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ABSTRACT

The purpose of this thesis was to perform a systems analysis of a
regenerative cabin atmosphere control system of the type suitable for
earth-orbiting manned missions up to 1 year in length. A typical
atmospheric control system was selected based on recent studies of the
most suitable components which were currently available. An extensive
review of the literature indicated that very few pertinent references
were available on the subject of the closed-loop response of atmospheric
contrnl systems for life support. A dynamic nonlinear model of the cabin
atmosphere control system was developed and this was simplified to a
small-excursion linear model for purposes of applying classic stability
criteria. The nonlinear model was programed on an electronic analog
computer and sample cases were run at various conditions. Thé study
demonstrated that the cabin atmosphere control system model was basically
stable but that recovery from large transients was marginal due to

component limiting.
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CHAPTER I
INTRODUCTION

In his natural surroundings on the surface of the earth, man lives
in a vast ecological system or habitable enviromment which furnishes the
sustenance for life and recycles the resulting waste products for future
use.

Manned missions into space require artificial life support systems
to supply man's needs for food, water, a controlled atmosphere, and for
waste management. On the current short-range space missions, these needs
are met by carrying sufficient stores of food, water, and oxygen to
fulfill the requirements of the mission. Gaseous waste products are
absorbed from the atmosphere by chemical means and l1iquid and solid
waste products are collected and stored for disposal on earth.

As mission length is extenced beyond a few weeks, the concept of
expendable stores results in prohibitive weight requirements for any
practical space system, since each crew member requires an average of
0.843 kg (1.87 1b) of oxygen and 3.502 kg (7.72 1b) of water each day.
Thus, for long-term space missions, it will be necessary to provide
space travelers with an artificial ecology to regenerate their own waste
products.

Various degreeg of regeneration are possible but studies indicate
that the most profitable areas for conservation of weight are: first,
in water reclamation; second, in oxygen reclamation. If regeneration of

waste products into food is also included, a totally closed life support
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system is possible. However, such a system is not required for space

i

missions of less than 1 year in duration, so most research effort has
been on regenerative life support systems which provide only water
reclamation and oxygen reclamatlon.

Several experimental ground facilities have been developed to

oo igths b AR AU - st i it

evaluate regenerative life support systems for manned space flight. The
Integrated Life Support System (ILSS) at Langley Research Center is
typical of the best space chambers presently available for research in
manned life support tests (Ref. 1). This facility was designed to be
self=-sufficient with a four-man crew for a 90-day test period, and
includes systems for thermal control, atmospheric control, water manage-
ment, waste management, food management, and personal hygiene.

The most critical of these systems from the viewpoint of life
support is the atmospheric control system, which is the subject of this
study. Crew safety demands that this closed-loop system continually
maintain the proper atmospheric balance in the space cabin by supplying
oxygen and by removing the metabolic waste products of carbon dioxide,
water vapor, and assorted contaminant gases. Figure 1 shows the

relationship of the atmospheric control system to the overall life

Mg lelatsn? i laional

support system.

PR

The cabin atmosphere with its constituents of oxygen, nitrogen,

carbon dioxide, and water vapor is the controlled varilable in the system.

This controlled atmosphere is disturbed by the oxygen uptake and the

ot

gaseous products output of the variable human load. The metabolic

gaseous products are removed when the cabin air is circulated through
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the atmospheric control loop containing the contaminant control unit,
the water separator, and the carbon dioxide concentrator. The separated
water is treated in the potable water cide of the water management
system, and a portion 1s transferred to the electrolysis unit where it
1s electrolyzed into oxygen for the space cabin and into hydrogen.
Carbon dioxide from the CO, concentrator is reduced with hydrogen into
water for the potable water supply and into carbon by-products which are
discarded.

Fxtensive work has been done since 1960 to develop components
suitable for use in the regenerative cabin atmosphere control system.
Several of the more promising components have been included in the
Langley ILSS. Since this prototype system was designed for laboratory
test work, it provides a minimal automatic control capability. Fully
automatic atmospheric control systems, with manual overrides, will be
required for use on an actual space mission. However, there has been
no rigorous analysis of the automatic control problems associated with
space operation of the regenerative atmospheric control system.

The objective of this research was to perform a detailed systems
analysis of the regenerative cabin atmosphere control system for manned
spacecraft. The goal of the study was to significantly advance the
state of knowledge on the dynamic characteristics of a system which
includes man as a part of the active load. A further objective of the
research was to proviée a better understanding of the dynamic performance

of the various system components.
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Research to date has emphasized the steady-state operation of the
various life support systems as might be expected in the initial test
phase of any device. However, the dynamic aspects of the system opera-
tion are equally important and must be well understood before any life
support system can be considered acceptable for manned use,

The space cabin for any long-range manned mission is expected to
be reasonably spacious, with approximately 28 cubic meters allotted to
each occupant. This large atmospheric volume serves as the "reservoir”
from which the space passenger withdraws his oxygen supply on demard.
Since the cabin atmosphere volume is relatively large, the change in
cabin atmosphere constituents will normally occur at a slow rate. The
dynamic load on the cabin atmosphere control system would thus appear
to be minimal, and this is true for normal operation. But the system
must also satisfy any extreme demands which are placed on it. Recent
experiences with manned tests have demonstrated that 1ife support systems
should have the capabllity to meet a variety of off-nominal conditions,
including cabin fires, depressurization, and component shutdown or
failure. Frequently these conditions occur so quickly that automatic
control systems offer the only possibility for recovery.

A further requirement for automatic control of the cabin atmos-
phere arises from known shortcomings of man as a primary control element
in the space environmgnt. Manned tests have demonstrated that space
travelers may be subjected to psychological factors which could compro-

mise rational judgment. In addition, variations in the cabin atmosphere,

such as an excess of carbon dioxide or a shortage of oxygen (hypoxia),




may result in unsuspected loss of Judgment by the sub, c¢t which could be
fatal in the space environment.

Some consideration of the dynamic requirements of cabin atmosphere
control systems has been given in various prior studies, however, no
rigorous systems analysis was found in & rather extensive survey of the
open literature. A simple closed-loop analysis was performed in
connection with the design of the langley ILSS (Ref. 2), however, lack
of component performance data at the time of the study and many simpli-
fying assumptions seriously limit the value of that study.

Operation of the ILSS subseguent to the design study phase has
produced some component performance data which cean be used to define
the operation of typical components. While the ILSS is in many respects
typical of the present state of art in life support systems, it war not
the intention to limit this study to a particular system. Rather a
general life support system model was developed which could be typical
for a variety of space missions. The desire for a meaningful enalysis
of the regenerative cabin atmosphere control system required that
specific parameters be chosen for the model, but the analysis could
easily be adapted to & system with slightly different parameters.

The regenerative cabin atmosphere control system is nonlinear in
nature due to component saturation effects and cross coupling between
the various loops. However, the system model was found to be basically
linear for small excursions about a nominal operating point. The

assumption of system linearity resulted in a reasonable model and

facilitated the preliminary analysis of the system.




Subsequent machine analysis on the analog computer permitted the
consideration of nonlinear effects and also provided the means for
studying the on-off control modes. While the analog study of the system
was not exhaustive, sufficient machine runs were made to establish the
basic characteristics of the regenerative cabin atmosphere control system.

In the body of this thesis, Chapter II is concerned with develop-
ment of the regenerative cabin atmosphere control system model. A
description and analysis of the various system components is found in
Chapter III. Chapter IV is concerned with the development of a detailed
system block diagram and with a mathematical description of the dynamic
relationships. Chapter V summarizes the automated system analysis and
discusses the results of the various analog computer runs. Chapter VI
provides a review of the most important references which have been

included and concluding comments are presented in Chapter VII.
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CHAPTER II

SPACE CABIN MODEL

This chapter defines the assumed space cabin model, the crew

model, and the cabin atmosphere. The major components of the regenerative

cabin atmosphere control system are specified and the steady-state

materials balance is defined.

Space Cabin Characteristics
The configuration of a space cabin is determined largely by the
required space mission. Many different menned space missions have been
contemplated, but this study will consider only the mission model defined
by a recent NASA sponsored program to investigate manned earth-orbiting

space flights of an extended time period (Ref. 1). Important character-

IO 0 00 7 s L A0

istics of the assumed mission and of the space cabin are defined in
Table I.

The specified total cabin volume represents an unloaded condition;
the addition of equipment and expendable stores results in the reduced

volume specified as cabin atmosphere volume. The cabin atmosphere

volume includes the laboratory volume and the smaller esir lock volume,
which is assumed to be vented to space each time the air lock is opened
to permit egress 1o the outside. The air lock chamber is returned to
cabin conditions by venting air from the laboratory volume.

Various schemes to conserve the cabin air in the air lock chamber

are possible, but the air lock venting cycle is retained in this study




TABLE I.- SPACE MISSION AND SPACE CABIN CHARACTERISTICS
Mission Type Manned earth-orbiting scientific satellite
Mission Duration One year with resupply at 90-day intervals
Orbital Elements Zero eccentricity; 250 nautical mile altitude

Vehicle Attitude Controlled attitude; no rotation

Space Cabin Volumes

Total Cabin Volume

Cabin Atmosphere Volume

laboratory Volume

Air Lock Volume

Air Lock Operation

Air Lock Venting Rate

Air Lock Venting Cycle

Space Cabin Leakage Rates

Minimum

Nominal

(Zero-g condition)

117.528 m> (4150 £t3)
101.952 =0 (3600 £t7)
99.120 w5 (3500 £t)
2.832 m (100 £t3)

5 cycles/90 days

87 gm/min (0.192 1b/min)

24 min

4Sk gm/day (1.0 1b/day)

1362 gw/day (3.0 1lb/day)




10

since it represents a typical load on the atmospheric control system.

For example, the air lock venting cycle may be considered typical of the
cabin depressurization which might occur as the result of micrometeorite
penetration of the space cabin wall. The other space cabin leskage rates
specified represent an estimate of normal leakage which will occur in

space due to imperfect sealing and diffusion through the cabin walls.

2.;
E
:
3
;

Crew Model
The basic purpose of the cabin atmosphere control system is to

maintain a long-term habitable enviromment in the space cabin. The crew

TTRS TV R TII e TTe T h

produces the most significant load on the cabin atmosphere control system
by absorbing oxygen and by generating carbon dioxide, water vapor, and
assorted contaminants in the cabin. The total metabolic production of
the crew is determined by crew size and the level of activity} The
assumed mission required a crew of four men; however, the space cabin
must accommodate a total of six men during resupply operations.

