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FOREWORD

This report* summarizes an open duct potassium superoxide
(KDQ) canister test program which was performed during the
second phase of work on a study of thermal and atmospheric
control systems for manned and unmanned space vehicles. The
study was conducted over a period of 18 months by the Space
and Information Systems Division (S&ID) of North American
Aviation, Inc¢., undsr contract AF 33(616)-8323 and was spon-
sored by the Flight Accessories Laboratory of Aeronautical
Systems Division. The Los Angeles Division (LAD) of North
American Aviation and AlResearch Manufacturing Company were
subcontractors  in the study effort.

The purpose of the program 1s to study the problems
assoclated with the control of temperature and atmospheres
in military space vehicles. Several hypothetical vehicles
have been analyzed and designed to define potential problems
of envirommental control. These problems are being solved
by analytical and laboratory investigation, and thelr solu-
tions optimized by the physical integration of components
and by other means.

Thls document represents a part of the total program,
procedures, designs, and test assocliated with the selection
of space vehicle thermal and atmospheric control systems
based on equipment and physlological cerliterlia. The total
effort includes the formulation of several hypothetical
space vehicles (including supporting systems), the study and
selection of compatible and promising thermal and atmospheric
control systems, the development of improved methods of
analysis and the presentation of a set of specifiic examples
to illustrate supporting background and data, or present
other aspects of the equipment and physlologlcal criteria
study program. The other reports issued as a result of the
second phase study are as follows!

ASD TR 61-164 sk Envirommental Control Systems
(PART II) Selection for Unmanned Space
Vehicle,Secret Report

ASD TR 61-240 % Envirommental Control Systems
(PART II) Selection for Manned Space
Vehicles, Volume I (unclassified)
and Volume II-Secret Report
*Contractor's number NA-62-283
**Unclassified Title




ASD-TDR-62-583
ASD TR 61-161 Space Vehicles Environmental

(PART II) Control Requlirements Based on
Equipment and Physiologlcal
Criteria
ASD TR 61-119 Radlation Heat Transfer Analysls
(PART II) for Space Vehlcles
ASD TR 61-?0 Space Radiator Analysis and
(PART II Design
ASD TR 61-1T6 Integration and Optimization
(PART II) Concepts for Space Vehicle
Environmental Control Systems
ASD TR 62~ Temperature Control Systems
(PART I) for Space Vehicles
ASD TR 61~162 Analytical Methods for Space
(PART II) Vehicle Atmospheric Control
Processges
ASD TR 62~ Atmospheric Control Systems
(PART I) for Space Vehicles

During the third phase of the program, the above listed
reports will be supplemented as new information is made
avallable. Alsc, additional reports will be prepared on new
subjeets of Interest for thermal and atmospheric eontiol
systems.

The thermal and atmospheric control study program was
under the direction of Mr. A. L. Ingelfinger and Mr. A. Gross
of the Enviromment Control Section, Flight Accessories Labora-
tory. Mr. J. P, Allen of the Environment Control Section
acted as monitor of thils report, and Mr. R. E. Sexton served
as the Project Manager at S & I D,

The auther gratefully acknowledges the contributions of
the followlng persons from the Engineering Laboratory in
earrying out the test program: J. Dunham, C. Hansen, A.
McKinstry, D. Rinehart, L. Martens, and S. Tobey. Appreciation
is also expressed to M. A. Sulkin, G. W. Campbell, R. A, Pasell
R. A. Sturgill, and J. B. Truett, of the Aero-Thermo Develop~
ment CGroup at LAD, and A. Bialecki of S & I D, for their
asslstance. All drawings and art work in this report were
prerared by E. Rush at ILAD,
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ABSTRACT

New experimental ftechnlques, and thelr results, used to
develop and evaluate the effects of simultaneous multiple
operating parameters on potassium superoxide (K02) canlsters

for life support systems in manned space vehlecles, are
presented in this document. Actual experlments using rodents,
men, and simulated-man, are described and compared. IExperi-
mental characteristics of single and dual canister (demand)
atmosphere composition control systems are analyzed. The
best method for experimental deflnitive Respiratory Quotient
matching ls described. A new annuilar screen device for a
ch2mical canlster which prevents blocking of the airflow in
& granular solid chemical bed due to high absolute humldity
is shown and described. A canister design method was developed
to determine basic KOp canister sizes for atmosphere composi-
tion control system tests on a real-time, one-man basis. The
dominant role of PCO, 1in establishing the 002 adsorptlion rate
and the 05 generation rate is shown, as well as the roles of
absolute ﬁumidity and catalysts in establishing the Op
generation rate. EBEmpirical induction was used to try and
substantiate (unsuccessfully) a previously accepted theoret-
ical equation of a KO, bed. A serles of comparatlve tables
and curves has been analytically and experimentally derived
for 0p-C0y generation and adsorption support levels for one
man.,

PUBLICATION REVIEW

This report has been reviewed and gpproved.

FOR THE COMMANDER: 4// E;
1iliam C. Savage

/ Chief, Environmental Branch
/ Flight Accessories Laboratory
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SECTION I

INTRODUCTION

This document presents the experimental methods, and
results, of an open duct test program conducted at the
Los Angeles Division of North Amerilcan Aviation, Inc. to
develop and evaluate potassium superoxide canisters for
life support systems in manned space vehicles. The con-
tracted open duct KO, canister test program was accomplished
between July 1961 and February 1962. Results of earlier
experimental programs at the Los Angeles Divislon of North
American Aviation, Inc,, using KO2 and KOH in dual-canister
closed-circult life support systems for animals and men,
were utlilized to orient this research, and are also dlscussed
herein, These earlier tests were conducted between April 1960
and August 1961,

Under the present contract, an open duct solld chemical
test facllity was developed at LAD, and the difficultles in
Instrumentation peculiar to these experiments were solved.

A new technidque for studying the effects of simultaneous
multiple operating parameters on solid chemicals for life
support systems has been developed in conjunctlion with the
open duct test facility. The open duct solid chemical test
facility makes possible full-scale whole-man tests in real
time, allows changing of many operating parameters, and the
observance of response rates to changing conditions. It also
allows for the simultaneous testing and compariscn of three
different solld chemical canisters against a standard control
canister, Such experiments result in the near-optimum
operating conditions becoming known for variousgs canisters

and chemicals, and provides rapid design evolutlon for these
canisters, An analytical canister design method was also
developed to determine baslc KO, canlster sizes for atmosphere

composition control system tests on a real-time, one-man basis.

Under the present centract the program provided a new
annular screen design for a solid chemical canister which
assures alternmative alr flow paths dround used or fused
portions of a chemical bed, and through all unused portions
of the chemical bed., Useful lifetime of this new annular
screen KO, canlster was extended at least 250% over that of
a straigh%—through axial flow canister. On a welght basis,
the availabllity of oxygen from the KO, canister was increased
at least 125% by use of the annular screen device. Whereas
this device 1s malnly intended for use in closed-circuilt

Manuscript released by the author in March 1962 for publication as an ASD
Technical Documentary Report.




resplratory systems for 1life support of men in sealed cabins,
submarines, pressure sults, fire-fighting, and rescue breath-
ing apparatus, 1t may also be very useful in any chemilcal
process where a gaseous stream 1s passed through or over, a
solid granular chemical bed. In the successful canister
(with the annular screen device), the alr-flow was maintained
for almost 30 hours with almost no lncrease in pressure drop
across the canister. In KOy canilsters without the annular
screen devlce, the alrflow was completely blocked after a few
hours by the formation of a solid plug across the inlet of
the canister,

Also, under the present contract, a serles of comparative
tables and curves have been experlmentally derived for 02-002

generation and adsorption support levels (with Koa) on a one
man basis. The role of absolute humidity in establishing the
rate of O, evolution was shqwn in the reactlons of the KO,
bed. The dominant role of 002 partial pressure in establish-
ing the CO, adsorption rate, and the Op generation rate, was
experimentally shown by means of the test data. The perform-
ance of KOp canisters when KO, is mlxed with a hydrophiliec
physical adsorber, a COn chemical adsorber (chemisorption)
and/br a porous mechanical separator was shown by means of
the test data with many interesting results not previocusly
demonstrated. Also, a well-known theoretical equation show-
ing KO2 alone will match man's R.Q. could not be substantiated
Ey zmpirical induction from the results of these extensive
ests,

Man-rate support level graphs were plotted with the
man-rate production, or adsorptlion, as a functlion of time,
from the results of integrating (geometrically) the areas
under the experimentally derlved curves for O, generation
and 002 adsorption. The results show that thé ablility of a
KO, canister to support the respiratory requirements of a man

1s mainly dependent on the bed packing configuration, inlet
CO, partial pressure, and lnlet absolute humidity,

BACKGROUND

In 1960, the USAF Ballistic Missile Division, indleated
to North American Aviation, Ine., that they were seeking
proposals concerned with plaeing a recoverable monkey-
ococupiled satellite in circular orbit for at least 72 hours.

A research program was designed and carried out by the author
in 1960 for the evaluation %with animals) of a closed-loop
sealed cabin air renewal system utilizing solld chemiecal
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sources, (Reference 1). The results of that experimental
‘tudy demonstrated the abllity of a composite solld chemical
system (potassium superoxide, potassium hydroxlde, and activa-
ted charcoal) to renew the air in a sealed cabin with the
chemicals in individual canisters. Two female white rats were
sustalned in excellent health for twenty-five days in a
completely sealed enclosure eduipped with the solid chemical
alr renewal system. (Figures 1, 2, 3 and 4). During the
twenty-five day test the pressure within the sealed system
remalned at or near one atmosphere, and the alr temperature

in the rat enclosure was maintained at 75 * 9 °F¥., Control

of atmospheric composition (with respect to O, and CO,) was
accomplished with a manual system by limiting the air flow to
the potassium superoxide canister in accordance with 02 demand,
and Ilncreasing a portion of the air flow to the potassium
hydroxide canister when the CO, level rose above the desired
1imit., A desired relative humidity of 30 to 50% could not be
malntalned using manual control of a chilled-water heat
exchanger, and the average daily relative ..midity gradually
increased from about 30% at the start of the test to about
80% at the conclusion of the twenty-five days. Also, inter-
mittent fallure of the refrigeration system caused the
chemical canisters to inadvertently be used for water removal,
which resulted in the formulation of a caustic liquid in the
KOH canister. Entrainment of the lliduid Into the downstream
connections and aluminum tubing caused considerable corrosion
of the aluminum and a buildup of salt deposits. An example

is shown in Flgure 5, Alrflow was thus restricted and the
teat was discontinued after the twenty-fifth day.

