Four-Hour Sweat Rate (P4SR). Exposures up to 12 hours can be
tolerated, but with the cost of physiological adaptation, up to 84°F E.T. Thermal
balance (at a higher-than-normal body temperature) can be maintained for hours up
to the line shown fitting solid dot data points, and corresponding to about 92°F E.T.
Finally, a set of experiments is shown with nude men at rest at 1 10°F and 25 mm Hg
vapor pressure, wherein those who had fluid replacement maintained thermal balance
for 32 hours, and those deprived of fluid became severely dehydrated and lost thermal
control in 10 hours.”

From the same source, for Fig. 14-2:

“Experimentally determined range of human thermal tolerance are shown for resting
men without protection, and also protected with the best clothing for each zone of heat
or cold. The environments used in establishing the curves were all characterized by
low air movement (less than 100 fpm) and approximately equal air and wall
temperatures. Tolerance limits for nude subjects are: surface pain above 250°F; body
heat storage from 140°F — 250°F; fatigue and dehydration from 100°F — 140°F;
fatigue, shivering and general body cooling, with increasing discomfort from
65°F — O°F; and cold pain and increasing danger of frostbite below O°F. The
improvement in thermal tolerance times caused by properly chosen clothing is
depicted by the two solid curves, one in the hot zone and one in the cold zone.”
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Ref. 23 also supplements Fig. 14-3 as follows:

“Tolerance limits are shown which define impairment in performance and the
physiological endpoint for severe heat exposures which produce storage of body heat.
Body storage rate (g,) is computed from the change in average skin temperature (z,,),
rectal temperature (z,), and the body mass (W), surface area (S.A.), and
specific heat (=0.83) according to the formula

w y 0.33Arg +0.67At,
hr

45 =083 (14-2)

English units (Ib, ft?, °F) give the answer in Btu / ft*-hr, and metric units (kg, m?, °C)
give the answer in kcal / m*-hr. Storage of heat occurs in those severe exposures
(usually above 120°F) where the body’s physiological mechanisms are unable to
compensate for the heat load and metabolic heat. The tolerance limit in storage is
reached when approximately 80 kcal / m?-hr has been stored, and the subject is on the
verge of clinical heat stroke. (Adapted from Blockley et al., WADD TR 53-346,
1953).”

A second design criterion, for which it is more difficult to establish limits, involves the sweat
rates at given environment and specified activity levels. Because of the impairment or
reduction in certain of the important heat transfer processes, it appears that high latent heat
loads will result in both pressure suit and shirtsleeve environments, where ventilating cooling
serves as the primary cooling method.

It is known that the sweat mechanism apparently undergoes fatigue after 4 or 5 hr at the high
latent heat load requirement. Thus, even with ventilation cooling, the body will start storing
heat. The recovery period for restoration of normal function and replenishment of water lost
from the body fluids is relatively long. These factors pose significant difficulties, particularly
when combined with the other physiological and psychological stresses imposed by the space
environmentand mission. Forexample, the reduced work capacity anticipated after exposure
to weightlessness may accelerate the onset of these deleterious effects. Therefore it appears
highly desirable to reduce sweat rates to a minimum level, although it will probably not be
practical to eliminate all sensible perspiration at high metabolic rates.

3.1 Atmosphere Pressure and Composition
Currently, almost all United States manned spacecraft programs employ the same atmo-
spheric pressure and composition, which is 5.0 psia with pure oxygen. Emergency operation
in the pressure suitis at the reduced pressure of 3.7 psia. Russian spacecraft, on the other hand,
have used an oxygen and nitrogen mixture at sea level pressure.
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There are advantages and disadvantages to both concepts. A brief summary of the various
considerations is given below:

1. Alveolar Pressure - It is desirable to maintain the alveolar oxygen pressure at normal
values of approximately 100 mm Hg at all times, including emergency. This requires
a varying amount of oxygen pressure above 100 mm Hg, depending on the diluents
and contaminants such as nitrogen, water vapor, or carbon dioxide. This is shown by
Fig. 14-4, where the oxygen limits are also shown.

2. Atelectasis, or Lung Collapse - The application of high g forces or bronchial
restrictions tends to promote atelectasis, whereas the presence of nitrogen tends to
prevent it.

3. Aeroembolism - This is caused by the formation of expanding gas bubbles in the body
tissues during rapid decompression. These bubbles are almost entirely the result of
the diluent nitrogen, since the oxygen is held chemically bonded to the blood

constituents. The probability of aeroembolism increases with the concentration of
nitrogen.

4. Weight - Various factors affect weight. As the total pressure of the cabin is increased
the cabin leakage is increased proportionately. Also, the structural weightis increased
as the cabin pressure is increased above a nominal 6 or 7 psia. Itis possible, however,
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Figure 14-4 - Physiological performance chart, oxygen pressure effects;
sea level = 760 mm Hg
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that the cabin air pumping power could be decreased by the increased cabin pressure
if the flow requirements were set by minimum volume flow circulation rates.