Crew activity is defined with respect to nominal metabolic criteria,
which are shown in Table II as a function of Basal Metabolic Rate (BMR).
Consideration of the total life support system would require a complete
definition of the crew metabolic balance, including all solid, liquid, §
and gaseous inputs and outputs and the heat output of the crew. Since
this study is limited to the cabin atmosphere control system, the only
concern is with the gaseous inputs and outputs of the crew. The most
basic metabolic factor is the oxygen uptake, or rate at which O; 1is
actually extracted from the atmosphere. The COp output is determined

from this, based on an assumed Respiratory Quotient of 0.90. The Hp0
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TABLE II.- CREW MODEL

Crew Size Normal - 4 men
Resupply - 6 men for 4 hours

Metabolic Criteria (100% BMR)

Oxygen Uptake 0.7371 moles/man~hr* (0.0520 1b/man-hr)
Carbon Dioxide Output 0.6634 moles/man-hr (0.0644 1b/man-hr)
Water Evaporation 4,1327 moles/man-hr (0.1640 1b/man-hr)

(Respiration and perspiration)

Respiratory Quotient (R.Q.) 0.90
(R.Q. = COs output/Oo uptake)

Crew Condition 0, Uptake CO, Output H50 Output
moles/hr moles/hr moles /hr
(1b/hr) (1b/nr) (1b/hr)
No. 1 - Minimum Activity 2.6536 2.3882 14 .8777
4 men at 90% BMR (0.1872) (0.2318) (0.590k4)
No. 2 - Normal Activity b L4226 3.980k4 2k 7962
4 men at 150% BMR (0.3120) (0.3864) (0.98%0)
No. 3 - Resupply Mode 6.6339 5.9706 37.1943
6 men at 150% BMR (0.4680) (0.5796) (1.4760)
No. 4 - Emergency Schedule 13.2678 11.9412 74 .3886
I men at 450% BMR (0.9360) (1.1592) (2.9520)

*Note: The -erm "moles" refers to gram-moles.
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output includes the total gaseous production, including both respiration
and perspiration.

The crew also generates other gaseous products such as hydrogen
and methane in small amounts. In addition, other contaminants may
occasionally be introduced into the cabin atmosphere from sources within
the space cabin. All of these trace contaminants are removed from the
cabin atmosphere by special filters or by a catalytic burner contained
in the contaminant control unit. Since the quantities involved are so
slight, the operation of the contaminant control unit generally has a
negligible effect on the cabin atmosphere control system, and will not
be considered in this study.

Four crew conditions are defined, ranging from the minimum activity
associated with sleep to the maximum activity which could occur during a
short emergency situation. The total range of activity represents a
variation in the crew metabolic load of 5:1. The condition described as
"Normal Activity" represents a nominal average for daily activity. The
cabin atmosphere control system will be evaluated partly on response to

changes in these various crew conditioms.

Cabin Atmosphere
Extensive studies have been performed to determine the most
desirable atmosphere for a space cabin (Ref. 3). Long-term space missions,
where a "shirt-sleeve" enviromment is desired, favor the use of a two-gas
atmosphere which simulates the atmosphere on earth. However, a total

cabin pressure less than sea level ambient pressure is desired to
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minimize structural requirements of the space cabin. This is accomplished
by reducing the partial pressure of nitrogen in the cabin while the
partial pressure of oxygen is maintained at sea level conditions. The
nominal cabin atmosphere specified in Table III has a total pressure of
517 mmn/Hg (10 psia) with an Op partial pressure of 16C mm/Hg.

While the oxygen=nitrogen combination is a nominal two-gas
atmosphere, there are two other important constituents in the cabin
atmosphere: carbon dioxide and water vapor. The concentration of both
these gases must also be controlled to maintain a habitable atmosphere.
The need for control of all the cabin atmosphere constituents is apparent
from consideration of the "off-limit effects” defined in Table III. The
partial pressures of oxygen, carbon dioxide, and water vapor must be
controlled for physiological and equipment reasons.

At the nominal cabin total pressure of 517 mm/Hg, hypoxia effects
would be noted at O, partial pressures below about 120 mm/Hg. On the
high side, oxygen toxicity effects could occur at 02 partial pressures
above 270 mm/Hg.

Physiological effects due to CO, are more difficult to define
since the onset of symptoms are dependent on time of exposure and con-
centration. For long-term exposure, physiological strain is usually
noted at CCo partial pressures above about 8 mm/Hg; pathological changes
occur above 20 mm/Hg. The absence of COy in the atmosphere can cause

hypocapnia effects but such a. situation is unlikely to occur in a space

cabin.
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TABLE III.- CABIN ATMOSPHERE SPECIFICATION §
g
Parameters Maximum  Nominal Minimum - Effects g
Cabin Total Pressure 775 517 300 High:Cabin Structural %
Limit §
(mm Hg) (15 psia) (10 psia) Low:Increased Op '
Concentration g
Op Partial Pressure 180 160 140 High:0p Toxicity E]
Effects 3
(mm Hg) Low:Hypoxia Effects 2
N, Partial Pressure ——- 342 ~==  Diluent gas §
(mm Hg) 3
COp Partial Pressure 8 L 0 High:Physiological §
Strain and Hyper - H
capnia Effects 3
(mm Hg) Low:Hypocapnia |
Effects 3
Ho0 Partial Pressure 19 11 9 High:BEyuipment
Degradation E
(mm Hg) Low:Discomfort :
Relative Humidity 90 50 Lo
(%)
Cabin Temperature (°K) 299.8 296.5 293.1
(°F) &0 h 68
Moles of Op (%) 861.568
Mole fraction (%) 0.309477
Moles of Np (Ny) 1884 .352
Mole fraction (Xy) 0.661507 3
Moles of CO, (Ng) 22.039 g
Mole fraction (%) 0.007738 £
Moles of H0 (&) 60.608 §
Mole fraction (%) 0.021278 i
Total Moles (N'I’) 2848 .567 :
|
3
k]
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Also shown is the desired range of values for HoO partial pressure,
and the corresponding velues for relative humidity at the nominal cabin
temperature. The relative humidity of the space cabin is defined as the
ratio of the actual water vapor pressure to the pressure of saturated
vapor at the prevailing dry bulb temperature. At the nominal cabin
temperature of 296.5° K (74° F), Py = 21.4945 mm Hg. If the relative
humidity of the cabin atmosphere exceeds 90 percent, equipment degradation
could occur due to moisture condensation. Values of relative humidity
below 40 percent for long periods of time could reeult in crew discomfort.

Table III shows the operating range of cabin temperature, which
is separately regulated by the thermal control subsystem. Since the
allowable temperature variation is only about *1 percent, a constant
cabin temperature has been assumed for the cabin atmosphere control
system study. There is, of course, a definite relationship between the
thermal and atmospheric control systems which results in certain con-
straints on the operation of the atmospheric control system. These
constraints relate to the thermal integration of the total system, and
were not consicdered in this study.

Also shown in Table III are the total number of moles of each
constituent in the space cabin at the nominal condition. These were
calculated from the standard gas equation since, at the low pressures
of the space cabin, the constituent gases behave virtually as perfect
gases. In subsequent calculations, it is necessary to know the number

of moles of each constituent gas in the space cabin corresponding to a

il

e e
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measured partial pressure. The equation of state for an ideal gas was

used to perform the computation:

TR @

Table III also specifies the nominal mole fractions for the cabin

atmosphere. The mole fraction for a given constituent is determined by

the following equation:

xi:ﬁi=— (2)

Cabin Atmosphere Control System

The cabin atmosphere control system, with all major components,
is shown on Figure 2, A detailed deséription of each component will be
included in Chapter III, but it i{s necessary to define the overall system
requirements so that component requirements can be determined. In steady-
state operation, the cabin atmosphere control system must maintain a
balance of all constituents in the cabin atmosphere; that is, the mass
of each constituent in the cabin must be held nearly constant to maintain
a habiteble environment.

The average daily mass flows in the cabin atmosphere resulting
from metabolic loads are shown on Figure 2., The average daily mass flows

required to maintain the balance of materials in the cabin atmosphere are

106.14% moles/day of Op into the cabin and 95.53 moles/day of CO, and

595.11 moles/day of HoO out of the cabin. To maintain the system

iR
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materials balance, the daily COp removal rate from the O, concentrator
and the daily HoO removal rate from the cabin air water separator must
also be 95.53 moles/day and 595.11 moles/day, respectively.

The electrolysis unit produces two moles of Hr for each mole of
Op; thus 212.28 moles/day of Hp are available for COp reduction. If COp
reduction utilizes the Sabatier process, an excess of COp will be avail-
able in the system and must eventually be dumped; the reduction byproduct
of methane is also dumped. The apparent excess of HoO in the cabin
atmosphere control system is used to help satisfy the crew potable water
requirement, which is not shown.

The simplest approach to control of the cabin atmosphere would
involve continuous, steady-state operation of the various system com-
ponents at a rate compatible with the average daily mass flows of the
system. This type of open-loop control has been used in ground-based
life support systems such as the IiSS, but is unsuitable for flight
systems for the reasons discussed in Chapter II,

This study considered closed-loop control systems which continually
monitor the controlled variables and which automatically adjust the per-
formance of the cabin atmosphere control system accordingly. The controlled
variables used as control parameters in the system are Py for control
of Np makeup; Py for control of oxygen production by the electrolysis
unit; Py for control of bypass damper "A," which limits cabin airflow
to the cabin air watef separator; and Py for control of bypass damper

"B," which limits cabin airflow through the CO» concentrator.




CEAPTER III

COMPONENT DESCRIPTION

Description of individual components in the atmospheric control
system is contained in Chapter III. The description includes both a

physical description and a mathematical description of each component's

dynamic response. The components described here are typical for the
type of system being considered and in many cases are similar to the

components used in the Langley ILSS (Ref. 6).

i

Space Cabin, Blower, and Ducting

The space cabin is the container and mixing chamber for the space

cabin atmosphere constituents. The blower and ducting perform the vital
functions of transporting cabin air through the regenerative éomponents
of the atmospheric control system and of maintaining air circulation
within the cabin.

Since the cabin atmosphere constituents are nearly perfect gases
and are mutually unreactive, each gas can be considered separately. The
mass balance of each gas in the cabin atmosphere is represented by the

following equations:

4an
= Xy - e (38)

" dN
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T L+ N - %2 - s (3¢)
4 f
Et_ = x02 - xOl - x°5 (36-)

Mixing of the constituents within the space cabin is accomplished

chiefly by forced air circulation since normal convection currents are

absent in the zero-g environment. The mixing process is aided by

diffusion of the constituents from areas of concentration but this effect

cannot provide the primary mixing. Adequate air movement in the cabin is

also necessary for thermal control because excess heat must be removed

from the various components by convection.