In September of 1961, at the Los Angeles Division, three
men were malntained in a sealed chamber for-14 days as part
of an Investigatlon of a life support system of the Space and
Information Systems Division of North American Aviation, Inc,
(Reference 2 and Figures 6 and 7). During this test, two
separate atmospheric composition control systems were
utilized. The primary system, consisting of stored gaseous
oxygen, and 1ithium hydroxide for 002 removal, operated
satisfactorlly. The secondary system consisted of the same
composlite solid chemicals used in the rat test, (KOE, KOH,
and activated charcoal), This system operated satisfactorily
until a caustlc liquid formed In the (vertical) KOH bed,
drained into the canister sump, and filled it to the over-
flow point within 8 hours; on cooling in the sump, the liduid
erystallized and plugged the drain line causing shutdown of
this unit., No liquid was formed in the KO, canister, How-
ever, a 2~3 1nch hard plug of salt crystals formed at the top
of the (vertical) KO2 bed, restricting the alrflow, and
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causing shut-down of this unit in about 22 hours. It was
thought that the plugging of these canisters was due to exces-
slve molsture content of the alr passing through the canisters,
and further it was believed that the CO, level in the system

was so low that there was Insufficient CO, avallable to con-
vert all the very hygroscopic KOH (produced in the KOp bed
from the reaction between KO, and H20) to carbonate,

NATURE OF THE PROBLEM

Whereas the closed-loop sealed cabln air renewal system
test with the rats successfully demonstrated the abllity of
a composite solld chemical system to revitalize the alr, it
did not demonstrate this capability for a single solid chemil-
cal (such as KOp) to both absorb COp and generate O, in the
proper proportion to match the animal's respiratory guotient,
A deliberate attempt was made to maintain constant operating
parameters (such as temperature, relative humidity, partial
pressures, gas veloclty and gas residence time in the canis-
" ters)., Also, only one K02 canister design was used. There-
fore, information on the effects of changing the operating
parameters, canlster dimensions, and/br bed packing con-
figurations (upon COy adsorption and Op generation charac-
teristics of the KOs bed) could not be readily obtained. It
was also hoped that further tests would show what mechanisms
caused the plugging of the KO, canister in the manned test.

This called for investigation of various COs concentrations
and absolute humidities in the (supply) air to KO, canisters,
and investigatlon of lmproved KO, canister designs.

ADSORPTION AND ABSORPTION

In this report, the terms adsorption and absorption are
used synonymously., In a strict sense, however, absorption
is a physical taking up of matter in bulk by other matter,
or penetration of substances into the bulk of a solld or a
liquid. Adsorption is either physical or chemical (chemi-
sorption). Physical adsorption is reversible by physical
forces only (no chemical reaction), and is a characteristic
surface or interface phenomenon. Chemisorption 1s an irre-
versible adsorption by both physlical and chemical forces;
reaction occurs between the surface of the adsorbent and the
adsorbate, Examples of physilcally adsorptive materizls are
molecular sieves and activated alumlna. Examples of cheml-
cally adsorptive materials are KO2 and L1OH,
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SECTION II
OBJECTIVES OF THE PROGRAM

There were several obJjectives to the open duct K02 canis-
ter test program, as follows:

1.

2.

3.

5.

To attempt to prove or disprove the feasibility
of using a single chemiecal, xnz, for both COp
adsorption and Oy generation 1ln a mol volume
ratio which will mateh man's R,Q. (respiratory
quotient).

To determine operating parameter control re-
qulirements necessary for matching mant!s R.Q.
wlth a single solild chemical, if possible,

or with a mixed (si-.gle canister) solid chemi-
cal system in lieu of a composite (dual
canister) solid chemical system.,

To provide experimental data on the effects

of operating parameters (temperature, humidity,
partial pressures, linear gas veloclty, and
gas residence iime) upon the CO, adsorption
and Oy generation characteristiGs of KO, beds.

To provide test data for the development of
design criteria - both dimensional and bed
packing configuration - for a KO2 canlster
which will assure alternative air flow paths
around used or plugged portions of the
chemical bed, and through all unused portions,

To investigate the performance cof KOs canisters
when the KOE 1s mixed with other chemicals such

as a hydrophilic physiocal adsorber, or a carbon
dloxide chemieal adsorber,

To l1nvestigate various CO, concentrations and
absolute humidities in thé (supply) air to the
KO, canisters in an effort to show what mech-

anlsms may have caused plugging of the KOp
canister In the manned life support system
test (Reference 2).

12
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SECTION III
CONCIUSIONS

The objectlves of the open duct KO2 canister test program
were answered as follows:

1. The attempt to prove the feaslbllity of using
KO, alone for both COp adsorption and Oy
generation in a volume ratlo matchlng mants
R.Q. was not successful. However, such a
feaslibility cannot be ruled out completely
because as yet unknown procedures, processges,
or catalyats (see page 59 ) may eventually
offer a successful solution.

2. It was not possible to determine operating
parameter control redulrements for matching
man's R.Q. with KO, alone, or with a mixed
solid chemical system (l.e., mixed in a
single canister). All indications are,
however, that a dual-canister system (see
page 16 ) operating in a closed ecological
system (see page 55 ) would furnish the
operating parameter control redquirements
for matching man's R.Q.

3. The test program dld provide a great deal of
experimental data on the effects of the
operating parameters upon the €0, adsorption
and Op generation characteristics of KO,
beds. (Appendix B),

4, The program provided a new design -~ both
dimensional and bed packing confizuration -
for a solld chemlecal canlster which assures
alternatlive air flow paths around used or
fused portlons of a chemical bed, and through
all unused portions. (See pages 40, 46, 89).

5. The performance of KO, canisters when KO, is
mixed with a hydrophillc physical adsorber,
a carbon dioxide chemical adsorber (chemi-
sorption), and/or an inert porous mechanical
separator (see pages 39 and 40 ), was inves-
tigated with many interesting results not
previously demonstrated.

13
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10.

11.

12.

13.

14,

15.

The test program was successful in showing
what mechanlsms caused the pluggling of the
KO, canister in the mamned 1life support

system test., (See pages 101 and 103).

An open duet solild chemical test faclility

was developed, and the difficultlies in
Instrumentation peculiar to these experiments
have been solved.

A new technique for studying the effects of
simultaneous multiple operating parameters
on solid chemicals for life support systems
has been developed.

A series of comparative tables and curves
have been experimentally derived for oxygen-
carbon dioxlide generation and adsorptlon
support levels (with KDz) for one man,
(Appendix B).

The dominant role of CO, partial pressure in
establishing the COp, adSorption rate, and the
Oy generation rate, was experimentally shown
in the reactions of the K02 bed. (See pages
59 and 60).

The role of absolute humidity in establish-
Ing the rate of 0, evolution was shown in
the veactions of Ehe KO, bed. (See pages
59 and 60).

A well-known theoretical equation showing
KO, alone will match man's R.Q. could not
be substantlated by empirical induction
from the results of these extensive tests.
(Pages T4, 75, and 76).

An analytical canister design method was
developed to determine basic KO, canister
sizes for atmosphere composition control
system tests on a real-time, one-man basis.
(Appendix A).

A theoretical physico-chemical process for
KO, with HyO and CO, was developed, (Page 60).

A chemical utilization index was developed
for KO, canisters. (Page 66).
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Section IV
RECOMMENDATIONS
ADDITIONAL TEST PROGRAMS
Further test programs are recommended on the basis of
the results obtained so far in this experimental development
and evaluation of composite solld chemical canisters for
atmospheric composition control in manned space vehicles,

The Open Duct Canister Test Facllity

Using the same open duct canister test facillty, the
followlng approaches should be taken:

1. The effects of several reduced absolute
pressures on the performance of KO
canisters (the "A" configuration) should
be Investigated at several levels of temper-
ature, absolute humidity, and % CO,. The
performance parameters whilch should be
measured are the iniet Oy and CO, concen-
trations, the inlet absolute humidity, and
the statlc pressures at the inlet and outlet
of each canister,

2. The effect of various catalysts on the
chemical R.Q. of KO, should be investi-
gated in an effort to find out whether
or not a catalyst can be selected that
will control the CO2 absorption - O2

generation of KO, to match man's R.Q,

3. Using the existing open duct canister test
faclility, and a test procedure simllar to
that of the K02 tests, investigatlions should
be made of,

(a) the operational parameters of
lithium peroxide (Li,0,) as an
O2 generator and COE Eb orber for

use in atmospheric composition
control systems.

(b) the feasibility and advantages of
combining ILi 02 with lithium super-

oxide (Li0,).
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Such tests would be concerned primarlly with the acquisition
of basic operational data to evaluate performance and R.Q.
matehing ability of the lithlum oxides,

The open duct solid chemical test facility makes pos-
sible full-scale whole-man tests in real time, allows changlng
of many operating parameters, and the observance of response
rates to changing conditions. It also allows for the simul-
taneous testing and comparison of three different solid chemil-
cal canisters against a standard control canister. Such
experiments result in the near-optimum cperating conditions
becoming known for various canisters and chemicals, and
provides rapid design evolutlon for these canisters.

The Sealed Cabin Air Renewal System Test Facillty

Using the sealed cabin air renewal system test facllity
(page 4 ), the following approaches should be taken:

1. In order to obtaln more definitive R.Q.
determinations, a sealed cabin test should
be conducted utillizing small animals to
demonstrate the feasibility (and reliability)
of a dual-canister solid chemical system to
support animal l1life over a long period of time,
up to 30 days. This closed system test would
utilize the "A" canister configuration
(annular scereen device) as one canister of
the dual-canister atmosPhere composition
control system, The "A" canister would con-
tain KO2 with catalyst, supported by the
annular screen technique. The other of the
two canisters making up the dual-canlster
system would contain LiOH only.

2. If the L1202 proves superior to Koa, 1t may

be substituted for K02 in the dual-canister
system above,

16
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Section V
TEST DESIGN
BACKGROUND

A solid chemical system was proposed for atmospheric
composltion control of a sealed cabin. Compared to gas or
cryogenic storage, algal, or chemo-electrolytic regenerative
systems, a solid chemical system offers the following opera-
tional advantages: lower power consumption, ambient eabin
gas pressures, minimum (or no) insulation, low leakage rate,
no boil-off, and greater reliablility. The open duct KZO2
canister test program was proposed to furnish critical
design information needed for K02 oxygen generating - carbon
dioxide absorbing canister beds Intended for long duration use
in manned space vehicles,

Potasslum superoxide, in common with other solid
chemicals used for atmospheric composition control, possesses
the advantage of room temperature operatlon without the re-
quirement of high pressure equipment. Unlike many other
solid chemicals, KO, may serve a dual function of CO, removal
and Oy production, The use of KO, for atmospheric control
is not new, Units employing KO, are produced commerclally
for emergency use in submarines, ships, aircraft, and in
mines, Results of the closed-loop sealed cabin air renewal
system test suggested the need for more (canister) tests of
improved KD2 bed packing configuratlions, with the operating
parameters controlled in an attempt to prevent channeling of
the airflow through the canlster bed, caking of the super-
oxide, slugging of the ductwork by caustic liquid, and
over- or underproduction of oxygen with consedquent mis-
matching of man's R.Q. A survey of the available literature
revealed a lack of the information reduired to answer these
design and performance problems. The manned test (Reference 2)
further indicated the need for such information.

A number of variables could be expected to effect the
performance of a KO2 canister in an atmospheric system.
These Include:

1, Temperature of the ilnlet ailr.,

2, Dewpoint of the inlet air (as a measure
of absolute molsture content).

3. 002 concentration at the inlet.
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4, Air flowrate (bed velocity).
5. KO, bed length and diameter (ratio).
6. KO, bed-packing configuration,

T. Mixture of %0, with reactive or nori-
reactive chemgcals.

8. Grain size of the K02.
a

. Ratio of 0, to inert gases in the inlet
air. 2

10, Total (atmospheric) pressure at the inlet.