5. Fire Hazard - The relative fire hazard is a strong function of the oxygen concentration.
Ithas been shown that the burning rate in a 5.0 psia pure oxygen atmosphere is greater
than for a 7.0 psia mixture of oxygen and nitrogen. Figs. 14-5 and 14-6 show the effect
of oxygen partial pressure on the burning rate for two series of tests, from
Ref. 15.
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since a two-gas system must also have a single-gas capability for emergency
conditions. This also requires a capability for reduction in the total pressure.

From the preceding considerations, it is apparent that both medical and nonmedical factors
affect the choice of atmospheric content. Sufficientdataexistto justify the 5 psia pure oxygen
for the present missions, but insufficient data exist for longer missions. It is expected,
however, that new and more complete data presently being obtained by intensive study and
testing will aid materially in the final optimization of the selection of spacecraft atmosphere.

3.2 Thermal Control
Three simple thermal control systems are shown in Fig. 14-7. In the expendable evaporant
system the heat to be rejected is used to change a fluid from a liquid to a vapor, which is then
vented overboard. This system utilizes to advantage the latent heat of vaporization of the
liquid (usually water).

In the cryogenic fluid system the heat load is released through the heat exchanger to a stored
cryogenic fluid. The heated fluid is either vented overboard (if it is an expendable) or directed
to other on-board systems for further use.

The third basic cooling system shown in Fig. 14-7 is the radiator system, in which the heat

load to be rejected is transported to a radiating surface, that takes advantage of the heat sink
characteristics of space.
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Figure 14-7 - Typical cooling systems; (a) expendable evaporant,
(b) cryogenic fluid, (c) radiator
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In determining which of these three systems is most suitable for any given application, the
duration of the expected space mission is of prime importance. Both the evaporating system
and the cryogenic fluid utilize an expendable cooling source and therefore have a large time
penalty. The heat sink characteristics of space in reasonable proximity to a planetary body
are such that the heat loss by radiation is small. Consequently the radiator weight is large in
comparison with that of the components of an expendable system. Time is therefore a most
important factor in determining which system should be utilized for any given design.

3.2.1 Shirtsleeve Considerations
Figs. 14-8 and 14-9 illustrate the use of simple heat transfer models to show the effects of
certain basic environmental design parameters on heat rejection from the body by radiation
and by forced convection. The radiative heat loss (Fig. 14-8) assumes a body surface area of
19.5 ft2, 80% of which is effective for radiation with a thermal emissivity of 0.94.
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Figure 14-8 - Estimated radiant heat loss from body; effective body area = 15.6 ft?,
thermal emissivity = 0.94
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The convective heat loss (Fig. 14-9) assumes the ventilating gas flow normal to acylinder with
a surface area of 19.5 ft* and a height of 5.8 ft. Ventilating gas velocities greater than
approximately 40 fpm are generally held unacceptable for long duration exposures because
the body has a sensation of uncomfortable drafts at high gas velocities.

The criteria may not be applicable under conditions of high work rates or of thermal
inadequacy, since limiting gas velocities will be imposed by the penalty of providing the
ventilating power and the gas distribution. It will usually be difficult to provide average gas
velocities in space cabins much in excess of 10 fpm without excessive power penalties and
heat exchanger installation problems.

It can be seen from Fig. 14-9 that the sensible heat loss from the body by forced convection
will be on the order of 100 Btu/ hr for a ventilating gas velocity of 40 fpm and the usual design
cabin average temperature of 75°F. Assuming a mean radiant sink temperature of 75°F, the
radiant heat loss from the body will amount to approximately 230 Btu / hr for an average skin
temperature of 91°F (Fig. 14-8). For an environmental temperature of 75°F, the total sensible
heat loss from the body is then 330 Btu / hr, which suggests that high sweat rates may occur
in shirtsleeve environments for high work rates.

Fig. 14-10 shows the total sensible heat loss from the body as a function of environmental
temperature for the shirtsleeve environment. The minimum latent heat load, represented by
the insensible perspiration from the body, though varying with metabolic rate, will be greater
than 100 Btu/hr. Itis apparent in Fig. 14-10 that cabin areas characterized by high work rates
should be designed for low environmental temperatures, in order to minimize sweat rates.
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Figure 14-10 - Total sensible heat loss from body for
shirtsleeve environment; t, = 91°F, Vo = 40 fpm
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Conversely, rest and recreation areas and other sedentary activity level areas should be
designed for higher environmental temperatures for comfort.

3.2.2 Pressure Suit Considerations
The highest metabolic rates will be obtained in pressurized suits because of the increase in
metabolic rate resulting from restricted mobility in the pressurized suit. This may represent
a 100% increase in energy expenditure over that required for performance of the same task
in an unpressurized suit or in a shirtsleeve environment. Present space suits represent an
extension of aircraft full-pressure suits in which the pilot is restricted in motion and limited
to more or less sedentary activity levels, with suit ventilation providing adequate cooling.

However, in future extravehicular suits, greater mobility will be required, since man will
perform fairly extensive physical tasks such as walking on the lunar surface. It is reasonable
to expect that this will require design to permit continuous activity at high metabolic rates.