The mixing process is very complicated but is represented in this

study by a simple time constant. The chamber mixing time constant is

related to the rate at which cabin air is exchanged in the space cabin.
Two blowers are used in the space cabin; one of these circulates cabin

air through the thermal control system and the other circulates cabin

air through the cabin atmosphere control system. These blowers have

approximately equal flow capacity and both assist in mixing the cabin alr.
A study of ventilation requirements in support of the ILSS program
indicated that each blower should have the capacity to completely exchange

the air in the space cabin about once each 15 minutes (Ref. 1). Using

this criterion for the present space cabin model, and assuming that the

blowers will operate on a continuous basis and under relatively constant

conditiong, the blowers can be dynamically represented by the constant

- moles
gain term, K, = 3.34 ==
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With both blowers operating, the cabin air should be completely
circulated about once each 6 to 7 minutes, since regenerated air is
returned to the cabin through a system of inlet ducts and ventilators
designed to provide continuous mixing and stirring of the cabin atmos-
phere. For the purpose of this study, the chamber mixing time constant
will be based on the cabin air exchange rate; thus, Ty = 360 sec. Since

this time constant relates to obtaining a representative sample of cabin
air, it is lumped with the sensor time constant in this study.

Cabin air i1z removed from the space cabin by a system of exhaust
ducts located such that a representative sample of cabin air is con-
tinually withdrawn for transport to the regenerative components of the
system. Special exhaust ducts are also used in conjunction with the
waste management system to minimize the dispersal of trace contaminants
into the cabin atmosphere. Duct dynamics result in pure transport lags
in the system due to the finite times required for gas movement through
the ducts, through the regenerative cabin atmosphere control system, and
back to the space cabin.

No data were available on the actual time required to transport
cabin air around the cabin atmosphere control loop, however, several
factors are pertinent to the consideration. The physical size of the
space cabin dictates that certain ventilation ducts may be 5 to 10 meters
in length. Also, crew comfort requires that air duct velocities be as
low as possible to miﬁimize duct noise and that air velocity over the

crew be limited to approximately 3.0 meters/min. Based on these factors,

the duct transport lag is conservatively estimated to be, Tq = 360 sec.

At Aol
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Bypass Damper "A"

Bypass damper "A" provides a gross control of water vapor removal
from the cabin atmosphere in the event that the nominal relative humidity
approaches the lower limit of 40 percent. Such a control element was not
used in the ILSS and water vapor removal was implicit in the removal of
CO, from the cavin atmosphere. Bypass damper "A" was included in this
study to provide active control of the partial pressure of water vapor
since it is recognized as a distinct and independent constituent of the
cabin atmosphere.

Under normal conditions, bypass damper "A" will be closed. If
Py should drop below a specified value, the damper will start to open
and allow blower discharge air to return directly to the space cabin
without passing through the water separator. However, bypass damper "A"
will never allow more than 50 percent of the blower discharge to return
to the cabin without further regenerative treatment. This 1limit precludes
the possibility of a rapid buildup of CO2 in the atmosphere which could
result if bypass damper "A" should "fail"” in the open direction.

Two types of control are possible for bypass damper "A": propor-
tional control with limits and on-off control. Figure 3 shows the two
types of control with values of damper gain, Kj, plotted against the
partial pressure of water vapor, Py. In the proportional mode, bypass
damper "A" starts to open in the decreasing direction when Py = 10.75 mm/Hg,
or & nominal relativevhumidity of 50 percent. The value of Ky decreases

linearly in proportion to Py until the limit of K3 = 0.50 1s reached
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1.0 = Closed

--44 ' }-- Proportional Band

0.5 < K3 < 1.00

Ky = 0.0930Ry
i [l 1 ] i [ 1 i
4.30 8.60 12.90 17.20 21.50
Py, mm Hg
(20) (40) (60) (80) (100)
(Nominal Relative Humidity)

(a) Proportional mode

Open

i

1.0 T Closed

|
|
—-.1 : i L— Wide Deadband
|
-4-#.{ t.4-- Narrow Deadband
|

" 0.5 ] 1 1 Open

| 1 [ 1 i [ ] ] [ 1
4.30 8.60 12.90 17.20 21.50

Pw) mm Hg
(b) On-off control mode

Figure 3.~ Bypass damper "A" control modes.

&f.[




2k

at Py = 5.375 mn/Hg. The entire range of provortional operation is
termed the "proportional band."

On-off control operation is the simplest to mechanize since only
two valve positions are reguired. Bypass damper "A" remains closed
until Py falls to a value of 8.60 mm Hg (40 percent R.H.), at which
point the valve will open. The damper then remains open until Py
reaches a value of 12.90 mm Hg (60 percent R.H.). The resultant
hysteresis loop is represented on Figure 3 as the "wide deadband."

Also shown on Figure 3 are limits for "narrow deadband" operation
in the on-off control mode, wherein bypass damper "A" would close at a
nominal relative humidity of 55 percent and open at a relavite humidity
of 45 percent. The narrow deadband mode was evaluated to determine the

effect of on-off deadband width on system performance.

Cabin Air Water Separator

The cabin air water separator removes water from the cabin air by
first condensing the water vapor in a heat exchanger and then separating
the water droplets from the airstream by means of sintered metal plates.
The saturated alrstream is passed through a series of baffles in the
water separator and the resultant centrifugal forces cause the water
droplets to impinge on the sintered metal plates; capillary action
forces the water through the plates and into the separator pump inlet
while th. cabin air is excluded.

The efficliency of the water separator is determined by the temp-

erature of the heat exchanger and by the efficiency of water separation
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from the airstream. The heat exchanger will reduce the temperature of
the airstream to a dewpoint of 277.6° K (40° F), and air leaving the
heat exchanger will be a mixture of water droplets and saturated air.
The molal humidity of the heat exchanger discharge air is calculated

from equation (4):

B - P} ()

At the nominal temperature of 277.6° K (40° F), P} = 6.2908 mm/Hg
and B = 517 mm/Hg, so m = 0.0123, This represents the water vapor in
the cabin air which is not condensed in the heat exchanger.

Since the water vapor mole fraction of the cabin air (Xw) is

known, then the percent of water vapor condensed by the heat exchanger

is:

Xy - 0.0123

yor (5)

Percent water vapor condensed =

The water separator efficiency defines the fraction of condensed
water vapor which is actuslly separated from the airstream. Data from

Reference 1 indicate that the cabin air water separator efficiency (Kg)

may be about 33 percent, so the ictal percent of water vapor removed from

the airstream is:

(Xy - 0.0123) 0.33(Xy - 0.0123)
Xy Xy

Percent water vapor removed = Kg

(6)
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The total percent of water vapor passed is:

0.33(Xy - 0.0123)

Percent water vapor passed = 1 X
W

(7)

The actual mass of water removed and passed 1s determined by multiplying
equations (6) and (7), respectively, by the mass flow of water vapor
through the water separator. The cabin air water separator also has a
characteristic transport lag, since finite times are required for the
passage of cabin alr and separated water through the unit. Based on the
cabin air mass flow rates and the ph&sical size of the unit, the time
delay to cabin air pessing through the unit is negligible so no trans-
port lag is required at that point. The time delay to separated water is
larger, since the separated water must pass through the sintered metal
pPlates and be transported to the water management system. But this
transport lag has a negligible effect on the overall system performance,
since the water output of the cabin air water separator is sent to the
weter accumulator of the water management system. For that reason, the

water separator transport lag is not included in the system model.

Bypass Damper "B"

The second bypass damper provides a control over the carbon
dioxide removel rate by returning a large fraction of the dehumidified
air from the water separator to the space cabin without passing through
the CO, concentrator. This is possible since the actual CO, mass removal

rate 1s much less than the H;O mass removal rate, in proportion to the

difference in metabolic generation rates.

i i
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The bypass damper regulates the flow of cabin air to the CO»
concentrator as a function of Pr and within the operating range
established for the COo concentrator. The goal is to keep the airflow
to the COp concentrator at a minimum consistent with the need for COp
removal and thus minimize the thermal loads on the CO, concentrator heat
exchangers.

As with bypass damper "A", both proportional and on-off control
modes could be considered for bypass damper "B"; these are shown on
Figure 4. The proportional bandwidth extends from Pp = 2.67 mm Hg to
Pc = 10.67 mm Hg. Operation in the proportional mode will result in
control of 002 to values of Pp less than 8 mm Hg for all normal conditions,

and, in addition, provides an "overload"

capacity for emergency conditions.
The on-off band extends from Pp = 4 mm Hg to Pc = 6 mm Hg,

thus offering the possibility of closer regulation of CO, content in the

cabin atmosphere, but with the penalty of the on-off operation. Figure L

also shows & narrow deadband loop which extends from 4.5 to 5.5 mm Hg of

Pe-

CO, Concentrator
The CO, concentrator removes CO, from the cabin airstream by means
of adsorption on a molecular sieve. The molecular sieve material contains
a large number of molecule size voids, providing a large surface area to
which the COy molecules adhere without ary chemical reaction. The
adsorption load capacity of a given volume of molecular sieve is a
function of pore size, bed temperature, and the partial pressure of COp

(Ref. 4). The rate of adsorption for a given concentrator is a function
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0.25}) Closed
0.20
1 -
Ky 0.15
0.10F
0.05F Open 0.0611 < K} < 0.2443
Ky = 0.0229P,
) 1 L | ] L 1 1
2 N 6 8 10 12 1+ 16
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(a) Proportional mode
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(b) On-off control mode

Figure 4.- Bypass damper "B" control modes
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of gas flow rate and concentration, physical size, and time
(Ref. 5).

Desorption of CO, is accomplished by increasing the temperature
of the molecular sieve material and by imposing & vacuum on the con-
centrator. The "batch" nature of the process is readily apparent: the
CO, laden cabin airstream is cooled and allowed to flow through the
concentrator until the molecular sieve becomes partially saturated;
then the inlet flow is shut off and a combination of heat and vacuum is
applied to the concentrator discharge until desorption is accomplished.

Since the molecular sieve will selectively adsorb water vapor,
the inlet airstream to the concentrator must be predried to a dewpoint
of less than 222,0° K (-60° F) or less than 50 ppm. This is accomplished
by flowing the airstream through a hygroscopic material such as silica
gel, which is subsequently desorbed by the cabin airstream on its return
to the space cabin.

To satisfy the need for & continuous removal of COp from the cabin
airstream, the CO, concentrator utilizes two molecular sieve beds so that
adsorption and desorption can be carried out simultaneously, with an
arrangement similar to that shown in Figure 5. The internal operation
of the CO, concentrator requires a somewhat sophisticated control system
to regulate the time cycles and direct the airflows and coolant fluids to
the appropriate units. However, this internal control problem has little
effect on the operatiﬁn of the overall system.