Due to limitations in time and funds it was decided to
evaluate only the effects of items 1 through 7, which were
consldered to have the strongest influence upon canister
performance. If all possible comblnations of all ten vari-
ables at three levels were considered, about 59,000 tests
would have had to be conducted. Seven variables at three
levels would still have redquired over 2,000 individual tests
if all possible combinations were tested. Therefore, we
reduced (by intuitive judgement) the plan for testing all
possible combinations to a reasonable number of individual
tests (i.e., 67 tests in the original plan) which we believed
would satlisfactorily indicate the effects of all test para-
meters on canister performance. It was declded, at that time,
to perform the tests in two phases, 1l.e., the first phase
would consist of 66 shert run individual tests (conducted
three at a time by paralleling canisters), and the second
phase would be a single larger individual canister tested
for an extended perlod of time., After the basic effects of
all test parameters were observed in the short run tests, a
near-optimum set of operating levels would be selected for
the extended duration test of the "best" (selected) canister
design. This final canister was to be run to the point of
exhaustlion to investigate practical design criteria such as
channeling, and effective yleld of the bed, and to 1dentify
problems that might occur during extended operation. During
the first phase tests, some of these canlsters were to be
run to breakthrough. Sequential testing was to be applied
throughout, and thus the experimenters could stop after any
change of operating conditlons, or change of canlster design,
and examine the accumulated results (to date), before deciding
whether to continue the experiment as outlined above, or make
changes in the original test plan. In this way, the ex-
perimenters were allowed freedom to alter any operating con-
ditions or canister designs (as the test program progressed),
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which definitely appeared to be leading us away from near-
optimum operating conditlons or near~optimum canister Gesign.

GENERAL DESCRIPTION

A test was considered to consist of passing room air at
controlled levels of temperature and absolute humidity, gas
veloeity, and CO, concentration through four KO, canisters in
parallel, for a specified length of time. Three of the
canisters were to be test units whose design (bed dimensions
and internal packing) were to be varied from one test to the
next; the fourth canister was to be a small commerical
emergency unilt used as a control standard in all tests.

First phase testing was to consist of short-run tests of 4

to 5 hours duration, with a portion of these short tests run
to exhaustion (about 8 to 10 hours), for various combinations
of values for the operating parameters (temperature, dew
point, gas velocity, and COp concentration). The design
parameters (internal packing configuration, and bed length
to bed diameter ratlo) were to be varied from one test to

the next, (See Table 3). Measurements were to be taken
intermittently throughout all tests to determine O, and 002

concentration, humidity, and static pressure at the inlet and
outlet of each canister, thereby permltting canister perform-
ance to be assoclated with time as well as with values of

the test parameters.,

THEORETICAL CONSIDERATIONS

The exlisting literature gives many theoretical re-
actlons of a KOy, bed with water and carbon dioxide. Some

of these are indlcated in Table 1. The extent to which

these reactions occur is not well known, particularly the
hydration of KOH and K2003. The chemical eguilibria of an
active KO, bed are very complex. The major parameters appear
to be the input absolute humidity and % 002 concentration,

the alr mass-flow, and the temperature of the chemical bed.
Several of the most llikely reactlons from Table 1 can be
combined into the following overall equation:

4 KO, + 3 HéO + 2 002 = 2 K2CO3 *3 HQO + 30,

Water may be absorbed iIn the K02 bed without equivalent O,

evolution, posslbly due to hydrate formation., The chemical
literature indicates the formatlon of H202 in a K02 bed

provided there 1s no catalyst present to decompose the
peroxide. Thils peroxlde decomposition 1s highly exothermic
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Table 1 Chemical Reactions of KO. Bed

4 K02

2 KOH
KOH +

KHCO
3

KOH +
KOH +
KOH +

2 KOH

K
%03

K5C03
2 Ko,
Hy04

KO2 +

+2HO =
2

2

4 KOH + 3 02

K2003 + H20

KHCO
3

+ KOH =K CO_, + HQO

3/4 HyO =

HQO -

2HO =
° 2 HyO +
+ 1/2 H,0
+ 3/2 H,0
+2 Hy0 =

0-10
co
2

°
C
—— e K2CO

273

KOH - 3/4 H,0

KOH * H,0

KOH « 2 H20

COp = K,CO5 3/2 H,0 + 7/2 )
= K2CO3 e 1/2 H,0

= K,CO; - 3/2 HY

KOH+ H0_ + 0
2 KoH 22 2

—cabs 1,0 +1/2 0,

i

0-10°C, k o
KpC0y + €0y 2212 L KaC 0. + 1/2 0,

K2004

KZCO4

0-1
+ 002

heat

0°C
K20206

K2003 + 1/2 0,
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and readily catalyzed by heavy metal oxides, Therefore, to
provide a high 02 generation rate, an H202 catalyst should

be lIncorporated Into the KOs bed.

21
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Section VI
TEST SET-UP AND INSTRUMENTATION
DESCRIPTION OF TEST FACILITY AND TEST INSTRUMENTATION

Test Set-Up

Three axial blowers were used to supply room air to the
test system. These blowers together had a capacity of about
19 SCFM at 18 inches of Héo, which was sufficient to compen-

sate for all impedance in the test system, and provide the
reduired alrflows through the canisters. The first stage
blower was wrapped with a copper coil through which cold tap
water flowed carrying away some of the heat of compression.
(Figures 8, 9, and 10). Downstream of the third stage

blower an aluminum water jacket was welded around the aluminum
air duect, and cold tap water passed into, and out of, this
cold water jacket further reducing the heat of compression.
(Figure 10),

The alr next entered the chllled water ailrcraft-type
heat exchanger {(Figure 11) where it was cooled to a pre-
determined dewpolnt, and any condensation removed through a
condensate drain and trap. The water which circulated through
this heat exchanger contained ethylene glycol to depress the
freezing point of the liquid coolant (to < 32°F), and prevented
freeze-up of the chilled water refrigeration units (Figure 11)
which was the cause cf the intermittent failure of the refrig-
eration units in the animal test (page 3 ). The liquid coolant
loop ecntained a pump, & 3-way valve, and a sump. Originally,
the sump was Ineluded with the intention of passing liquid 002

through methyl alecohol (in this sump) for a cocolant, but when
this idea was discarded (so as not to increase the normal
PCO, in the room) in favor of vapor-cycle (Freon) refrigera-
tion units, the sump thereafter served no real purpose. The
3-way valve was modulated (manually) to provide the required
dew-point in tests calling for absolute humidiltles less than
that of the room air. If an absolute humldity was reduired
vwhich was greater than that of the room alr, steam was
generated at the inlet of the first stage blower. When the
absolute humidity was reduced, the excess moisture condensed
in the heat exchanger was removed by the trap.

22




Immedlately downstream of the chllled water heat ex-
changer, CO» gas was resulated and metered into the air duct

from a pressure bottle, This bottle was charged from a plant
liquid COy line to 300 psig before each test run.

Air of the required dew point and % CO, concentration

was then passed through a 1500 watt finned-strip heater which
was activated and regulated by a thermostat as required to
provide the proper dry bulb temperature and % relative
humidity.

Downstream from the heater was located the sensing element
of the electric hygrometer after which the alr entered a dis-
tribution manifold. From the manifold it was distributed
through the aluminum ducting to the four canilsters, and also
through a by-pass bleed line, to ambient. The air passing
through the canlisters was discharged into stalnless steel
ducting from the outlet of each canister (or its stainless
steel transition pilece) and was vented to ambient, Orifice
meters were located in the ducts between the distribution
manifold and each canistsr,

Pregssure Instrumentation

Pressure taps connected to water manometers were used
throughout the system. Monitored points included:

Pl - upstream of hygrometer sensing element
P2 - upstream of orifice, canister No. 1

£>P3 - differential of orlifice, canlster No., 1
P10 - upstream of canister No, 1

Z&Pll - differential of canister No, 1

P4 - upstream of orifice, canister No. 2

£§P5 - differential of orifice, canister No, 2
P12 - upstream of canister No, 2
APlB - differential of canister No., 2
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P6 - upstream of orifice, canister No. 3

>
ro
'

differential of orifice, canister No, 3

7
P14 - upstream of canlster No. 3
ZlPls - differential of canister No. 3 ;
Pg - upstream of orifice, canister No. 4
£§P9 - differential of orifice, canister No, 4
Pig - upstream of canister No. 4
AP17 - differential of canlster No. 4

Temperature Instrumentation

Iron-Constantan thermocouples connected to a Brown-
Electronik recorder were used to indicate wet bulb and dry
bulb temperatures throughout the system. Temperature rise
across the canisters was monitored by a Honeywell Brown
Electronik Potentiometer Pyrometer. Moniltored points

ineluded:
T1 - upgtream dry bulb of canister No., 1
T2 - downstream dry bulb of canister No, 1
T3 - downstream wet bulb of canister No, 1
ZSTl ~ temperature rise acrosgs canister No. .1l
T4 ~ upstream dry bulb of canister No, 2
T5 - downstream dry bulb of canister No, 2
T6 - downstream wet bulb of canister No, 2
ATE - temperature rise across canister No. 2
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T - upstream dry bulb of canister No. 3

TZ - downstream dry bulb of canister No, 3
T9 -~ downstream wet bulb of canister No. 3

AT3 - temperature rige across canister No. 3
TlO - upstream dry bulb of canister No, 4
Tll - downstream dry bulb of canister No. 4
T, - downstream wet bulb of canister No. 4

£>T4 - temperature rise across canister No. 4
T13 - dry bulb downstream of electrlec hygrometer
T14 - coolant temperature at 3-way control valve
T15 - by-pass dry bulb

T16 - by-pass wet bulb

Water Analysis

The water content of the inlet alr was monitored wilth an
electric hygrometer, dry bulb and wet bulb thermocouples in
the by-pass line, and a Hygrophil wet bulb-dry bulb "gun'

The water content of the outlet air was monitored by dry
bulb and wet bulb thermocouples located in the exit duets, and
by the Hygrophil "gun".