Suit ventilation performance is frequently given in terms of “suit efficiency,” which relates
the actual moisture pickup to that theoretically possible for the given suit inlet and outlet
conditions. Fig. 14-11 relates the suit efficiency and outlet relative humidity with the suit
outlet dewpoint temperature, which is a somewhat more basic parameter because it does not
involve use of an arbitrary reference.

Ventilating efficiency will vary somewhat with suit design, particularly with regard to
internal flow distribution; that is, not all ventilating flow passes over the same body area

before returning to the suit outlet. A commonly specified suit outlet relative humidity of 70%
corresponds to a suit efficiency of 60% and suit outlet dewpoint temperature of 79.5°F.
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Figure 14-11 - Suit efficiency and outlet gas relative humidity versus outlet dewpoint for
45°F saturated inlet gas and 90°F outlet dry bulb temperature; suit pressure = 3.5 psia O,
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Fig. 14-12 shows the cooling capacity of the ventilating gas as a function of suit outlet
dewpoint temperature, assuming an outlet dry bulb temperature of 90°F and an inlet dry bulb
temperature of 45°F. It will be noted that, with the dry inlet condition, the cooling capacity
of the ventilating gas 1s increased significantly.

In recirculating systems using water vapor removal by condensation, it will usually be
impractical to provide ventilating gas inlet dewpoint temperatures below about 45°F. Where
desiccants are used for humidity control, very low dewpoints can be readily obtained.

The gas obtained from cryogenic or gaseous storage containers will ordinarily have a very low
moisture content, so that the vent flow in an open cycle system will provide a substantial
cooling capacity in the form of the moisture being dumped overboard.

3.2.3 Heat Sink Selection
In addition to the three basic forms of heat sink mentioned above, it is also possible to utilize
the thermal mass of the vehicle itself or to utilize the latent heat of fusion of a suitable material
as a heat sink. In the first situation, advantage is taken of the thermal capacity characteristics
of the vehicle structure material. Thus, an aluminum structure able to stand SO°F temperature
rise 1s capable of absorbing 33 Btu / 1b of structure.

In the second situation, heat is released to a solid which melts at a moderate temperature. The
amount of heat accepted would depend upon the amount of solid present as well as the heat
of fusion of the particular material. A distinct advantage of this type of heat sink is that ata
later time the liquid may be cooled (solidified) and then be ready for re-use as desired.

The heat sink trade-offs of the foregoing systems are summarized in Fig. 14-13. This figure
shows the thermal dissipation capacity as a function of the mission duration of the various
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Figure 14-12 - Cooling capacity of suit ventilating gas, assuming 90°F outlet dry bulb
temperature and 45°F inlet dry bulb temperature
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systems. Inobtaining the trade-off curve between passive radiator systems and active radiator
systems that utilize solar cells as the power source, current optimistic data for solar cell
performance were utilized. These data indicated that the valuc of 9 W/ 1b of solar cell could
be obtained and that these cells would degrade to approximately 75% of this value in a period
of 6 months. The data, available from current space vehicles, also indicate that no further
degradation occurs.

The curve shown in Fig. 14-13 assumes that 6.75 W/ 1b (0.75 x 9 W/ Ib) is obtainable from
the solar cells throughout the entire time period shown.

Thermal Transfer

Thermal transfer can be accomplished by any of the three basic heat transfer processes:
convection, conduction, and radiation. The thermal control system for any space vehicle may
utilize all or any one of these processes. Conduction, while an inherently reliable form of heat

transfer, is not particularly attractive for space vehicle applications except in very localized
areas.

Radiation heat transfer coefficients are very low when compared with those obtainable by
convection or conduction, and while useful in ultimately rejecting heat to space, do not form
an attractive means of transporting heat within the vehicle. A forced convection fluid
transport loop is therefore the most attractive means of transferring heat from one place to
another within the vehicle.

A space radiator provides a very attractive means of rejecting to space itself the heat generated
in the space vehicle. The determination of the effective space sink temperature constitutes
only a small part of the problem of space radiator design. The actual evaluation of unit
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Figure 14-13 - Heat sink selection (summary)
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temperatures requires knowledge of vehicle location with respect to the Earth, Moon, and Sun

and of the radiation characteristics of these bodies and the vehicle itself.

With the selection of aforced convection fluid transport loop, it is necessary notonly todesign
minimum weight heat transfer components but also to select the fluid most suitable for the
particular application. Figs. 14-14 and 14-15 show the plots of a relative power penalty
parameter  for fluid flow versus temperature for both laminar and turbulent flow for various
fluids. This parameter is defined by (u = Ib/ft-hr):
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The thermal properties of the fluids are combined into this parameter, which may be used to
determine the suitability of any fluid as a heat transport fluid. Thus, not only is the thermal

capacity considered but also its pumping power characteristics.

3.2.5 Heat Sources

Virtually all present-day conceptual designs of advanced life support systems are based on
the availability of electric power as the sole source of supply in meeting all energy
requirements. The ease in transport, variety in form, adaptability to control, and efficiency

of use make electric energy well suited to the spacecraft energy demands.
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Figure 14-15 - Relative performance of several fluids in laminar flow. Parameter y, equals

y, value of fluid in question divided by y, value for water at 70°F
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(¥, = 0.6163(10°) for water at 70°F).
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