Typical COp concentrators have a relatively short bed length to

minimize air pressure drop but a relatively large capacity to assure
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Figure 5.- COpo concentrator schematic.
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that the adsorptive capacity will be adequate. Such a design results in
a relatively linear adsorption rate over a wide operating range so that
removal of COp from the atmospheric control system can be considered to
occur at a constant rate., Thus, for the purpose of the overall system
analysis, the COo concentrator can be represented by the concentrator
constant, Ky = 0.40, which defines the fraction of CO, adsorbed from
the airstream. The CO, concentrator has two transport lags associated
with its operation. The most important of these is the time delay to
the cabin airstream flowing through the unit. No data were available
on the dynamics of the unit, but the concentrator transport lag (Tc) was
estimated at 360 sec. The other transport lag occurs in the adsorption
and desorption of COy by the unit. Since the concentrator operates on
a cyclic basis, there is often appreciable time delay in the passage of
COp through the unit. This delay has no effect on the system dynamics

since all of the COp is transferred to an accumulator and stored for

later use.

Accumulators
The atmospheric control system includes two gas storage accumulators;
the CO, accumulator is located in proximity to the COp reduction unit and
the H;0 accumulator is part of the water management system. Dynamically
these are represented by a differential equation relating the inlet and
outlet flows of each accumulator, as shown in equations (8) and (9):

dNg
Tt - Kx*c8 - *c9 (8)
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dN'
dt_w”‘w'(*"wm"‘wn (9)

The effect of these accumulators is similar to that of a large
capacitance in a system. The principal importance of the accumulators
in this system study 1s to establish the range of mass flow rates and
to determine if any gross material excesses or suortages exist in the
system.

Note that there are no accumulators shown for hydrogen or oxygen
produced in the electrolysis units as these elements are stored only in
the form of water. The oxygen output of the electrolysis unit is sent
directly to the cabin atmosphere; the hydrogen output is sent to the
mixture control of the COp reduction unit. While the space cabin would
undoubtedly include an emergency supply of oxygen for the créw, this
extra store would not normally be involved in operations of the cabin

atmosphere control system and so is not represented in this study.

CO, Reduction Unit
The purpose of the COo reduction unit is to reduce the system

byproducts of Hy and CO, into water, which can be electrolyzed, and into

a carbon product which can be discarded. The origin of CO, in the system

is ultimately the metabolization of food. Since food is not being

regenerated in the system, it is reasonable that there should be some

system byproducts to discard.
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Two types of physico-chemical processes have been considered for
the reduction of 002. The so-called Bosch process involves the reduction

of Hy, and CO, over a hot iron catalyst according to the net reaction:
2Hy + COp - 2H0 + C

The reaction is exothermic but only proceeds to about 30 percent
completion at 866.5° K (1100° F). Several secondary reactions also ocecur
such that CH, and CO are also products. The following reactions are

typical (Ref. 6):
COp + UH, — CH, + 2H0
CO, + Hy = CO + Hy0
C0 + 3Hp — CHy + Hy0

In steady-state operation, the reactions come to equilibrium and the
exhaust gas contains a mixture of CO,, H,, CO, CHy, H)O, and usually N,.
The water vapor is separated and the reactor gas is recycled, with
stoichiometric replacement of the Hr and COp.

While the Bosch process provides the best material balance for the
system, since only carbon i1s discarded, the mechanization of the Bosch
process has not been successful. The relatively high temperature
required by the process complicates the mechanical design and the con-

tinual deposition of the solid carbon on the catalyst poses a collection

and removal problem. For theje reasons, the Bosch process does not
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presently appear desirable for long missions where high reliability is
required.

The alternate Sabatier process provides a less favorable material
balance but is much easier to mechanize. The Sabatier reaction, which

occurs as 8 side reaction in the Bosch system, is simply:

o0, + UHy - CH, + 2HpO

The Sabatier reaction i1 exothermic and greatly dependent on suitable
catalysis but the reaction is approximately 95 percent complete at a
reactor temperature of on.y 588.7° K (600° F). Again, the exhaust gases
are cooled and water vapor is separated. The remaining gases, consisting
of CHy, unreacted CO, and H,, and unseparated H,O are dumped overboard,
so the process 1s completely continuous and no recirculation is regquired.
When the materials balance for the overall life support system is con-
sidered, the hyarogen dumped overboard must be replaced from the water
store, with some resultant weight penalty.

Dynamically, the CO» reduction unit has a traisport lag representing
the time delay of gases flowing through the Sabatier reactor and through
the reduction water separator; and the further time delay of condensed

water being transported to the water accumulatcr. For the purpose of

this study, the CO, reduction unit is represented by the transpo.t lag,

Typ = 360 sec, and by the constant efficiency factor, K. = 0.95.

RN 15 PG M
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Reduction Water Separator

The water separator following the COp reduction unit is similar
to the cabin air water separator with the exception that it must be more
efficient, since water which is not separated at this point will be
dumped overboard. The dewpoint of the gases is reduced by a heat
exchanger to a temperature of 277.6° K (40° F) with equivalent
m = 0.0123. All water vapor above that value is condensed to water
droplets. Since the mole fraction of water vapor in the exhaust gas is
about 0.61, this means that approximately 98 percent of the water vapor
is condensed from the exheust gas stream.

Water separation is accomplished by means of beffles and sintered
plates such that approximately 95 percent of the condensed water is
separated at this point, or Ké 2.95. This higher efficiency is
possible since the mols °“raction of H 0O is so much higher in the exhaust

gas and air entraimment of the condensed water droplets is less of a

problem.

Electrolysis Unit
The electrolysis unit electrolyzes H)0, as necessary, to maintain

the partial pressure of Op in the cabin atmosphere, in accordance with

the reaction:

The byproduct Hy is used for COp, reduction. The electrolysis cells are

a membrane type which separate the electrolyte from the gaseous products.
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As with the CO, concentration unit, the detailed control of the
electrolysis unit is very complicated, but the present study is concerned
only with the overall opevation of the unit in the system. The electrol-
ysis control sets the electrical current to the cells in proportion to
the sensed value of Po, and makeup water is supplied as necessary. In
normal operation, the electrolysis unit will operate over a range of
slightly less than 4:1, as shown on Figure 6.

Both the proportional and on-off modes of control have been
considered for this unit, with nominal operation based on the desirea
value of Py = 160 mm Hg. Four different types of on-off control were
used. With the "rormal" output, both wide deadband and narrow deadband
control modes were compared. The MOD. 1 variation used wide deadband
on-off control with a gain increasc of approximately 50 percent. The
MOD. 2 control increased the high gain output approximately 100 percent
over the "normal” value. Both MOD. 1 and MOD. 2 represent the type of
output which could be obtained if two or more electrolysis units were
available to provide redundant and parallel operation in the system.

The low level output would then represent the operation of one electrol-
ysis unit and the high level outputs would require several units in
parallel.

For simulation purposes, the electrolysis unit is represented by
the cransport lag, Te = 360 sec, where the time delay includes effects
of the current controller, ion transport within the cells, ard collectlon

and transport of the product gases.
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N, Controller
The N, controller meters N2 gas from storage as necessary to

maintain N, partial pressure in the cabin atmosphere in accordance with

the sensed value of PN' Control of the makeup N, might be either
proportional or on-off as shown on Figure 7. With the proportional
control, Py will reach an equilibrium point on the droop curve depending
on the magnitude of leakage. If on-off control is used, the value of

Py will cycle from 335 to 345 mm Hg, depending upon the rate of leakage.
When gross leakage occurs, as in air lock venting, the value of Py may
temporarily fall below 335 mm Hg. The upper 1limit on N, flow is deter-
mined by the controller size, and there are no significant time delays

associated with the N2 controller operation.

Pressure Sensors

To accomplish the desired control functions, it is necessary to
have a continuous indication of the partial pressures Pb, Po, Py, &and
Py. Direct reading of Py 1s possible by means of paramagnetic analysis
of a gas sample aspirated from the cabin atmosphere. Measurement of Pg
and Fy, 1is possible by means of infrared analysis of a sample of the
cabin atmosphere. All of these pressure indicators are continuous
reading and can be represented as devices with simple time constants.

The best indication of Py 1s obtained by taking the difference
of total pressure and the other known partial pressures. Total cabin
pressure can be measured by means of a conventional strain gage pressure
transducer, providing an electrical output signal which is compared with

P and Pw to obtain the desired indication of Py.

(14 Pc}
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Proportional
= Band
_ 0 < xyp < 0.01667
xyy = (340 - Py)ky
A\ ) ] ! 1 | |
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Py, mm Hg

(a) Proportional mode

-

A, I 1 1 1 1
© 300 310 320 330 340 350 360
Py, mm Hg

(b) On-off control mode

Figure T7.- Makeup No control modes.
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While the individual instruments may vary slightly in performance,
the same sensor time constant has been used for all pressure sensors.
Also, since the other pressure indications are used to compute Py the
same time constant is applicable for determination of PN. The sensor
time constant has been conservatively estimated at Tg = 360 sec. The
analytical computation of P; 1is based on the assumed time constant and

on equation (1) as follows

P, A Rulely Kl

10
dt + Tg VoTg T ( )




CHAPTER IV
DESCRIPTION OF SYSTEM

The detailed system block diagram is developed in this chapter
including all dynamic relationships. A simplified block diagram is

defined from which linear system characteristics are determined.

System Block Diagram

The system block diagram shows all the mathematical operations
which must be performed in the analysis of the proportional system.

The assumption of perfect gas behavior in the cabin atmosphere and the
fact that the major constituents of the cabin atmosphere are mutv~Llly
unreactive, permits independent consideration of each gas in the cabin.
Thus, the block diagram, Figure 8, shows separate operations being
performed on No, Op, COp, and HoO constituents. The separate loops are
interconnected where necessary to satisfy the system equations. For
example, the separate mole fractions of each constituent are based on
the totel number of moles of al. nstituents. The basic ceriterion for
the block diagram is conservation of mass at all points.

The N2 circuit has only two loops, describing the cabin leakage
flow and the makeup flow. The flow of N, gas through the blower and
rege. erative components is not shown since this flow is not actively
involved in any of the processes and since the requirement for conserva-
tion of mass is satisfied. The reference input to the N, loop in terms

of partial pressure is compared with PN to determine the magnitude of

Ll
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makeup flow. The steady No leskage is calculated by multiplying Xy

by the leakage constant, K;. The air lock venting leakage is shown as

the reference load, Ry.