Oxygen and Cerbon Dloxide Analysis

Through a serles of sampling valves and lines, the
inlet air, outlet air, and standardizing bottled gases could
be directed through Drierite rubes, Fisher & Porter Rotometers,
and the sensing elements of the gas analyzers., A Beckman
Model E2 oxygen analyzer, and a Beclkman Model 15A infrared
carbon dioxide analyzer were used for the gas analysis.
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Recorder:

AT Indicator:

Oxygen Analyzer:

002 Analyzer:

Hygrdmeter:

Gun:

Sling:

Table 2 Test Instrumentation

Honeywell Brown Electronik
Model 153X89-CS-II-III-16A4
S/N 834684

Range - 100 to +1100°F
Chart No. 6608

FLS 479

NAA N-241-525

Honeywell Brown Electronik Potentlometer Pyrometer

Model 156X15V
S/N 725352
Range O to Smv
ELS 2990

TSC 16453

Beckman

Model E2 .
Ranges 0-3, 0-6,0-~30%
ELS 4829

NAA 5-252-998

Beckman Infrared
Model 15A

ELS 4209

TSC 34006

American Instrument Company "Electric Hygrometer"
Cat. No. 4-51T71

S/N 10@5

ELS 3782

NAA 219261

Atkins Technical Inc. "AY Hygrophil Gun"
Model 4450

Range 14 to 176° F

S/N A-0934

ELS 4848

Bacharach Ind. Inst. Co.
Sling Psychrometer

28
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Section VII
MATERIALS AND EQUIPMENT TESTED
CANISTER CONFIGURATIONS

Canisters of various packing and dimensional configura-
tlons were tested. Table 3 deseribes these canisters.
(See Appendix A for derivation of canister sizes, gas flow
rates, chemical weights, ete.). Figure 19 shows the Iumcite
canister shells in modular sizes., Figure 20 shows a typical
10" module with the "A" configuration, while Figure 21 is a
sectional view of the same canister with its transitional
ducts., Flgures 22 and 23 are exploded views of the ‘‘A’’ con-
figuration, and Flgures 24 and 25 are view of A-8 canilster
which consisted of two 10" "A" modules joined in tandem.
Figure 26 1s typlcal of the 5" module in either the E or C-2
configuration. Figure 27 is a view of the 10" module in D
configuration (four slotted inlet brass probes, and one
slotted outlet brass probe). The annular screen is present
in all "A" configurations, activated a'.umina is present in
the single "B" configuration, and LiOH is present in all "¢"
configurations., LiOH is also present in other configurations,
but in those cases 1t 1is not the dominant design consideration.
"D" is a single configuration utilizing the slotted brass
probes in conjunction with LiOH, Corrosion is seen on the
brass probes. The plugging of "E" and "F" configurations was
extremely important in the final evaluation of the role of
the amnular screen in the successful A and A-8 configurations,

The contents of each canister were packed by a manual
loading operation in the proportions indicated in Table 3.
The catalyst, copper and manganese oxides, had been im-
pregnated In a portion of the KO2 granules during their
manufacture by the Mine Safety Appliances Company. The pur-
pose of the catalyst 1s apparently to decompose H202 formed,

and thus lncrease the rate of 02 production from the KOQ.

The yellow KO, granules were of 2 to 4 mesh size with a
density of~ 40 1bs/ft3, The black lava rock was a porous
volcanic cinder of about 2 to 4 mesh, and had a density of ~
51 lbs/Tt3. The purpose of the lava rock was to act as a
porous inert mechanical separator whose action (it was hoped)
would slow down the rate of inecrease of canister impedance
during operation of a canister., This was not ftoo successful
as can be seen in the AP columns (for the "C" canister con-
figuration) of the partially reduced data sheets for tests
P~1, P-2, P-3, P-4, and 1ts use was abandoned.
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The activated alumina (density = 60.6 1bs/ft3) was chosen
for test purposes as a hydrophlllc adsorber on the assumption
that its use would prevent an excessive collectlion of elther
water-of-reaction or atmospheric water in the canisters with
resultant slugging and plug formation. From comparison of the
AP columns of the partlally reduced data sheets (P-1, P-2, P-3,
and P-4) it was seen that its effectiveness was rather limited,
as was LiOH (density = 35.4 lbs/ft3) when used for the same
purpose, LiOH had the additlonal advantage of belng a 002
adsorber, but it too was unsatisfactory (as a single device)
for controlling slugging in the KO2 bed.

The molecular sleve (Linde X13, density = 43.0 1bs/?t3)
was tried for the same purpose of water control in the canister
bed, but its true value as a single controlling device was
obscured by the fact that the annular screen was a.so present
in every configuration that contained the molecular sieve.
However, since the annular screen by itself (configuration "A")
was so successful in controlling plugging, the elimination of
the molecular sleve during the development program was sub-
stantiated on a leagt-weight optimization basils alone. Also,
the use of molecular sieve was contra-indicated by the fact
that the adsorption of water by the molecular sleve inhlblted
the evolution of 02 from the KOQ. A short study was made of

other hydrophlilic adsorbers, and some promise was indicated
for dlatomaceous earth, silica gel, Perlite (expanded silica),
vermiculite (expanded mica), Drierite (calcium sulfate),
chopped blotter-paper, and chopped egg-carton paper., The
same consideration for least-weight optimization, as applied
to the molecular sleve, might also rule out the above
materials. L

Although a deseription of all canister configurations can
be found in Table 3, the following paragraphs describe the
"A" canisters in detail because the "A" configuration was the
most successful design tested, and also the most promising
for practical application.

STRUCTURE OF THE "A" CANISTERS

The canister consisted of a 5" inside diameter Lucite
eylinder of 10" (and also 20") overall length. The cylinder
was made with flanges at both ends to fit in the open duct
system, and between transition pileces with 15° half-angles.
Inside the Lucite cylinder there was positioned (by means of
a flange on the outer sereen, and grooves in the cylinder
flanges) a nested cylindrical double-screen insert., The
inner screen formed the core. Between the core and the
outer screen, the granular chemical was packed. The inlet
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end of the double-screen was closed by means of a plate which
had four annular slots (with a total cross-sectional free
area equal to the 1" duct leading to the transition plece)
and which allowed the air to pass into the annulus formed
between the ILucite shell and the outer screen., The outlet
end of the double screen was closed by a circular screen
mounted across the spider and flange which positioned it
within the shell. This end-plece screen was welded to the
cylindrical double screen.

OPERATION OF THE "A" CANISTER

The air flowed through the annular slots, passed axially
down the annulus between shell and outer screen, flowed
transversely and radially across the packed chemical bed into
the core, and thence to the outlet. The air could also flow
axlally through the packed chemlcal bed directly to the out-
let. Its construction provided for a very large area of the
chemical bed belng exposed to a very low velocity flcw of
the airstream, instead of the usual small cross-sectional
face area presented to the alr path in straight-through
canisters.

The double canister (see Figure 24) was an example of
how the modular feature of the canlster can be explolted.
Two 1C" long canisters were joined in tandem. The inlet
plate was not used in the second 10" canister, but was re-
placed by a clircular screen with a rubber plug to force
amular flow in the second shell, (see Figure 25).

COMPOSITION OF THE "A" CANISTER MATERIALS

The outside shell of the canister was made of ILucite for
viewing the chemical bed durling the tests, but can be made of
any non-corrosive material. The mesh screen and inlet plate
was used for certain test purposes, but the plate may be
80lid In the center with no opening for a plug.

CALCULATED WEIGHTS OF KO,

The welght differences of the KO2 in varlous canisters,

as glven below, must be taken into account for any final
comparison of the effects of operating parameters upon the
02-002 generating and adsorbing rate characteristics of KOy

canisters.,
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CONFIGURATION K0, 1bs
A-3 1.05
B, C 1.47
c-2 1.47
MSA 2.00

D, A-L, A-5,
A-6, A-T7 2.11
E 2,20
A, A-2 3.16
A-8 6.32
F 8.80

These calculations were made on the basis that a 5" x 10"
canister fllled entirely with KO, (with or without catalyst)

contained 4.4 1bs of KO,. (See Appendix A, paragraph 11).

Also, the assumption was made that 30% of the volume avail-
able for KO, was taken up by the annular screen device, and

the zame for the one canister with the brass probes., The
bulk density of the K02 was taken as 41 1bs/ft3. The welght

of KOp in the MSA canister was measured, not calculated.
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Table 3 Canister Configurations

Canister Description

A, sz + Catalyst + Annular Screen

B. 1/3 ¥0p + Cat, + 1/3 iava Rock + 1/3 Act. Alumina

c. 1/3 KOp + Cat. + 1/3 Iava Rock + 1/3 I4OH

MSA. Mine Safety Appliance Standard “"Chemox" Canister;
KO, + Cat. + Flat Screens

A-2. KOo (No Cat,) + Annular Screen

A-3, 1/3 KOs + Cat. + 1/3 Iava Rock + 1/3 Molecular Sieve

+ Ann, Screen

D, 2/3 KOp + Cat. + 1/3 LiOH + Brass Probes

A-4, 2/3 KOs (No Cat.) + 1/3 M.S. + Ann. Screen

A-5, 2/3 KO, (No Cat.) + 1/3 LiOH + Ann, Screen

A-6. 2/3 KO3 + Cat. + 1/3 M.S. + Ann. Screen

A-T7. 2/3 KOy + Cat. + 1/3 LIOH + Ann. Screen

E, KOy + Cat,, in 5" long canister (no screen)

A-8, KOs + Cat,, in two 10* long canisters.in tandem,
wi%h screens, and slotted plate at inlet only.

F. KOs + Cat,, in 20" long canister (no screen)

c-2. 2/3 KO, + Cat. + 1/3 Li0H, in 5" canister (no screen)

NOTE: All canisters 10" long except as noted in E, A-8, F, and C-2,

43




F it A

Flgure 19 20", 10"and 5" Lucite Canister
Shells
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Figure 20 Inlet View, Canister A, Assembled
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Figure 27

Inlet View, Canister D, Partial Assembly
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Section VIIL
TEST PROCEDURES
PRE-TEST PROCEDURES

The oxygen analyzer and carbon dioxide analyzer were
callibrated against standard gas prilor to test runs. Calibra-
tion time for standardizing the analyzers was aprroximately
one hour. The battery operated Hygrophil "gun" required re-
calibration before each reading., Pre-conditioning the system
was accomplished by turning on the tap water to the cold water
Jacket (to prevent heat overload in the system and remove heat
created by the blowers), adjusting the refrigeration unit to
condltion the air passing through the heat exchanger
(ethylene glycol solutlon was used as the cooling agent in
the refrigeration system), adjusting the heater to re-heat
the alr to the redquired temperature, opening the by-pass line
for monitoring the air with the Hygrophil "gun", and adjusting
the carbon dioxlde flow from the pressurized bottle zs redquired.
Three hours were aliowed for the pre-condltioning period before
the test canisters were valved "on-stream" in the system.

TEST RUN

Piacing the canisters in operation, i.e., '"on-stream",
consisted of opening the gate valves at the inlet ducet to
each canister, monitoring the orifice meter manometer board,
adjusting the differential pressures across the orifice to
obtain the desired flow rates, and re-adjusting the carbon
dioxide flow from the bottle to the desired concentration.
Maintainling constant inlet condlitlons required perilodic
checking of the refrigeration temperature, re-adjusting the
gate valves in the duets to the canisters as the differential
pressure increased across the canisters, and maintalning the
deslred carbon dloxlde concentration in the systenm.

DATA RECORDING CYCLE

Twenty-five minutes were required for each recording
cycle. The following steps were incorporated in obtalning
data for evaluation of the atmospherie compositlon control
systems;

1. Recording inlet conditlons of temperature,
pressure, relative humidity, and the analy-
sls of oxygen and carbon dloxide eoncen-
trations.
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2. Recording parameters for canisters number 1
and 2: statlic and differential pressures at
each orifice meter; static pressure and dry-
bulb temperature at the inlet to each canister;
pressure differential across each canlster; dry
bulb-wet bulb temperatures at the outlet of
each canister; analyses of the oxygen production
and carbon dloxlde adsorption of each canister.,

3. Recording cycle for canisters number 3 and 4
required the same procedure listed above with
the addition of recording the dry bulb-wet
bulb temperatures in the by-pass (bleed)line.

4, The frequency of the data recording cycles
depended on the absolute humidity at each
canlster inlet.

A high abselute humidity required a data recording cycle each
half hour, whereas a low absolute humidity required a cycle
only once each hour. These cycles were continued as long as

oxygen was generated, or carbon dioxide was adsorbed in the
canisters.

TEST CONDITIONS
Series P-1, P-2, P-3, and P-4

Initial test conditions of the flrst four test series,

P-1, P-2, P-3, and P-4, were identical in the following
respects:

l. The slze of the test canlsters (not ineluding
the MSA control standard) was 5" x 10",

2. The face velocity to the test canisters was
about 0.55 ft/sec. (It should be noted
that the face veloecity inside any canister
with the annular screen device (series P-1
through P-10) is always much lower than the
face veloeity to the canister (i.e., to the
slotted metal plate across the annular screen).
This 1s because the annular screen area pre-
sented to the airflow is about 7 times greater
in the 10" long canlster, and about 14 times
greater in the 20" long canister, than in
canisters having axlal flow onlys.
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3. The (canister) inlet temperatures were about
T0-8U°F, except seriles P-3 where the temper-
atures were about 95-100°F,

4, The absolute humidity of the inlet air was in
the range of about 45 to 75 grains H,y0/pound of
dry alr,

The C02 concentration to each canister lnlet was about
1.0% for series P-1, P-2, and P-3, and about 0.5% for series

The main variable under investigation in series P-1,
P-2, P-3 and P-4, was the canister bed packing configuration,
Canister position #1 had the A confilguration, #2 had the B
configuration, and #3 had the C configuration. (Table 3).

Series P-5

Initial test conditions for the canisters in series P-5,
were identlcal in the following respects:

1., The size of the test canisters (not includ-
ing the MSA control standard) was 5" x 10",

2. The face velocity to the test canisters was
about 0.55 ft/sec.

3. ghg (canister) inlet temperatures were about
O°F.

4, The absolute humidity of the inlet air was
60 to 80 grains Héo/gound of dry alr.

5. The CC, concentration to each canister inlet
was about 0,5%.

The maln varlable under investigation in series P-5 was
the bed packing configuration. Canister position #1 had the
A-2 configuration, #2 had the A-3 configuration, and #3 had
the D configuration (Table 3).

Series P-6

Initial test conditions for the canisters in series P-6,
were lidentical in the following respects:

1. The size of the test canisters (not inelud-
ing the MSA control standard) was 5" x 10",
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2, The face veloclty to the test canisters was
about 0.33 ft/sec.

3. The (canister) inlet temperatures were
about 71-76°F.

4, The absolute humidity of the inlet alr was
about 12 to 28 grains Héo/bound of dry air.

5. The 002 concentration to each canister inlet
was about 0.2%.

The main varilable under investigation in series P-6 was
the bed packing configuratlion as follows:

# ., A-2
#2 E) A-4
#3 2 A-5

Series P-T

Initial fest conditions for the canisters in series P-7,
were ldentical in the following respects:

1. The size of the test canisters (not includ-
ing the MSA control standard) was 5" x 10",

2. The face veloclty to the test canisters
was about 0.33 ft/sec.

3. The (canister) inlet temperatures were
about 73-79°F,

4, The absolute humidity of the inlet air was
about 90 to 108 grains H,0/pound of dry air.

5. The CO0, concentration to each canlister inlet
was absut 0.2%.

The maln variable under investigation in serles P-7 was
the bed packing configuration as follows:

# , A
#2 , A-6
#3 , A-T
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Series P-8

Initial test conditions for the canisters in series P-8,
were ldentleal in the following respects:

1. 'The size of the test canisters (not includ-
ing the MSA control standard) was 5" x 10".

2., The face velocity to the test canisters was
about 0,33 ft/sec.

3. The (canister) inlet temperatures were about
70-80°F.,

4, ‘The absolute humidity of the inlet ailr was
about 10 %o 20 grains H,0/pound of dry air.
(Near the end of this tést the humidity was
allowed to rise to about T4 grains Hy0/
pound of dry air).

5. The CO, concentratlion to each canister inlet
was abBut 0.5%.

The main variable und>r investigation in series P-8 was
the bed packing configuration as follows:

# ., A
#2 , A-6
#3 s A‘T

Series P-9

Initlal test conditlons for the canlsters in series P-9
were ldentical in the followlng respects:

1. The size of the test canisters (not includ-
ing the MSA control standard) was 5" x 10",

2. The face velocity to the test canlsters was
about 0.55 ft/sec.

3. The (canister) inlet temperatures were
about 72-80°F.

4, The absolute humidity of the inlet air was
about 55 to 88 grains H20/bound of dry air.

5. The €O, concentration to each canister inlet
was about 0,2%.
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The main varilable under investlgation in series P-Q was
the bed packing configuration as follows:

# , A
#2 , A-6
#3 E) A'7

Series P-10

Initial conditions for the canisters in the last, and
final, serles P-10 were identical in the following respects:

1. The face veloclity tc the test canlsters was
about 0.33 ft/sec.

2. The (canister) inlet temperatures were
about T0-80°F,

3. The absolute humidity of the inlet air
was about 60 to 87 grains Hgo/bound of
dry air.

4, The CO, concentration to each canister inlet
was about 0.2%.

The two main variables under investigation in series P-10
were the canlster size and bed packing configuration as

follows:
# , E, and C-2 (5" x 5")
#2 , A-8 (5" x 20")
#3 , F (5" x 20%)
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Section IX
DISCUSSION
THE ROIES OF CARBON DIOXIDE, WATER AND CATALYST

The partial pressure of C02 plays the dominant role in
the reactions of the KO, bed. Its dominance 1s even greater

in establishing the 002 adsorption rate of the KO, bed than

in establishing the rate of oxygen evolution. (Figures 155
and 156, and 155 and 160). The oxygen evolutlon rate may be
adequate (for a time) even with a low CO, partial pressure
provided the absolute humidity is sufficiently high (Figure
163). In such cases, however, the CO, adsorption rate 1is
inadequate (Figure 164). Since it may be desirable that a
sealed cabin provide a low partial pressure of COy for
respiration, the insufficiency of the KO, to chemically
match the man's R.Q. at a low % COy, must be in part cor-
rected by an additional CO, adsorber in a dual canister
system, Canister A-8, while remaining unplugged the entire
run of 1765 minutes (29 hours and 25 minute:§, would not
maintain the support level for one man after 375 minutes

6 hours and 15 minutes). The "A" canisters in P-2 and P-3

Tables 26 and 27) showed a more than sufficient O, genera-
tion rate up to 435 minutes (7 hours and 15 minutes), both of
which experienced a high absolute humidity and a high COy

partial pressure., The PCO, in canister A-8 was very low,

and probably accounts for this difference, No long duration
run was performed with an A-8 configuration using both high
absolute humidity and high PCO». It would have been interest-
Ing to see how long the canister would have sustained one man
under such conditions. The test run of canister A-8 in-
dicates that a problem still remains in using KO, to support
a man for a long period of time. The effect of the catalyst
on the O evolution rate is shown in Table 30, P-6, A-2, A-4,
and A-5, In the absence of the catalyst, the 0, evolution
rate drops sharply. Therefore, it 1s possible That a cata-
lyst (other than that used in this test program), or dif-
ferent operating conditions {such as bed temperature, or
total pressure)than those used in these tests may be selected
which will allow the man's support level to be reached and
maintained by KO, over a very long period of time¢., In the
rat test, howeveg, the K02 did maintain the physlologleal
support level of the animals for 25 days, which Indicates
there may be difficulty in obtaining the same R.Q. responses
in an open duct system as those experienced in a closed
ecological system., Chemical R.Q. determinations apparently
are best made in a physlolcgical closed-loop respiratory
system.
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. It 1s belleved that the water and CO, reacting with the
KO, forms a K2003 coating around the KO, "granule. At a low
partial pressure, the CO» may not diffuse well through this
coating, whereas with a ﬁigh partial pressure the CO, can,

and thereby the evolutlon rate of oxygen will be maintailned

as reduired for physiological support. Some white-coated
(K2003) KO, granules from test run A-8 were broken open and
unused yellow KO, was observed. The more effectively the
support level was maintained (in other tests) the more com-
Pletely white (K200 ) were the KO, granules inside. Figure 28
is a diagramatic regresentation of this theoretlcal physico-
chemical process of a KO, granule with H,0 and COy, as appears
to be indicated by the results of these open duct canister
tests, In the first two steps of the diagram, (a,,85), Hy0
initiates the process by first hydrating the KO, (evlidenced by
a color change from yellow to orange), and then"with more HxO
forming an outside layer of white KOH (from this hydrate layer).
At the same time, more yellow KO, becomes hydrated in a layer
beneath the newly formed white KOH. In step 3, }, the outer
layer of KOH becomes K2003 under the influence of TO,, and the
layer beneath changes from hydrate to KOH, etec, In step 4,
(Ay), the KOH layer has "moved" beneath two layers of carbonate
by virtue of further action of H20 upon orange hydrate

(KO2 + Hy0) at that depth. The last step, n, represents the
ideal end-point if 100% conversion from KOy to K2C03 has
occurred, and -ﬁs Ay represents the sumation of all the

finite incremenégi changea between steps 4 and n. Under low
PCO,, the KOH layer, as it "moves" deeper in the granule,

does not change quickly enough to K2CO » and since KOH 1s
very hygroscoplc, water is not available for further hydration
and reaction with the KO,, and consequently the rate of 02

generation falls below the man-support level. Identification
of the erystalline compounds at the different layers, and
proof of this theory, might he accomplished by X-ray dif-
fraction of miero-sliees through the granules, or by the
technique of inorganic micro-qualitative analysis.

THE ROLE OF THE ANNULAR SCREEN

Tiie effectlveness of exposing a large area of the
chemical bed to a very low velocity flow airstream (as
accomplished by the annular screen in configuration "A") in
crder to indefinlitely prevent pluﬁging of the canister 1is
very well demonstrated in Figure > and Table 14, The
configurations with the annular screen consistantly showed
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the minimum pressure drop across the canlster both at the
beginning and at the end of every test run. There was never
any important increase InAP whenever the annular screen was
used, i.e., never more than 0.5"H20 increase per linear foot,
and usually much less, regardless of the absolute humidity.
The increase in resistance to the gas flow is a function of
how well the granular state of the chemical is maintained.
Water vapor (present in a physiological respiratory circuit}
passing through a granular hygroscoplc chemical, elther
directly by physical adsorption or indirectly through chemical
adsorptive processes, tends in time to turn the granular
chemical elther into a soggy mass (Filgure 40) which greatly
restricts the gas flow, or into a fused solld salt plug
(Figures 39 and 41) which completely blocks off all air pas-
sage through the canister. This has been the biggest draw-
back to the use of s0lid granular hygroscopic chemicals in
any chemical process wherein a liquid vapor (such as water
vepor) 1s present in the gas stream. The double canister
(Figure 24) is an example of how the modular feature of the
annular screen can be explolted, Two 10" long "A" canisters
were Jjoined in tandem? in which case the inlet plate was not
used In the second 10" canister, but was replaced by a cir-
cular screen with a rubber plug to force annular flow in the
second shell (Figure 25).

ADVANTAGE OF THE ANNULAR SCREEN DEVICE OVER THE CONTROL CANISTER

The control used in all tests was the standard Mine Safety
Appliances (MSA) Company "Chemox" canister. This canister is
used in the "Chemox Oxygen Breathing Apparatus" (Figure 29)
which 18 a self-contained breathing circuit operating independ-
ently of the outside air. The replaceable "Chemox" canister,
containing KO, with a catalyst, generates (upon contact with
moisture in the exhaled breaths a supply of oxygen for breath-
ing requirements for a short period of time, (i.e. about 45
minutes when used in the "Chemox Apparatus"s. The evolved
oxygen flows upward through the canister and into the breath-
ine bag reservoir where it is cooled, and then passes through
the inhalation tube to the wearer's facepiece. The evolvement
of the oxygen automatlically continues in accordance with
breathing rates. An automatic timing device rings a bell at
the end of a preset time (45 minutes) to indicate that the
wearer should return to fresh air.