The (5 circuit has lcops describing leakage and makeup flows
and also includes the electrolysis of water. The flow of Op gas through
the blower and regenerative components is not shown since this flow is
not involved in any of the processes. The reference inout, compared with

P_, determines the flow of water to the electrolysis unit and subsequent

o’
oxygen generation to maintain the desired value of Ny. Lhe effect of
the human load (oxygen uptake) is applied directly to the O2 circuit as
the reference load, Ry. The Op circuit includes one transport leg
which represents the time delay of the electrolysis unit.

The COp circuit includes the effects of human metabolic load, Rp.
and cabin leakage; also COp flow through the blower and regenerative
components and the return flow which has passed through the COo concen-
trator without being adsorbed. The CO, flow desorbed from the concen-
trator is trancported to the CO, accumulat~r for storsge.

Control of COo removal rate is implicit in the setting of bypass
damper "B," since the COp concentrator removes a relatively constant
percentage of the €Oy inlet flow. The reference for the CO circuit
then is the setting of the constant, Kp, to determine the bypass gain,
K3, as a function of. P
The mass flow of COp to the regenerative components is the sum of

normal blcwer discharge (xc3) plus the 002 recycled from the COé con-

centrator. This combined flow (xc6) is passed through bypass damper "A"
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and immediately assessed with the duct tramnsport lag, T,. The delayed
flow (xc7) passes through bypass damper "B" where another fraction is
returned to the space cabin. The remaining COo flow enters the Cop
concentrator and experiences arother transpor* lag, Tp, before being
divided by the CO, concentrator constant, K.

The Hy0 circuit also includes the human load, cabin leskage,
flow through the regenerative components, and B0 flow from the cabin
air water separator to the H,0 accumulator. The rate of water removal
from the separator is a function of the mole fraction of water vapor in
the cabin and the mass flow rate through the separator. The flow rate
is controlled by means of bypass damper "A" with the reference setting
implicit in the gain, Kp, used with Py to compute Kz. The HpO loop
is similar to the other 1 .ps with regard to the cabin atmosphere and the
flow through the regenerative components. Note that the water separator
has a unique "reference" input coming from the reference temperature of
the water separator heat exchanger and determining the fraction of
water vapor to be condensed.

The water accumlator shows the net accumulation of H,O from the
vater separator and from the CO, reduction unit less the water supplied
to the electrolysis unit. This does not represent the water pbalance for
the entire lifc support system since liquid consumption and liquid
wastes generated by the crew are not included. The HoO accumulator as
represented shows thé mass balance for the atmospheric constituents of

HoO only.
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The systenm interrelationships between the major constituent
loops are of special interest. All the loops are interconnected by the
total moles computation which, of course, emphasizes that all the atmos=
pheric constituents contribute to the total space cabin pressure. The
0o loop and the CO> loop are interconnected by the electrolysis unit
through the COo reduction a1it. The CO2 and HoO loops have a strong

interaction through the separately contrulled bypass damper valves,

Simplified Block Diagram

The cabin atmosphere control system described by the system block
diagram is nonlinear due to the presence of limiting conditions (satura-
tion) and due to some higher degree terme resulting from multiplication
or division. However, for approximately steady-state operation with
small departures from nominal, the nonlinear terms can be eliminated
from the system, permitting the application of classicel linear methods
of determining the system stability.

The simriified block disgram is shown on Figure 9. Note that
the simplifying assumptions eliminate all significant interaction
between the major control loops; specifically, the bypass damper gains
Kﬁ and K& are assumed constant. Thus, the stabllity study will
give an indication only of individual loop stability. Also shown on

the simplified block diagram is an alternate representation of the

transport lags as simple time constants. Elimination of the pure

transport lags will be shown to be helpful in the analog simulation.
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Linear System Characteristics

Each lonp .f the simplified block diagram will be further
reduced to the point where linear stability criteria can be applied.
Since the various control loops include transport delays as part of
their transfer functions, the use of the Nyquist Criterion is appropriate
t0 determine the stability Jf the system. This requires developing a
loop gain function GH, :or each control loop to be investigated. The
effect of each reference input load, both the metabolic loads and the
venting loads, will be considered separately. The linear assumptions
would permit the superposition of the two inputs for determination of
a resultant loop output but that was not done in this study.

(1) N, Loop Reduction
2

Basic N> Loop:




48

Reference input only:

N N
T %‘—"‘“ - Ky |———— - -
sip + K;
| aal - |-
;i TpS + 1
: _ Kb
SNT + Kl
. S
Tps + 1
KmKu(NT)
oH < KnKulip _ L
(sNp + Kl)(-rps +1) )
s K_l + 1 [’rps + l]
%
£

g
%
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Disturbance load input only:

Np
-RL 1 Ny
8 —
KuKm
TpS + 1
G =21
S
T KKn _ Ky(rps + 1) + Kby

Np 7Tps +1 NT(TPS +1)

o (-rps +1) + lqlxm(%-)

s(i—":)('rps + 1)
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(2) 0p Loop Reduction

Basic 02 Loop:

N
1 0
3 o
K;
N [
T
Reference input only:
Ro ) . 0. 5Ky Np No
TeS + 1 = sNp + K3 ' -
Xu ol
Tps + 1
NT) ~Tgs (NT)
005 7 0. e

R
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N -
0. 5Kuxw(£-) 0.5¢ " TESK K., (%'f)
GH = or

oo 3E) ] B 0

Disturbance load input only:

K
Ny
1
s o
0.5K.K,
Eres + J;]Erps + l] '
21
G=%
_ Ky . 0.5K, Ky _Ky(Tes + 1)(1ps + 1) + 0.5K,K,Np

Np ETeB + ]JErps + JJ ) Np(Tes + 1)(Tps + 1)




(15 + l)(TpS +1) + O.SKqu(fz_T)
GH = L

S(%)(Tes + 1)(1ps + 1)

With transport lag in electrolysis unit:

K;

s(%‘)(-rps + 1)

Np\ -
(Tps + 1) + o.sxuxw(_I)e Tgs
GH =

(3) CO, Loop Reduction

1 ‘——‘
T4s +1 - { Z
1 -Tps | - '
> ; Nc Ku ___P_C_.. _____ J ’
5 ! Tps+ 1 l
1l-K4 .
K; +Kp

Np




This further reduces to:

Ry or
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@

Ne K, Pg
TpS + 1l -

‘Kl + Ke —” (I-Kd)+('rds+l)
N " !

S S—

T

X3
1
| g l j

KaK3(1 - Ky)

(148 +1)(7,8 +1)

Combining feedback terms:

RL ory

Ky

Pc

13 1

'rps+l

Ky +Kp Ke(1- Kg)(Te8+ 1)(7gs + 1)+ Kp(o8 + 1)K (1 - K3) Tps+ 1

Np

- Np(Tgs +1) -[:chse +(Tq+ 7o)+ 1 - KgKE(2 - Kk)j—




Sk

s(Tps + 1)

. |:1'p5+ l]. (Kz +Kf) . Ke(1l- Kq)(7o8+ 1)(7g8+ 1)+ KeKy{1 - KY) (.8 +1)
Ky Np NT(Td9+ l)r_'rd-rc92+ (tg+7c)8+ 2~ KeKi(1- Kk)j-

GH = (K1+ Kf)_ Ke(1-Kg)(tes+1)(7gs + 1)+ KeKa(1- K§)(1cs+ 1) ]
sNp sNp(7qs+ 1) [1ames2+ (1 +7c)s+ 1- KgKy(1- Ke)] J

(KZ + Kp)(tgs + l)&d-rcse + (1q + To)8 + 1 - KgK§(1 - Kk)]
sNT('rds + l)ETdT 82 + (Td + 7o)+ 1 - ded(l = Kk)J

[Kf(l - K3)(7o8 + 1)(1g8 + 1) + KeKy(1 - Ky)(tes + 1)]
sNp(Tqs + l)Erd-rc + (1g + To)8 + 1 - KgK§(1 - Kk)]

With transport lags inciuded:

(K; + Ke) (%) [e{T*Te)® | ka1 - Ky))

GH =
atip(eT0%)[(THIE)E | k(1 - k)]

[kea - el 4 iy 1 - iy)e™e’]

atg(e ™) [T g1 - 1)




(4) Hy0 Loop Reduction

p

Nc Ky Py !._e'}?s_}
TpS + 1l
Kf-' * |




This further reduces to:
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1 P i
- —» > l
s T, + 1 j
—
K + K Ka(L - KD - K| |
g (1 -K3) + -
Np (735 + 1)
B
N Kf R
by — o 1 >
Ka K§(1 - Ks) ~
-’

‘(TdS + 1)(1,s + 1)




57

Combining feedback terms:

Ky Pc

s('rps + 1)

K; +Ke ) Ke(l-Kg)(tos+1)(Tgs+1)+ Ke(Tos+ 1)Kgq(1 - Kél(}- K) TpS + IL!
Ny Bp(tgs +1)[rames® + (g + 7o )s+ 1- KgKy(1 - K) ]

Ky

S(TPS + 1)

/Kf(l - Kg)(7es + 1)(vgs + 1) + KeKg(1 - K3)(1 - Kg)(7es + 1)
\! Np(tgs + 1) [147os2 + (14 + 7.)s + 1 - KK3(1 - K,)]

GH =

sNp

[(K1+ Kf)_ <Kf(l -Kg)(7es+ 1)(Tgs+ 1) +KeKq(1 -K3)(1- Kg) (es + 1))]

SN_T(TdS"' l)[’rd-rc52+ (tg+7o)s+ 1- KsKi(1- KS)J
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Combining terms in the denominator:

Ky + Kp)(rgs + 1)[rg o8+ (13 + 10)s + 1 - K K1 - K.J] .

GH
2
shp(rgs + 1)[Tg 7es™ + (1q + 7o)s + 1 - Kg K§(1 - k)]

E{f(l - Kg)(tes + 1)(7gs + 1) + Kp Kg(1 - K(;)(l - Kg)(os + 1)]

shp(tgs + 1)[rq es%+ (g + 7o) + 1 - Kg K3(1 - K]

With transport lags included:
Tps (Tp+To ) s
(K; + Kp)e D [V D - K Ki(1 - Kg)]

GH =
. Tasr (Th#l~)s
siipe D Ea( p*icls _ Ky X§(1 - KS)]

) E(f(l - 1<d)e(Td+T<=)s + KpKg(1 - K§)(1 - Ks)eTcs_—J

SNTers E(Td-PTc )s _ KdK(i(l - K )J

Complex Plane Plo+s

The stability of each of the loop gain functions developed in
the preceding section was checked by applying the Nyquist Stability
Criterion. This involved substituting Jjw for s and calculating
values of GH for various values of w and for nominal values of the
constants. The resulting points were plotted on the complex plane as
shown on Figures 1V through 13.

Nyquist plots for the N, loop are found on Figure 10. The loop
gain functions for bdth the normal reference input and for the
disturbance load input appear to be very stable. It should be noted

that the plots are not drawn to scale, since it was desired to show
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some detai.. of the trace near the origin and also to show the closure
of the overall curve. Nyquist plots for the O2 loop are on Figure 11.
They are very similar to those for the N, loop, and demonstrate the
basic stability of the assumed Op, loop model. Separate plots of the
gain functions with transport delays are not shown, since they were
nearly the same as the plots with equivalent time constants. The
transport delays contributed some additional phase shift near the
origin but this had no effect on the stability determination.

Complex plane plots for the CO2 loop and H,0 loco are on
Figwes 12 and 13, respectively. The characteristics of these two gain
functions are very similar and are determined basically by the integra-
tion term in the denominator of each. The traces on the complex plane
approach the origin along the negative imaginary axis and cross into the
right half plane before conve ~ing on the origin. However, the loop
stability is established in accerdance with the Nyquist criterion.
Application of Routh's criterion to the loop gain functions also confirms

that there are no positive roots in the system.

PSR L g
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Im GH

(-1,0) Re GH
i Fa +J\, [

-
L
S

\\\ Reference

input
Disturbance
input

~

—

Figure 10.- Nyquist plot-N, loop.
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Re GH

Reference
input

-

/
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Figure 1l.- Nyquist plot-Op loop.
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Re GH

g

-

<

Disturbance ,///
input ///,/
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Figure 12.- Nyquist plot-CO, loop.
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Im GH
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Re GH

+

Disturbance /
input

_

—

—

Figure 13.- Nyquist plot-H~0 loop.
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CHAPTER V

AUTOMATED SYSTEM ANALYSIS

Manual analysis of the regenerative atmospheric control system
beyond the simple methods used in Chapter IV is impractical due to the
many variables involved, because of the nonlinearities of the various
components and because of the ~elatively slow response of the system.
For these reasons, the detailed analysis of the system was accomplished
by means of the electronic analog computer. The analog computer is
particularly valuable for analyzing systems where many variables are
changing with time, where component nonlinearities must be simulated,
and where variations are to be examined over long periods of time. This
chapter describes the analog system used to simulate the regenerative
cabin atmosphere control system, the operations performed with the analog

computer, and the results obtained.

Analog Computer Simulation

The analog computer schematic is presented on Figure 14. The
computer layout generally follows the system block diagrem with separate
loops representing the operations performed on the four major constituent
gases and additional loops simulating the regenerative system components.

The analog computer mechanization was conventional in most
respects. The analytical summing and integrating operations were
performed on the standard operational amplifiers; multiplication and
division operations were performed on quarter-square multipliers. The

various limiting functions were accomplished by means of solid-state

64
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diode circuits which provide what is called a "soft limit" rather than
an absolute limit; that is, the actual limit will vary somewhat with the
input, but the effect of this variation is so small as to be negligible.
Relay amplifiers with reset circuits were used to simulate on-off
functions during operation in the on-off mode.

One major departure from the system model was made during the
analog computer programing. This involved the substitution of simple
time constants for the transport lags of the various components. The
System Block Diagram, Figure 8, showed several transport lags, including
those associated with the water electrolysis unit, the CO2 concentrator,
the CO» reduction unit, and those associated with the ducts. Obviously,
the transport lags are an important characteristic of the regenerative
cabin atmosphere control system.

Unfortunately, the representation of transport lags on the
analog computer is not totally satisfactory. Various circuits are
available such as those based on series expansion and on the Pade'-type
of expression. These circuits involve several amplifiers and other
elements for each transport lag to be simulated, such that a Pade'’
simulation of all transport lags in the system would greatly increase the
complexity of the computer simulation. However, even with such a
simulation the faithful reproduction of step inputs would not be possihle
and these are the type of transient inputs of interest to the study.

For the above feasons, it was decided to simulate the transport
lags by simple time constants equal in magnitude to the respective

transport lags. This decisior was further justified by the approximate
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nature of the transport lags themselves. As discussed in the various

sections of Chapter III, the transport lags were generally besed on
estimates since no dynamic data were available on the components. In
addition, the effect of time constants in the simulation is further
minimized since the transport lags are so small in magnitude compared
with the system response times - generally, minutes of operation compared
with hours of system time.

Scaling of variables in the program presented a serious challenge
due to the wide variation in magnitude between the various parameters.
Time scaling was accomplished most readily since there was some physical
experience with real systems to indicate that system changes would occur
relatively slowly and that time periods in terms of hours of real time
were of interest. A time scale factor of 360:1 was chosen; this means
that 360 seconds of real system time were compressed into 1 second of

machine operating time. Stated another way, each 1 second of machine

time was equivalent to 0.1 hour of real system time, so that a machine
run of 80 seconds was actually equivalent to 8 hours of system operation.
The time scale factor was incorporated by manipulating the computer
diagram to change every time constant by the desired factor.

Voltage scaling involved selection of suitable scale factors for
each parameter, since the computer operation is based on having voltages
proportional to the physical variable. The scale factor is simply a
constant of proportioﬁality relating the computer voltage to the physical
variable. The scale factor of each variable is shown on the analog

computer schematic. The wide range of scale factors (for example, from
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0.004 Ny to l0,000le) emphasizes the wide range of physical quantities
which were accounted for during the scaling operation.

As shown on the analog computer schematic, each integrating
amplifier was provided with a suitable initial condition. The I.C.'s were
useful in checking computer performance and were found to be necessary
to prevent saturation of the multipliers. For that reason, computer
operations simulating system startup from zero initial conditions were
found to be impractical. In any event, one of the most interesting
aspects of system startup is the effect on the various components. As
previously noted, the individual components were not simulated in detail
in this study, so the value of startup simulation would be limited and
were not included in the computer operation.

As shown on the analog computer schematic, the various input
functions such as crew load and air lock venting, were controlled
manually by pots and switches. In some of the later computer runs,
specifically in the simulated "typical day" runs, sone variation may
exist in the timing of events between the various runs. For that reason
the comparison of results of the various control types must be qualitative

in nature.

Analog Computer Results
Analog computer operation consisted basically of observing the
atmospheric control system response to the various effects of normal and
off-1limits operation. Test runs were made with both proportional mode

and on-off mode system control. Runs were also made with conditions
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simulating those wh'ch might be encountered during a "typical day" of
space cabin operation, including equipment changes and performance

degradation.

The first series of runs was made with the system in a proportional

conurol mode. The functions which were actually programed in a proportional

manner included bypass damper "A," bypass damper "B," water electrolysis
unit, and the makeup Np controller. The CO, reduction unit was programed
to operate in proportion to the amount of Hy supplied from the water
electrolysis unit.

Figures 15, 16, 17, 18, and 19 show the effect of transient inputs
on the atmospheric control system. Such transient inputs might be
expected to occur routinely as the result of changes in the crew activity
or as the result of operations such as air lock venting. The traces
basically show just a resetting of the system operating conditions to
the new operating point in each case.

Figure 15 shows the system parameters resetting from the nominal
initial conditions to crew condition 1, the state of complete rest for
the four-man crew. Values of Pw and Pc shift downward resulting in
an appropriate adjustment of the bypass valve gains Kd and Ka. The
partial pressure of Oy, Py, shifts up slightly, reflecting the lower

demand for ox;gen. Lower rates of removal of COp and HyO from the cabin

dNé dn'
are indicated by the decreased rates —— and —‘1.

: dt dt
Figure 16 shows the transient response from crew condition 1 to
crew condition 2, which represents the average condition for normal

operations of the cabin atmosphere control system. The increased
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metabolic load causes Py and Py to increase, with resultant change
in the setting of Kd and Ké. The partial pressure of Po decreases
slightly as the electrolysis unit resets along the proportional curve to
satisfy the increased demand for oxygen.

Transient response from crew condition 2 to crew condition 3 is
shown on Figure 17. While continuous operation is not required in
condition 3, this load condition was imposed to evaluate the long term
effects. Figure 17 shows that P, and Py will stabilize, but Fj,
continues to degenerate, indicating that the oxygen demand exceeds the
surply in this condition.

Figure 18 shows the transient response of the system from steady-
state crew condition 2 to crew condition 4, representing an emergency
situation and not a continuous operating condition. However, even with
this sudden transient condition, the cabin atmosphere control system is
seen to be very stable and responds in the classic manner of an over
damped system.

rigure 19 shows the response of the system to a simulated venting
cf the cabin air lock. Under this condition, all of the atmospheric
constituents are "bled" from the space cabin in proportion to their mole
fraction, with the resultant decrease in partial pressures shown. The
most significant factor in this run is the extremely slow recovery of
Po following the transient, indicating that the water electrolysis unit
has very little reser&e capacity for cabin repressurization.

The transient tests on Figures 15 through 19 have shown that the

marginal nature of the walter electrolysis unit is apparent from two

‘e

o
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aspects: the oxygen output is insufficient to satisfy the system
requirements at crew loads corresponding to condition 3 or above; and
also, the recovery of Py following a transient is extremely slow, even
with the unit operating at full capacity. Later computer runs will show
the effect of increased electrolysis unit gain on the system performance.
Figures 20, 21, 22, 23, and 24 provide data on the response of
the individual control loops to transient loads, chiefly the leakage
situation encountered during air lock venting. Figure 20 shows the
quick response of tre Ny loop to the air lock venting condition. The
N> makeup flow, XNy is seen to increase in proportion to PN and then
gradually decrease as Py returns to normal. The mole fraction of Np,
Xy, remains constant through the air lock venting cycle since all
atmospheric constituents are reduced by the same amcunt. However, Xy
increases during the recovery phase because N, recovers so much faster
than 05. 5
The run of 02 loop response on Figure 21 shows the opposite
effect: XO decreases following the air lock venting due to the
extremely slow buildup of Op. The makeup Op, Xgp, is seen to reech the
limit of the electrolysis unit aid remain at the limit for several hours
before Op recovery becomes effective. Note that the oxygen load require-
ment, X457, was reduced during the run to hasten the recovery of 02.
Figure 22 shows the response of various parameters in the COp
loop to the effect of‘the air lock venting cycle. It is noted that the é
002 venting rate experienced during this computer run was 10 times greater

than it should be due to an error in pot setting on the computer.
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This error does not appear in any of the other computer runs and computer
scheduling problems, when the error was discovered, precluded a repeat of
this run. The general information contained on this trace seemed to
warrant including it in the thesis. The reduction of Pp 1s seen to
result in a reset of bypass damper "B" position, K&, to the maximum
closed position. The rate of COp removal from the cabin atmosphere,
Kk ' Xegs decreases accordingly. Meanwhile, the rate of CO, flow to the
CO, reduction unit, Xcg» increases to accommodate the increased flow of
H2 from the water electrolysis unit which was shown on Figure 21 to be
operating at its maximum rate.
Figure 23 shows the response of the COp loop to an increase in
CO, production resulting from a 4-hour period in condition 4. The
partial pressure of COp, Py, reaches a peak value of only 6 mm Hg during
this time, demonstrating good capacity for the peak load condition.
Figure 24 presents the response of the Ho0 loop to both the air !
lock venting condition and a period of operation at condition 4, when

the crew production of gaseous H20 is at a peak. During the latter

b 0

condition, the partial pressure of H,0, Py, peaks at a value of about

L

13 mm Hg, or a nominal relative humidity of about 60 percent, well

i

within the allowable range. Response of the system following both

transient extremes is very rapid and satisfactory.