In the "Chemox" canister, the alr can flow only axially
through the packed chemical bed. The consequence of a small
cross-sectional face area presented to the ailr path is the
deterioration of the granular nature of the chemical bed, with
a reaultant increase in resistance to the air-flow through a
soggy or fused chemical bed. The NAA annular screen device
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Figure 29 Chemox Oxygen Breathing Apparatus
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maintains the chemical bed in the granular condition regard-
less of the length of time it 1s operated, even under condi-
tions of high absolute humidity, or low partlal pressure of
carbon dioxide, in the air stream. The NAA annular screen
device should prove very useful in any closed-circuit res-
piratory system using KOo or lithium oxides in the canister.
This canister device should also be very useful in any chemi-
cal process where a gaseous stream 1s passed through, or over,
a so0lild granular chemical bed. This may be 1n a chemlcal
process having nothing at all to do with atmospheric composi-
tion control.

TEMPERATURE EFFECTS IN GENERAL

It was expected that the inlet temperature would affect
the performance of a KOy canister in an atmospheric composi-
tion control system., In test series P-3 (Table 7) the inlet
temperature was raised to about 95-100°F, The favorable
effect of this on the 0, generation of configurations A, B,
and C 1s seen by comparfng Figure 149 with Pigure 145, At
200 minutes, for example, the average 0o generation rate 1s
increased about 67%. If configuration i only is compared at
200 minutes (in Figures 145 and 149), the 0, generation rate
1s seen to increase about 68%. The annular screen (in con-
figuration A) shows an even greater superiority over C and
MSA at the higher temperature in P-3 than at the lower (normal)
temperature in P-l. The O, generation rate of B 1s better
than either C or MSA at the high temperature, presumably
because the water-absorbing capacity of the activated alumina
{in B) 1s negated at the higher temperature.

The effects of increasing temperature on the CO, adsorp-
tion rate characteristic is séen by comparing Figureg 146 and

150, At 200 minutes, configurations A and C appear not to be
effected by the increase in temperature in thelr CO, adsorp-
tion rates, although the increased temperature did Increase
thelr Op generation rates. Configuration B has increased its
COp adsorption rate about 41% with the increase in temperature,
presumably due to negating the influence of the alumina, making
more free water avallable for reaction, The MSA configuration
has decreased its_COp adsorption rate by about 35% at 200
minutes, This follows along with the slight decrease 1n O2
generation rate (of the MSA Configuration) at the higher tem-
perature. Referring back to page 42 we see that B and C have
less KUo in their conflgurations than does MSA, A, however,
has more than MSA, This order holds true for the Op genera-
tion rates in Figure 145, but (unaccountably) in Figure 149,
this order does not li0ld true for Op generation rates at the
higher temperature.

64




As regards COp adsorption at elther the lower (Figure
146) or the higher” (Figure 150) temperature it is seen that
although C 1s of a less weight (KOs) than A or MSA, it has
the highest CO2 adsorption rate, presumably due to the
affinity of the LiOH for CO». Configuration B, although con-
taining & lesser welght of EOQ than MSA, shows a higher
(Figure 150) COp adsorption rate than MSA (at the high tem-
perature), This may be due to additional water being freed
from the alumina by the increasing temperature, and becoming
available for reaction with KOp.

The effects of temperature could not be pursued more
fully during this test program, but the results of series
P-3 clearly show that in any of the other test series where
the 02 generation rates failed to reach the man support level,
an increase in the inlet temperature (or KO, bed temperature)
would have increased the Op generation to tfie support level
required, provided, of course, that the other conditions were
satisfactory. These other conditions are parameters such as
packing configuration, absolute humidity, partial pressure of
CO2, airflow rate, face velocity, ete. It is interesting to
note (on page 67 5 the effect of a higher bed temperature on
the chemical utilization (02 generation) index. 1In series P-2,
this index for canister B is ~» 1124, while in P-1 the index for
B is only ~ 40%, The major operating parameter difference
between the two was a higher bed temperature for B in P-2 than
in P-1, Also, in series P-2, the index for canister C is ~
117%, while in P-1 the index for C is only ~ 53.5%, Here
again, the only operating parameter difference was a higher
bed temperature (evidenced by a higher AT) in P-2 than in P-1.

The effects of absolute humidity, PCOs, and temperature
on 02 generation rates, are graphically shown on pages 68, 69,
and T70. The effects of absolute humidity, PCOp, and tempera-
ture on CO, adsorption rates, are graphically shown on pages T1,
72 , and T3.

FLOWRATE EFFECTS IN GENERAL

Some comparisons may be made concerning the effect of
changing velocities in identical canisters. Comparing the
canisters in series P-7 and P-9 (both of which series have
similar absolute humidity, % CO,, and temperature conditions)
by inspecting Tables 31 and 33,“we note that in the first
fifteen minutes of operation, canister configuration A
experienced a 150? increase 1n COp adsorption at the increased
airflow rate (P-9), and A- experienced about 67% increase in
CO2 adsorption. Similar increases are seen for A-7 an? the
MSA canister. The O? generation rates are not increased as
consistently in P-Q {higher velocity) compared to P-7
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(lower velocity), but they do show some increase (about 20-25%)
in the A and A-T7 configurations. Face veloclity to the canister
will be a less important factor in a closed-cireult resplra-
tory system than in an open duct system., The closed-clircuit
offers repeated passes of the same atmosphere through the
canister, whereas the open duct system used in this test pro-

gram is a "one-shot” nrocess.

RELATIVE CALCULATED CHEMICAL UTILIZATION INDEX

Table 4 shows the relative calculated chemical utiliza-
tion index (%) of each canister configuration (for the best
set of operating parameters at which it was tested), based
on the weight of KOy in the canister. Because of economic
(and time) considerations, emphasis was placed on testing in
such a manner as to most rapidly develop a near-optimum cani-
ster design, and to discover as quickly as possible the broad
areas of near-optimum operating parameters. Because of these
facts 1t weuld be difficult to say that any particular cani-
ster configuration could not have had a higher relative index
number, given more favorable operating conditions. Table 4
must be interpreted with an eye to the "varying operating
parameters", which are not shown on the table. Time is one
example of a variable operating parameter which must be con-
sidered when interpreting Table 4, The "best"™ index was
determined irrespective of time. The "best" indexes for A-8
and MSA, for example, were determined at 2000 minutes (extra-
polated past 1765 minutes) and 1120 minutes respectively.
Time for other "best" indexes varied from 317 to 575 minutes.
Another set of utilizatlon index numbers would be obtained 1if,
for example, all canisters were evaluated for a given common
total operating time. The chemical utilization index numbers
are based on total operating time (wlth each canister operat-
ing under its own particular conditions), which 1s not always
the same as total life~-support time for a man. The cross-over
time-point can be Seen by comparing the "0o ccnsumed" and "Op
gonerated” columns in Tables 25 through 34, Provided the
vther operating parameters are satisfactory, an increase in
elther the temperature, the airflow rate, or the CO» concen-
tration, or a decrease in the superficlal veloclty, may be all |
that 1s required to increase the 0r generation rate of those i
canisters whose rates are marginal, to the life-support level 1
required by a man, All such variables should be considered (
when intcrpreting the relative index values of Table 4, The f
effects of some of these varlables are graphically shown on *

pages 68, 69, 70, Tl 72 and 73.
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Table 4 Relative Calculated
Utilization Index

Chenilcal

CALCULATED THEORETICAL | THEORETICAL BEST CALCULATED
WEIGHT OF AVAILABLE AVAILABLE O, UTILIZATION INDEX, TOTAL
KOy IN CANISTER, Op (33.7%), (atol atmos. and :2:35. SCF 0 gl:E‘MEANISTER
1b8 KO 1bs 0 TO0°F, o.g891ba/ F—W%EFT'- # | OPERATION
CANISTER 2 2 1.077 ¢t3), SCF 0| Theoretls 2 MINUTES
A3 1.05 0.354 4,28 ﬁ—'-z-g = 55% 17,
B 1.7 0.495 5.98 %’—g% - 1228 " %35 )
. p-2
», *
¢ 1.47 0.495 5.98 l—s'gg - 117% 1(41;02)
.76
c-2 1,47 0.495 5.98 L6 79.7% 365
5.98 (P-10)
MSA 2,00 0.674 8.15 g—‘-g - 7% %120 )
. P-10
D 2.1 0.711 8.60 %g - 758 322
: (p-5)
Ab 2,01 0.711 8.60 -g—'gg - 11.5% 446 )
s (-6
A5 2.1 0.712 8.60 P - 22028 ?15,66)
A-6 2.11 0.711 8.60 g-‘zg - 62% 565
: {r-9)
.92
A~T 2.11 0,711 8.60 g‘.%o’ - 69% 575
(r-9)
E 2,20 0.741 8.96 ﬁ%’ = 49.6% 375
¢ (then
plugged)
(P-10)
9.03
A 3.16 1.065 12.90 .90 = TO% 435
(p-3)
A-2 3.16 1.065 12.90 lg—g% - U5% 317
(»-5)
a8 6.32 2.129 25.76 %:?% - 72% e rapolated
{p-10)
6.1
F 8.80 2,965 35.80 3§g§ - 17% %eo
then
plugged)
(p~10)
# NOTE: An index greater than 100% indicates that the measured weight of KO_. in these

particular canlsters was probably greater than the caloulated weigh%.
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ABSOLUTE HUMIDITY, PFCOp, AND TEMPERATURE EFFECTS ON Op
GENERATION RATES

Some interesting effects on oxygen generation rates are
seen in the following tables and figures. Normal rates are
seen in Table 18, while the rate depressing effect of mole-
cuiar sleve 1s seen in Table 19 (A-3), Table 20(A-4), and
Table 21 (A-6)., The rate depressing effect of low absolute
humidity is seen in Table 22 (P-8) as compared to Table 20
(A-2, A-4, and A-5). The plugging of configurations E and F
are clearly shown in Figures 130 and 136, The man-rate
support level graphs (Figures 145 thru 164) are very clear
comparative representations of all the factors at various
lavels, We can compare O generatlon curves from the man-
rate support level graphs for the effect of absolute humidity
on & particular canister configuration as follows;

Can. A, P=7 .
s.oF 0 (100 gr/ib)
5 6.0'
173
1 —
= -
@ 4,0
B
e

Can. A, P-8

Iow H0 (10-35 gr/lb)

] 1
0 100 200 300 400 500

TIME - MINUTES
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Although the PCO, in P-7 is seen %o be lower than in P-8,
the higher absolute humidity in P-7 was responsible for in-
creasing the 0o generation for canilster A, P-7 over that of A,
pr-8. Canisters A, P-7, and A, P-8 operated tnder similar condi-
ticns of temperature and flowrate. The absolute humidity for
the P-7 series was about 100 grains/lb of dry air, and about
10-35 grains/lb of dry air for the P-8 series. At 420 minutes
the total 0o generation for the A Canister in P-7 series was
~ 31% greater than that of the A canister in P-8 series,

The graph below compares the O» generation curves from the
man-rate support level graphs for tge effect of PCOp2 on a
particular canister configuration.

OXYGEN - SCF

Canlsters A, P-1, and A, P-9O operated under similar condi-
tions of absolute humidity, temperature; and flowrate., The
PCOp in the P-1 series was ~ 1,0% and ~ 0,24 in the P-9 series.
At 210 minutes the total 0o generation for the A canister in
the P-1 series (1.0% CO2) was ~ 66% greater than that of the A
canister in the P-9 series (0.2% COg?
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The graph below compares the 0, generation curves from

the man-rate support level graphs for the effect of tempera-
ture on a particular canister configuration,

T.0F

6.0F can. A, P-3

High Temp,
{95~100°F)

5.0
4oF

3.0%

OXYGEN - SCF

2.0F

1.0

TIME - MINUTES

Canisters A, P-3 and A, P-1 operated under similar con-
ditions of absolute humidity, PCO,, and flowrate. The
temperature was~95 - 100°F in the P-3 series, and~T76°F
in the P-1 series. At 250 minutes the total 02 generation

for the A canister in the P-3 series was ~ 63.5% greater than
that of the A canister in the P-1 series.

ABSOIUTE HUMIDITY, PCO,, AND TEMPERATURE EFFECTS ON
CO, ADSORPTION RATES

We can compare the CO, adsorption curves of the same
canisters whose man-rate support level graphs were useful
for comparing various effects on the O, generation rates.
The graph below compares the CO, adsorptlon curves from the

man-rate support level graphs for the effect of both absolute
bumidity and PCOp» on a particular canister configuration.
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Canisters A, P-7, and A, P-8 operated under similar
conditions cf temperature and flowrate. The absolute
humidity for the P-7 series was about 100 grains/lb of
dry air, and only about 10-35 grains/lb of dry alr for the
P-8 series., At 420 minutes, however, the total CO, adsorp-
tion for the A canilster in the P-8 series was ~ 73% greater
than that of the A canister in the P-7 series. Since the
absolute humidity was much lower in P-8 than in P-7, this
difference 1s clearly due to the greater PCO, (0.5%) in P-8
than in P-7 (0.2%), and shows the dominance of PCOy as a
controlling variable in CO, adsorption (of the A canister)
over that of absolute humidity.
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The graph below compares the 002 adsorption curves from
the man-rate support level graphs for the effect of PCOp
on a particular canister configuration,
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Canlster A, P-1 and A, P-9 operated under similar con-
ditions of absolute humidity, temperature, and flowrate. The
PCO, in the P-1 series was ~» 1.0% and ~ 0.2% in the P-9 series.

At 210 minutes the total CO, adsorption for the A canister in
the P-1 series (1.0% COp) was ~ U447% (4-1/2 times) greater
than that of the A canister in the P-9 series (0.2%) COp,
showing the very large effect of PCOy on COp adsorption
rates, and the similarity to the five fold increase in PCOs,

The graph below compares the CO» adsorption curves from
the man-rate support level graphs for the effect of tempera-
ture on a partlicular canister configuration.

T2

e




4.0

3.0F

€O, - SCF
»
o
]

Can, A, P-1 (76°F)

1.0k Can. A, P-3 (95°-100°F)

(o] 40 80 120 160 200 240 280

TIME - MINUTES

It 1s i1mmediately seen that the two CO, adsorption
curves above coincide in this case, Canisters A, P-1 and
A, P-3 operated under similar conditions of absolute
humidity, PCOZ, and flowrate. Even though the temperature
in the P-3 series was ~ 95-100°F, and ~ 75°F in the P-1
series, the CO, adsorption rate (for the A canister) was
not affected by the increased temperature.

THE DUAL CANISTER SYSTEM

The author feels strongly that the dual-canister system
will prove superior to a single canister containing one solid
chemical (or even a mixture of two solld chemicals) for the
purpose of O, generation and COy adsorption. The best way to
match mants %.Q. with a solld chemical system is to control
the airflow through each one of two canisters (in the dual-
canister system) by oxygen and carbon dioxide sensors which
will modulate the airflows to each canister upon demand
slgnals,
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ADVANTAGES OF LITHIUM OXIDES OVER KOp

Lithium peroxide, Li,O,, appears to offer some promilse
as an alternate to KOo for solid chemlcal atmosphere composi-
tion control. ILis0p has a slight theoretlcal welght advantage
(~ 34,6% available Op) over KOp (~ 33.7% available O5). Of
more importance than the slight welght advantage is the advant-
age of L1202 In providing a less hygroscoplic intermediate
product (LiOH instead of KOH) whieh is less subject to liquid
slugging. No published data is currently avallable on the
performance of this promlsing material for use in an atmos-
pheric composition control system, although lithlium peroxide
of 90 to 95 percent purity and good stability i1s available
from three known sources. (Reference 3).

If 1ithium superoxide, Lioz, can be syntheslzed and

isolated in a stable form at normal room temperature
{Reference 3), 1t would have a greater theoretical weight
advanta§e (~ 61.7% available Op) over KOy ( ~ 33.7% avail-

able 02

Use of a stable form of sodium superoxide, NaOo, (~ 37%
avallable 02), might also prove advantageous welghtwise,
especlally with the NAA annular screen device used to prevent
plugging of the canister,

DISPROVING A THEORETICAL EQUATION FOR MATCHING MAN'S R.Q.

During the test program, it was observed that the neces-
sary rate of reaction in the KO, canisters redulred a con-
siderably higher absolute humidity (grains H,0 per pound dry
air) than had been calculated on the basis of the much-~
publicized theoretical equation for K02 purporting to match
man's R.Q. (used in Appendix A)., This lead to the conclusion
that the theoretical equation does not occur. The theoretical
reaction is written as follows:

2 KO, + 1.23 CO, + 0.23 Hy0 =
0.77 KxCO5 + 0.46 KHCO; + 1.5 0O,

The matching of man's R.Q., assuming it does oceur in
this equation, is calculated as follows:
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1.23 pound-mo? COp 1.23 x &4 54.12 1bs COp

1.5 pound-mol O, ~ 1.5 x 32 48 1bs O,
0.123 1b €O 4,12 1bs CO
3 2 _ 2 2,x-.-440ft3002
1 £t3 X £t3
0.089 1b 0 48 1bs O
———2 - ——2 ,x = siof30,
1 143 X £13
Vol €O, 440 £t3 6
R Q= o1 0, 540 fe3 T 0.52

The calculation of the theoretical weight of O for a pound

of dry air (absolute humidity) required for this reaction to
occur stoichlometrically 1s as follows:

B i .}

Assuming 2.25 1b. 002 is produced per man-day,
then the edquation is simplified to the proportion,

1.23 pound-mol CO2 0.23 pound-mol H20
2.25 1b CO, - X 1b H,0

1.23 x (44) 0.23 x (18
2.25 = ";;"Y"('—l

lbs. HoO
man-day

or

X = 0,173

and

e = ©-00012 1 B0y 7000 = 0.8y EX2ins Hp0

man-min. man-min.

Assuming an airflow of 12.5 _EE%%%EEF— » an inlet air

temperature of TO°F (530°R), a gas pressure of 1 atmos-
phere, and the welght of one pound-mol of air to be 29
pounds, the inlet absolute humidity required per minute
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(ort a one man basis) to satisfy the theoretical
equation is then calculated as follows:

PV = "‘MLRI'
W T
v = T X Rx T
lbs lb -£
VvV =
25 Tbs =n Y et I
in
_12.5 x 10.7 x 530
v - 29 x 1 x 1i4.7 166.5
£t3
v . 65p g gt
60 min mi
0.84 EE%%%& grains H,0
Absolute Humidity = 3= 0.302 3 .
2.78 £t £t° air
= min
0.84 grains grains H,0
or Absolute Humidity = ——SiL x g0 Bl min = 4,04 ~—————;§é
12,5 8 1b air

Since no apparent chemical reaction occurred during the tests
at an absolute humidity as low as 8 grains H20 per pound of
dry air, this was understood (by empirical induction) to mean
that the attempt to prove the theoretical edauation correct
had falled, and therefore the equatlon was not true. This
was further substantiated by the fact that the use of KO2
(without a separate canister of COp, adsorbent) could not
provide for matchling the resplratory duotient of man.
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APPENDIX A
A CANISTER DESIGN METHOD

The following method was used to determine the basic KOp
canlster sizes for the atmospheric composition control system

test:
1.

2.

Assume the following:
CO, production/man-day = 2.26 1lbs. COp
O consumption/man-day = 2.0 1lbs. Op

Assume that both the absolute and relative humidities
through dew point and temperature control respec-
tively? temperature and % COo input to the test
canisters can be controlled to match the overall
chemical reaction with man's R.Q. (0.82) as follows:

2 KO2 + 1.23 €O, + 0,23 HO =

0.77 K CO3 + 0.46 KHCO3 + 1.5 0

Simplify this equation to its essentials for the
canister design, and calculate the stoichiometric
welghts, as follows:

71 gm L4 gm 32 gm
2 KO, + 1.23C0y =1.50,

(2)(71) x 2.2 x 103 = 0.312 1b. KO,
(1.23) (44) x 2.2 1073 = 0,119 1b, COp
(1.5)(32) x 2.2 x 10-3 = 0.105 1b. O,

and determine that this matches man's R.Q.;

R.Q

COaft3 0.119/0.123 _ 0.97 £t3

y - 0.82
* =0, r3  0.105/0.085 1.18 r&3
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Determine the K02 required to absorb 1.0 1b.
COs at 100% and 80% efficienciles;

0.312 1b. KOp _ X1b KOp
0.119 1b. CO, 1.0 1b CO,
X = 2.6 1b. KOy/1.0 1b. COp, 100% efficiency

X = %;g = 3.2 1b. K0,/1.0 1b. COp, 80% efficiency

Determine the KO, required to produce 1.0 1b. Cp at 100%
and 80% efficiencles;

0.312 1b. KO, X 1b KOz

0.105 1b. O, 1.0 1b.0,

2.9 1b. Koa/l.o 1b. 0,, 1004 efficiency
2.
2:2 = 3.6 1b. K0/1.0 1b. 0p, 80% efficlency

X
X

[}

Assume the C02 production per man per 5 hours 1is;

2.3 1bs. x5 _
2:3Pp8- X2 = 0.5 1b. COp

and the O, consumption per man per 5 hours 1is;

2.0 1bs. x 5 _ 0.42 1b. O
24 hrs, 2

Determine the weight of KOp required for COs absorption
and O, production per man per 5 hours (at 88% efficiencies);

1 1b. COp 0.5 1b. €O,

3.2 1b, K0, X 1b, KO,

X =1.6 1b. KO, per man per 5 hours
1 1b. 0, 0.42 1b. Op

X =1.5 1b. K02 per man per 5 hours

and
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Take the weight of KO, required as beilng the greater of
these two values, or 7.6 1b,, since a greater weight of
COo is produced by man than 1s Oy consumed.