I

The second series of runs was made with on-off control mechaniza-
tion of the cabin atmosphere control system. The same control functions
which were provided with proportional logic for the previous computer

runs, were converted to on-oftf' logic as described in Chapter III.
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The distinctive feature of the on-off control operation when compared
with proportional control is the stable "limit cycle" type of oscillation
within the prescribed on-off deadband with the frequency of oscillation
ranging from 1 or 2 hours per cycle to many times that.

Figures 25, 26, 27, and 28 illustrate the operation of the atmos-
pheric control system at the various different crew conditions, which are
the reference loads to be considered. Previous computer runs in the
proportional control mode emphasized the response of the atmospheric
control system to transient loads, such as a change from one crew condi-
tion to another. With the on-off control system, more emphasis is placed
on steady-state operation of the control system. The reason for this,
of course, is that the on-off control elements operate in only two posi-
tions - either maximum function or minimum function. The transient
response thus depends on the position of the controlled variable within
the on-off deadband and the system response to a sudden change in load
is not necessarily significant.

Figure 25 shows the steady=-state operation of the atmospheric
control system in crew condition 1, the minimum load condition. Operation
of the various components is also at a relative minimum. The COp
concentrator operation, as shown by K&, is at a minimum with the
exception of one 6-hour period when it operates at "maximum" to decrease
the COo concentration in the atmosphere. The water electrolysis unit is

also at "maximum" during the first few hours of operation but resets to

"minimum" when P, reaches the prescribed value. On-off control operation

in crew condition 2, as shown on Figure 26, is little different from
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condition 1, except that the cycling frequency of K& is increased due
to the increased rate of CO, generation. Some interaction between the
H,0 and CO, loops, and corresponding bypass damper "A" and bypass damper
"B" is evident from the traces when actuation of damper "B," K4, causes
a sympathetic change in the value of Fy;. This results since the
closing of Ké to allow more CO, to pass through the 002 concentrator,
also causes more HpO to recirculate back through the cabin air water
separator.

In crew condition 7, showr on Figure 27, all control functions
are active during various portions of the run. The Ny controller actuates
to replace N, lost due to normal cabin leakage; bypass damper "B" (K&)
continues to cycle periodically; bypass damper "A" (Kd) resets to its
maximum value; and the water electrolysis unit is operating at "maximum"
but still unable to maintain the value of Pb. Control system operation
during and after a condition 4 load situation is shown on Figure 28.

The effect of on-off deadband width on the system response is
evident from Figures 29, 30, and 31. The reduced deadband width not =
only increases the cycling rate as could be expected, but also results
in a type of system instability due to the interaction of the HpO and
COo loops. The effect in condition > is particularly serious, since tne
oscillation results in variations of relative humidity from 45 to
60 percent over a 1l.2-hour period. This much change would probably be
noticeable to the créw and thus would be undesirable. This case
illustrates the value of checking system performance to determine the

effect of changes in the control components.
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A direct comparison was made between the proportional mode of
control and the on-off mode by means of a simulated 24-hour run of the
system with load changes such as might occur in an actual space system.
The selected schedule of daily events is shown on each chart and includes
events such as an emergency situation with the CO, concentrator inoperative
for 1 hour; two air lock venting cycles to permit two additional crew
members to visit the space cabin for a 4-hour period; and the shutdown
of the cabin air water separator for a l-hour period for routine
maintenance.

The proportional control system run is shown on Figure 32 and
the corresponding on-off control system run is on Figure 33. Comparison
of the two shows that the variation of controlled parameters appears to
be slightly less for the proportional control system.

Additional "typical day" runs with variations of the on-off
control system are found on Figures 34 and 35. The "Mod 1" system of
Figure 34, features a water electrolysis unit with higher output to
enhance the performance of the O, control loop. The "Mod 2" on-off
system of Figure 35 has a higher gain unit with the narrow deadband
feature, to provide closer regulation of the controlled variables. The
two systems offer comparable performance and generally indicate the type
of control which can be obtained with an active control system.

The control of PO is greatly improved by the increased gain
of the water electroiysis unit. As discussed in Chapter III, such a

wide variation in output of the electrolysis unit would probably require L

parallel redundant units on a standby basis. However, such an arrangeme:nt
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would seem most desirable since it would provide a redundant capability

for this important component and would also provide the capability for

partial cabin repressurization.
U le
Figure 35 includes plots of EE_ and EEE, the mass flow rates

of B0 and COp, respectively, to the system accumulators. These traces
show the daily variations in mass flows to the storage elements of the

system and can be used to determine the necessary sizes of the

accumulators.
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CHAPTER VI

REVIEW OF THE LITERATURE

This chapter summarizes the results of a literature survey on
subjects related to the life support systems of interest. Three separate
automated literature searches were conducted through information stored
at the NASA Scientific and Technical Information Facility, and including
references from 1962 to date. Older card files were also reviewed, but
the most pertinent findings were generally of recent issue.

The topics covered in the literature searches included the
following:

(1) Chemical Reactions of Hydrocarbons (NASA Literature
Search No. 2916). This literature search identified references pertinent
to chemical reactions of hydrocarbons including zero gravity effects and
reduction of carbon dioxide. A total of 230 citations were identified
by this search.

(2) Life Support Systems (NASA Literature Search No. LBO30M).
This search identified references in the general area of life support
systems, closed ecological systems, carbon dioxide concentration and
removal, and oxygen systems. A total of 350 references were identified
by this search.

(3) Processes for Life Support Systems (NASA Literature
Search No. 18032S). This search was designed to identify references
about specific life support system processes including carbon dloxide

reduction, oxygen regeneration, and methanation of carbon dioxide and
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hydrogen (Sabatier process). This search identified more than 250 addi-
tional references pertinent to the study.

The most applicable references were selected from the above
summaries for detailed review and are listed as References at the end
of this thesis. The references of interest can generally be classified
into four major categories as follows: human factors in life support
systems, system aspects of life support, life support system components,
and control and integration of life support systems.

The category of "human factors in life s.pport systems" includes
topies such as physiological effects of the cabin atmosphere and
atmospheric control requirements. References in this category are of
interest chiefly in determining the requirements of an atmospheric
control system for use in manned space flight.

References classified under "system aspects of life support" deal
with the total space mission requirements of life support, life support
system constraints resulting from the overall mission, general life
support system requirements applicable to all manned missions, or contain
the results of actual life support system tests.

The category of "life support system comporents" includes refer-
ences which are generally limited to the design considerations of specifie
components for use in 1ife support systems., These components might
include carbon dioxide concentrators and reducers, oxygen regeneration
equipment, and instrﬁmentation and control equipment. The chief value
of these references is for the determination of typical characteristics

for system evaluation.
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The final major category of "control and integration of life

1"

support systems” 1includes references which relate directly to the

subject of the thesis. These references, which are very limited in
number, contain information on the control and regulation of life support
systems, the system integration aspects of life support, or report on the
closed-loop analysis of life support systems.

Many other references in the life support area were not included
because they were not deemed directly pertinent to this study. References
on life support systems utilizing active chemicals were generally not
included because of the nonregenerative nature of such systems. Refer-
ences on the biologicai types of life support systems (algal systems)
were not included since these totally closed systems were beyond the
scope of this study. Other references dealing with relatively recent or
advanced physico-chemical 1life support systems still in a state of
dev-.lopment were also omitted. These include the solid electrolyte
concepts, the electrochemical reduction cell, and systems using the
higher order hydrocarbon reactions typified by the Fischer-Tropsch
processes,

The category of human factors in space flight has received con=-
siderable attention, since the primary concern of any manned mission is
for the well being of the crew. References in the area of humen factors
include those items qumbered 1, 3, and 7 to 22.

Several good survey articles have appeared in the technical
literature; References 7 and 8 are typical of these. There are also

several text references which cover the various aspects of life support;
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References 9 and 10 provide particularly good discussions on metabolic
requirements; References 11, 12, and 13 relate human factors to the
required life support systems.

Many excellent technical reports are available on the subject of
human factors; the paper by Dryden, et al. (Ref. 14), was written
primarily for aircraft application, but provides such extensive back-
ground data that it is considered by some to be a classic in the field.
Another outstandiag paper written under Air Force sponsorship is
Reference 15.

There are many Russian papers available in the area of human
factors but most of then tend to be descriptive in nature with few
details. References 16 and 17 generally indicate that Soviet and
Americen cabin atmosphere standards are virtually the same. .

The question of a one-gas versus two-gas spacecraft atmosphere
has recelve¢ considerable attention. Reference 3 1is propably the most
authoritative and impartial on the subject. References 18, 19, and 20
also consider the problem for more specific r:"ssions.

References of & more general nature include the "Bioastronautics
Data Book," Reference 21, which is a compilation of all types of data
on the human organism. Reference 22 is an annotated bibliography which
was helpful in reviewing some of the earlier references. Reference 1,
the summary report on the Iangley -~ ILSS system, provides a good dis-
cussion of the human factors considerations for the mission types of

interest in this study.
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The categcry of "system aspects of life suppor .as also received
much attention, since any proposed manned mission must demonstrate the
feasibility of integrating the life support function with the basic
vehicle concept. References in this category include those numbered 1
and 23 to 49. Perhaps the most basic approach to the life support
problem has been the attempt to compare space cabin life with man's
ecological surroundings on earth; Reference 23 was very effective in
this regard. Many articles have appeared in periodicals on life support
systems; those listed here include References 24 to 32.

The Air Force has been interested in life support systems for
many different types of missions. Reference 33 analyzed many different
types of environmental control systems; the Space Vehicle Symposium
reported in Reference = provided several interesting papers.

Other »~.-ers have studied the life support requirements for a
variety of missions; however, it seems thut the studies are often biased
by the author's familiarity with a specific type of system. Typical
references which have considered various manned missions include
References 35 to 42. The chie’ value of these rererences is in providing
a background of the current chinking of those in the life support business.