Since a requirement of the test program is that the pre-
1iminary test canisters operate at near steady-state
conditions during at least one hour of the 5 hour test,
and also considering that the weight of the KOz in some
canister packing configurations may account for only T0%
of the total packing weight, we should calculate a cani-
ster volume good for double the hours of the actual test,
and for a maximum of 30% inert packing weight, as follows:

1.6 x 2 x 1.3 = 4.16 1bs. KOp

40 1bs/ft3 = density of 2 to 4 mesh KO,

therefore, 40 1bs. _ 4.16 1bs. KO,
1 £t3 X £t3

X = canister volume required = 4,16 = 0.10 £t3
o

If we assume a satisfactory residence time of the gases
in the canister to be 1 second, and a face velocity of
1 ft/sec, we need only solve for the cross-sectional

area of a 12 inch long cylindrical canister as follows;

2 _ volume
LU - leng
o 0.10 £13
r* ="71T1t
3.1416
r = V0.0318
r = 0,178 £t x 12 = 2,136 inches

Inside diameter of required cylinder =

D = 4.3 inches and D2 of cylinder = 18.5 1nche52.
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10.

11,

12,

13.

The volume of & 12 inch long cylinder 1is then;

Volume = ilé;%lﬁlgl = 17h inches3

or
174 inches3 x 5.78 x 10~4

0.10 f£t3

The weight of 100% KO. that would f1ll up this size
cylinder is; =

Volume

W = (0.10 ££3)(40 1bs/ft3) = 4 1bs

and this corresponds closely to the weight of the KO,
in step 8 which will make allowance for up to 30% inert
matarial in the canister packing contents, and provide
for about 10 hours of operation before exhaustion of the
chemical.

The volume of gas which would flow through a canister of
this size at a face velocity of 1 ft/sec is 6 CFM.

The englneering laboratory had on hand three plexiglass
canisters (from the test in Reference 1) with dimensions
of 5" (I.D.) x 10" 1long and it was decided to use these
cylinders, and fabricate the others needed with the same
inside dilameter. The volyme of these basic canisters 1s
196.35 inches3 or 0.11 ft3. With the same density of KOp
as in step 8, this canister could hold 4.4 1bs, of 100%
KO2, or allowing for up to 30% inert material, the cani-
ster will provide about 9.6 man-hours of operation before
exhaustion of the chemical. The volume of gas which would
flow through a canister of this size at a face velocity
of 1 ft/sec is 8.16 CPM, 5.5 CFM at 0.67 ft/sec, and 2.7
CFM at 0.33 ft/sec.

Two other sized canisters were needed for the test program
where the face area/length ratio is varied. The experi-
mental test plan indicated that with a constant face area,
the length of these other two canlsters should be respec-
tively one-half and twice the length of the basic cani-
ster (in step 11). ‘The three canister face area/length
dimensions are therefore 5" x 5", 5" x 10", and 5" x 20".

The dimensions and packing configuration of the extended-

duration test canister depended on data gathered during
the preliminary tests.
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If we assume the volume of air flowing through the
canister to be 5.5 CFM (step 11), we can_check the
feasibility of 1.0 inch ducts (0.0054 £t2) to and

from the transition pieces at each end of the canister,
as follows;

5'5 CFM = 8. = 6. P
5005 Ft2 1018.5 FPM = 16.9 FPS

This duct veloclty corresponds to recommended duct
velocities for taking wet-bulb temperatures.

The transition pleces at each end of the canisters
were designed with a half-angle of 15° to assure
uniform superficial flow over the inlet face of each
canister. Number 10 mesh stainless steel screens at
each canister face served further as airflow straight-
eners and diffusers.
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Appendix B
TEST DATA

PICTORIAL REPRESENTATION

The test data 1s presented here in five distinet groups

of tables and graphs (described on pages 89-91 ) accompanied

by a series of photographs which serve in some measure to
11lustrate the degree of fusion of the solid chemlcal granules
in each canister after each test. Inasmuch as the photography
is not in color, the identification of the materials, and
ghgir appearance in the black and white photos is given as

ollows:

In canister A, the reacted (used) KO, granules appear as
white K200 , as expected. However, in the E and F canisters,

(Figures 39, 41) the unused KO, appears white in the photo
whereas its actual color was yellow. Also easily seen
(especially in canisters E and F) are the grey unreacted
granules of KOp impregnated with the catalyst which is close
to thelr actual "color®. It is noticeable (especilally in
canister A-8, and the reacted portion of F), that the grey
§ranu1es turn black when reacted, which 18 true to the actual
color". In canister C-2 the small white granules of LiOH
are easlly distingulshed from the larger white reacted KOo

(K200 ) granules, and of course the black granules are reacted

KOs ( 2003) impregnated with the catalyst. The small white
granules of L1OH are easlly apparent in the C, D, A-5, and
A-T7 canisters. The black lava rock appears as black granules
in canisters B, C and A-3, and of course are difficult to
distinguish from the reacted KOp (K2003) granules impregnated

wilth the catalyst.

The activated alumina in canister B appears in 1its true
"ecolor" as very small grey round pellets.

The small grey rod-shaped pieces of molecular sieve in
canister A-3, A-4, and A-6, are very difficult to identify.
The photographs, if carefully observed, show the varying
degree of fusion, and/or bonding, of the chemical granules
in each canister. It 1s apparent that the least fusion
occurred in the various A canisters. Canister € and D, both
of which contained LiOH, show a greater fusion than A.




Canister B, containing activated alumina also shows greater
fusion than the various A canisters., The photograph of
canister E clearly shows the solid plug formation (about 1-1/2"
thick) which caused complete airflow stoppage of the canister
after 425 minutes., Canister F shows thils same plug, with the
same results. The photo of canilster C-2, even though it con-
tained LiOH, illustrates how the entire contents were turned
into a soggy mass which offered greatly increased impedance
to the flow of air through the canister, In the last photo,
the white reacted KOp (K200 ) granules, and the black reacted
granules of KO, (K2003) witg catalyst, are seen throughout
the entire A-8 canister, which contrasts strongly with the F
canister with 1ts 2" plug formation at the inlet end, and its
18" long unused bed of KOs + catalyst.

PARTIALLY REDUCED DATA

Tables 5 through 14 are the partlally reduced data from
the test Iinstrumentation measurements. These are self-explana-
tory with some exceptlons. In the test serles P-1 through P-5,
the grains/1b HyO columns for outlet air are not filled. This
1s because the data obtained from the wet bulb thermocouples
was not consldered correct when 1t was discovered that the
wicking material around the thermocouple Junctions did not
remaln properly wetted by capillary action from the wick-
wetting water jars. (Figure 17). The readings from these
particular thermocouples were ignored after ducts were instal-
led for taking wet bulb readings with the Hygrophil "gun®,
(Figures 13 and 14). Also, after the P-5 test series, the
exhaust manifold was removed (Figure 13) which lowered the
pressure upstream of the canisters (Pn columns). This
allowed a more nearly constant flow-rate through the canisters
as well as providing for a greater capacity from the blowers.

IBM REDUCED DATA

Tables 15 through 28 consist of the data reduced by the
IBM 7090 computer from the first group of tables. These
tables are self-explanatory. Standard conditions in these
tables are TO°F and 1 atmosphere pressure,

SC-4020 GRAPHS

The curves in Fiﬁures 42 through 144 were drawn by the
Stromberg~Carlison SC-4020 computer from the IBM 7090 reduced
data. The graphs are self-explanatory with the possible
exceptlion of Figures 108, 114, and 117. The portion of the
curves helow the absclssa in these figures represent negative
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values, or desorptlion of water from the XO, bed due to the
low inlet absolute humiditles. The horizontal lines below
the abscissa represent the 1imit of the computer scale, or

a truncatlon of the curves. The requirements for Op consump-
tion per man are ~ 0.,0168 SCFM, and the man-rate of CO,
production is ~ 0.0138 SCFM, where TO°F and atmosphere pres-
sure are taken as standard conditions. (R.Q. = 0.82).

The heavy black horlzontal line across each graph of 02
produced and COo adsorbed represents the rate of 0s con-
sumption and CO2 production, respectively, of one man. Of
course, in a sealed cabln with the dual-canister system
described on pages 16, 73 these rates would be adjusted by
demand controls, and, provided the absolute humidity and
partial pressure of the COp in the cabin air are both suffi-
clent to assure a good rate of 0o evolution (Figure 42), the
curves would approach, and tend %o parallel, the man-rate line.

On some graphs, the man-rate line for CO, appears above
the grid. In these cases, the line is actualgy beyond the
computer scale 1imit, but has been inserted as a reminder

that the true locatlon i1s somewhere above the grid. These
cases in particular occurred when low absolute inlet humidites
and low PCOp2 were used, or when molecular slieve was used. The
% inlet COo 1s repeated on each graph of Oz generation and COp
adsorption for convenient reference because of the lmportance
of the CO2 partlal pressure in the evolution and adsorption
rates of oxygen and carbon dioxide respectively. The inlet
absolute humidity range is also indicated on the graphs.
Because of the relatively wide range of inlet absolute humidi-
ties, reference to the exact values of absolute humidities can
be made from the appropriate partially reduced data sheet.

The same may be done 1n regard to the HoC adsorption graphs.
It is seen from the curves that the HpO adsorption is, in
general, proportional to the inlet absolute humidity. Also,
the reacer will notice that a low (0.2%) CO, partial pressure,
or a moderate {0.5%) COp partial pressure, is not the sole
influence for a low generatlon-adsorption rate inasmuch as a
low absolute inlet humidity may have the same effect on the
curve. For example, Figures 94, 95, and Figures 106, 107

show low generation-adsorption rates, but for different
reasons. Figures 106, 107 represent a moderate CO2 partial
pressure with a low absolute humidity. (Table 12).

INTEGRATED DATA

Cumulative Data

Tables 25 through 34 are cumulative and comparative, and
were compiled (partly) by geometric integration of the areas
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under the 3C-4020 curves. The columns show the parameters
becoming (usually) larger by successive additions as functions
of time. The oxygen generated and carbon dioxide absorbed
columns together represent the chemical respiratory quotient.
Thelr ratio is presented in the CUM, R.Q. column which does

not show an increase in every case (such as when the cumulation
rate of oxygen 1is greater than the cumulation rate of carbon
dioxide)., The oxygen consumed and carbon dioxide produced
columns together represent the normal physlological respiratory
quotient of man, which is taken as 0.82,

Man-Rate Support Level Graphs

The areas under the SC-4020 curves for O, generation and
COo adsorption were geometrically inteﬁrated, and the results
were plotted in Figures 145 through 164 with the man-rate
production, or adsorption, as a function of time. Curves,
or portions of curves, above the man's support level (dashed
1line) indicate the abillity to support the respiratory require-
ments of one man. Thils abllity 1s mainly dependent on bed
packing conflguration, inlet COz partial pressure, and inlet
absolute humidity.

FURTHER ANALYSIS OF TEST DATA

All test data of any importance has been included in this
report to encourage the individual reader towards further
study and analysis of the flgures, tables, and graphs, lnasmuch
as 1t was beyond the capabllities of the author to extract all
possible information 1In the time allotted to do so.
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Test P-2, Inlet End, After 450 Minutes

Figure 31
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Figure 39

Test P-10, Inlet End, Canister
425 Minutes
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Figure 40 Test P-10, Inlet End, Canister C-2, After
680 Minutes
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Figure 41 Test P-10, Inlet End, Canlsters A-8 After
1765 Minutes, and F After 425 Minutes
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Table 32 (econt.) Cumulative Data, P-8
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