A group of references relate to the design or testing of chamber
facilities for manned or simulated manned testing in a closed environ-
ment. Work done on the ILSS at NASA-Langley Research Center is described
by References 1 and 43; additional data which are not available for

reference were also -eviewed during this study. Early work done in the

Douglas space cabin simulator 1s reported in Reference 44. Manned tests
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at Boeing are discussed in References 45 and 46; work at North American
is described in Reference 47. Recent tests at Lockheed are described in
Reference 48.

It is worth noting that all of these various tests have been
operated on a laboratory type basis, generally under controlled condi-
tions and with a minimum of automatic control functions. Off-limits
testing or transient type of testing has rarely been attempted in tests
run to date and so information on the automatic control problem is very
limited.

In a general category, Reference 49 concludes that American and
Soviet manned missions toward the same goals will result in similar
1ife support approaches, due to the inherent mission constraints.

Extensive work has beer done in the area of components for life
support systems since some of the developments in areas such as submarine
atmosphere control are relevant to the space life support problem. The H
references on components are numbered 1, 4, 5, 23, and 50 to 84. General
survey type articles are represented by References 50 and 51.

Reference 52 and the McConnaughey paper in Reference 53 are typical of
reports available on the submarine work, but there is little mention of
the automatic control problem in this area.

Many references were found relating to the adsorption of carbon
dioxide by molecular sieve materials. References 4, 54, and 55 provide
a falr theoretical béckground for the adsorption phenome=na but emphasize

the difficulty of an analytical approach, Other references on the problem




107

of carbon dioxide removal from the atmosphere include Referenc-=s 5,
56 to 60, and the papers in Reference 53 by Hsu and Arnoldi.

The related problem of carbon dioxide reduction has also received
ample attention in the literature. Some of the earlier work in this area
was done at the Battelle Memorial Institute and was reported by Foster in
References 53, 61, and 62. Background on the Sabatier reduction process
can be found in Reference 63 and in the papers by Dole and Weller in
Reference 53. Other papers on varilous aspects of carbon dioxide reduction
include References 6 and 64 to 71

More general papers on various life support system components,
including instrumentastion and water electrolysis units, are listed here
for their value as general background material and include Reicrences 23
and 72 to 82. Reference 83 provides some information on Russian work
with active chemicals. Information on the components used in the
Langley IL3S, as contained in References 1 and 84, was used extensively
in this study since the components are so representative.

The final category of control and integration of life support
systems relates most directly to the subject of the thesis. The avail-
able reports on this subject were very limited, partly, it is believed,
because of the prcoccupation with trying to simply understand how the
basic systems perform. In addition, some of the work done in this area
has been funded by individual companies who are reluctant to disseminate
the detailed information for competitive reasons. Some of the references
in this category have been previously cited and include References 1, 2,

6, 30, 53, 56, 63, 66, 67, 68, 73, and 85 to 93.
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Several references have cited the need for automatic control of
life support systems or have attempted to outline the control problem;
References 56, 63, 66, 67, 68, 73, 85, and 86 are in this category.

Some references have been concerned with the analytical description of
component performence, such that control laws might be developed. The
various reduction processes have been the obJect of much study in this
regard. Reference 6 went to considerable length to develop a chemical
equilibrium theory for the carbon dioxide reduction system (Bosch process).
However, the conclusions regarding the actual model test results report
that "the reaction . . . is predominantly influenced by kinetic effects
rather than by chemical equilibrium effects." Reference 87 noted that

"the research (on atmospheric control systems) has largely been centered
sbout . . . development of analytical procedures for the steady state
processes . . ."

Several references have stressed the need for integration of th
life support systems with the overall spacecraft and mission.

References 88 and 89 stress the need for overall system integration tu
achieve an optimized life support system design. Reference 88 also
shows material balances for a typical four-man system (Langley ILSS) but
dynamic system requirements are not mentioned. Reference 90 also points
out the need for integration of the life support system with the overall
system energy management. Such considerations have not been included

in this study in an aitempt to minimize the number of restrictions on
the system. However, system energy considerations may be expected to

impose further constraints on the operation of the 1life support systems.
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A paper by Benaway, from the "Closed Circuit Respiratory Systems
Symposium" held at Wright Field in 1960, describes some of the problems
of maintaining cabin atmosphere composition and pressure, with emphasis
on the need to control both cabin total pressure and oxygen partial
pressure (Ref. 53).

Reference 30 describes some Boeing work in the field of life
support systems. Keference is made to an analog computer study, but no
specific information on the study results is given. Other Boeing docu-
ments, not available for reference, have been reviewed including the
results of a computer simulation of a carbon dioxide adsorbtent bed.

The results indicate that analog models can be developed to any desired
degree of sophistication; however, the approach in this study has been
to use simpler component models and place more emphasis on system
response.

Reference 1 describes some of the automatic control studies done
in support of the Langley ILSS, with more detail provided in Reference 2.
This study by General Dynamics/Agtronautics was performed prior to the
time when actual component data were available and, in addition, was
primarily concerned with the internal control of the system components.
Considerations of overall system control were based on the assumption
of partial manuasl control and also on fixed-rate component operation.
The results of this study were used to establish control procedures for
normal operation, buf transient effects on the system were not considered.
The results provided show that the normal variations of the system are

relatively slow; but off-nominal effects were not explored.
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A recent reference released since the start of this study describes
efforts to obtain a total computer representation of a life support
system. Reference 91 by Houck discusses & NASA contracted study with
Douglas to develop a digital computer program to solve the thermodynamic-
chemical equilibrium equation of an integrated life support system.
Emphasis is on the analytical solution of the steady-state mass and
energy balance equations related to the Langley ILSS. Models used to
simulate the various system components are relatively simple in nature
and are similar to some of the approximations used in the thesis study.
The program has been used to solve various energy balance problems asso-
ciated with the Langley ILSS, but little transient system work has been
done to date.

Reference 92 provides a good discussion of the general character-
istics of automatic process control systems and also defines various
types of control. Reference 93 is a general servomechanisms reference.

The review of the published literature in the field of life support
systems has not identified any references providing the results of a
systems analysis of the regenerative atmospheric control system of
interest in this thesis study. The references listed have indicated
that most systems effort on the life support systems has been concerned
with the necessary preliminary, steady-state material and energy balance
relationships. The few analog studies mentioned have generally been
designed to explore facets of component control and studies of transient

system effects have been neglected.




CHAPTER VII
CONCLUSIONS

This study has resulted in the development of a relatively simple
mathematical model for a cabin atmosphere control system similar to
systems presently being considered for extended, manned space missions.
The cabin atmosphere with its human load was considered separately from
other 1life support and spacecrsit systems; there was no attempt to
impose total system constraints‘of energy management or thermal manage-
ment on the cabin atmosphere control system. Rather, the dynamic
characteristics of the cabin atmosphere control system were studied
with the intent of developing understanding of the system atc 4 separate
entity.

An extensive literature search revealed that the actual perform-
ance of some of the components proposed for use in the physico-chemical
processes is not well defined at the present time. This is particularly
true with the carbon dioxide reduction reactor where the process is
dependent on suitable catalysis and the chemical equilibrium theory
alone does not necessarily define the component performance. A simple
erpirical model of the reduction reactor was assumed for this system
study, so the lack of s precise component model was no problem. However,
for other systems studies which might consider the detailed control of

the individual components, an improved definition of component perform-

ance is needed.
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A simplified linear analysis of the model was performed in
accordance with the Nyquist stability ceriterion. This analysis showed
that the various individual control loops were very stable and also
indicated that replacement of the characteristic system trs-sport lags
by "equivalent" time constants did not appreciably affect :ontrol loop
stability.

However, the value of the Nyquist analysis is limited since,
during the transient system operations of interest, many of the components
operate in a nonlinear manner, due principally to component saturation.
For that reason, the electronic analog computer was emphasized in the
analysis of the system.

Two separate analog models were developed; one featuring propor-
tional control with limiting and the other using on-off control methods
with a specified deadband. Specific values of the various system
parameters were used in the analog model so that some meaningful computer
data could be obtained. However, the basic analog program provides
sufficient versatility that the system parameters could be varied to
suit the requirements of other space cabin models. Sterdy-state opera-
tion of the system at various crew conditions generally resulted in very
stable operation, as was expected. Response to simple step changes in
load were also very stable and resulted in a type of overdamped system
response to a new po;nt of stable operation. Component saturation,
particularly in the water electrolysis unit, resulted in very slow

recovery to large depletions of oxygen partial pressure.
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The most responsive atmospheric components were water vapor and
carbon dioxide since the relatively small fraction of these constituents
permitted more rapid change in their mole fractions. The water vapor
content of the atmosphere was particularly susceptible to increases in
the human load or to simulated loss of the water separator function.

The various system transients were also reflected in the mass
flows of carbon dioxlide and water to the system accumulators. The
analog computer provided a time history of these mass flow rates which
vere seen to vary over a wide range. Such data could be very useful in
determining the necessary system storage capacity.

The atmospheric control system models were further evaluated
under a simulated 2k-hour "typical” day test condition. In comparative
test runs, the proportional control generally provided smoother regula-
tion of the controlled variables. The on-off control system, of course,
permitted variations of the controlled parameters within the on-off
deadbands. Narrowing the on-off deadband provided more accurate regula-
tion tut resulted in an undesirable 1limit cycle oscillation at certain
load conditions. Interactions between the various control loops were
more apparent ln the on-¢ff mode and these interactions undoubtedly
contributed to the limit cycle condition.

The occurrence of this limit cycle condition emphasized the
importance of system studies such as this to determine the effect of
off-nominal operatioﬁ on a control system. Another significant finding
of the study was the marginal capacity of the electrolysis unit to

replenish the cabin oxygen following a sudden depletion. It is concluded
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from this study that cabin atmosphere control systems should be designed
with greater oiygen generating capacity and preferably with parallel
redundant water electrolysis units.

Many considerations other than system performance will be required
in the selection of the cabin atmosphere control system. Consideration
of cost and reliability will favor the use of on-off control methods for
many of the components. Where operating range and capacity is a problem,
as with the electrolysis unit, on-off operation of several parallel
units seems to be the answer. However, proportional control could be
the choice if steady, continuous operation is desired with a minimum
load fluctuction on the related thermal and electrical systems supplying
the space cabin.

Future des gn stulles on cabin atmosphere control systems will
probably utilize mora sophisticated analytical mecdels, however, studies
to date have generally deemphasized transient system effects. This study
has demonstrated that transient loads can seriously disrupt & system

designed solely on the basis of static material balances.
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