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ABSTRACT

This report first discusses the methods available for supplyiag
oxsgen to cvistors flying at high altitudes. The variouc oxygen sources
wnd appuratus eaploying them are described, the advantages and disud-
veatuges of each being stressed. Kext, the meeans by which a currier or
tender can suppiy the oxygen to ship-bused planes are discussed. The
general eonclusion arrived at is thet owing to the lack of eszential date
and t> the rapidity of advance of Nuval aviatlon, no clearcut decision cun
b made at present as to the best oaygen methods for Naval use.
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AUTHORIZATION

1. This repert was requested by the Bureau of Aeronsutics
ietter, reference (u). Other pertinent correspondence is given as
references (b) and (c).

Reference: (a) Bulerc.conf.ltr. ser-E-252-5G F49-1 of
17 Decembsr 1936.
(b) Buderoc. Intrabureau Restricted Memo.
Aer-E-252-AQ F49-1 OVL/MV1 of 6 June 1335.
(¢) Bulerc. lntrabureau Memo. Aer-E-252-RL
QB(71)F49-1 of 16 June 1936.

The "confidential® status of tkis report is necessitated by reference
herein to confidential problems wmmder the cognizance of other Bursaus.

STA' BLEM

2o Above certain altitudes, s human being acclimated to normal
atmospheric pressure is affected by lack of oxygem unless provision is
made to supply air or oxygen artificially. High-altitude planes must
therefore carry some source of oxygen for their persomnel. For ship-
based airoraft, this oxygen source must be supplied by the carrier or
tender. This report appralses the available scurces of oxygen for air-
craft and the methods for supplying these oxygen sources from carriers
and tenders.

Historical

3. During the later stages of the World War, the development of
combat flying had already reached the point where altitudes at which the
pilots required oxygen were oftem reached. Crude apparatus to supply this
was hurriedly developed. S8ince that time, all of the major alr powers bave
studied the physiology of high-eltitude flying and have developed many
forms of oxygen apparatus. Resumes of the sarlier developments are given
in the bibliography.

be The physiological factors governing the behavior of pilots
under conditions sxisting at high altitudes are none too well imowni but
research on these is being continuously done throughout the world. Several
of the references in the bibliography deal extensively with these physioclogical

factors.

5e For the oxygen consumption calculations in this report, a normal
bhealthy man acclimated to sea level conditions »ill be taken as the standard.
The amomat of oxygen consumed by his body is governed largely by the amount of
carbon dloxide liberatsd in his lungs. Fben seated at rest, this amounts to
ebout 0.70 cu.ft. of ocarboa dioxide par man per hour. The amount of* oxygen
necessary to liberate this amount of carboan dioxide variea with the nature
of the food which is eaten, WNith a normal diet, ths respiratory quotient,
that is to say, the retic of the volume of carbon dioxide to the volume of

-1-
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COBCLUSIONS,

(a) The following insulating compounds were found unsultable as
water-proofing material for multi-layer radio frequency inductances:

Bakelite varnish No. 6049.
Bakelite varnish No. 6653.
Insulex No. 33.

Insulex No. 67.

Liquid Crolite Super-Quarts.
National Company Coil Dope.
Q-Max No. 3.

Q-Max No. 4.

Solaroid air-drying varnish.

(b) The following waxes were found suitable for this purpose:

Q-Max wax.
Refined high-melting-point paraffin.
Superla wax.

(c) The suitsbility of a material as a water-proofing coating
for inductances for gemeral radio frequency use should be determined by
tests on multi-lsyer coils which approximute, in depth of winding and
coil capacity, the larger coils which it may be desired to protect
against high humidities. Such & coil is described in this report
under "Recommendations.”

- la -
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oxygen consumed, is equal to about 0.8z; therefore, about 0.85 cu.ft.
of oxygen per man per hour is required. This consumption iIs little
affected by altitude, but is increased by wuscular activity.

be Such a normcl individual zcclimated to .ea level conuitions,
when on a flight to high altituces, wiil require some source of oxygen
above 12,000 to 15,000 feet. Lacking this, the cffects of oxygen de-
ficlency will ensue. Oxygen want is very incidious und mo,s appecr quite
unexpectedly with the pilot thinking himself perfectl, well und happy
but actunlly on the verge of collapse. To gquote an English authority,
Yajor C.J. Stewart, "It is importunt to reuiisc, hosover, that the dulling
of perception and judgment begins in most people at .... 12,000 fi. to
15,000 ft. The pilot himself may not be, and usually is not, aware of
it. Om the contrary, he very probably has a somewhat exclted sense of
confidence. He is, in fact, somewhat like those bibulous wits who
inagine they are very clever, whersas to the omlooker their luck of
judgment and coordination is puinfully apparent.®

Te Given an adequate supply of oxssen and sufficient clothing to
keep warm, the pilot in an open cockpit plane can go up to & critical
region of about 42,000 - 45,000 feet, above which physiological reactions
caused by the low pressure on the outside of his body wss induce collapse.
Above this, some form of pressure-tight cabin or other means of maintuining
a oressure on the pilot's body must be employed. (It is true that the
Italian aviator, Commendatore Dontti, went to 47,360 feet in un open-
cockplt plane. But he waa especizlly trained in high-altitude flying and
in spite of this almost collapsed.) Plate 1 is the fumiliar pressure-
altlitude curve based on the U.S. standard atmosphere and shows these
critical regions.

8. Whatever source of oxygen for respiration is provided, there
are t¥o besic methods of employing its

(a) Ibe inhslation cycle. 1In this, the oxygen is inhaled
from the source of supply and the products zre breathed
out into the stmosphere surrounding the pilot.

(b) Ibe re-breathing cycls. Here, the oxygen is inhaled

from the source and the products of respirztion are

exhaled through the chemical purifying agents which re-
move the water and cerboa dioxide expired maud return
the wnused oxygen to the supply. The Navy subiarine
escape lung is an excellent example of the re-breathing
cycle. The dats given above for the net oxygen cob-
sumption of 0.85 cu.ft. per hour is the amount of oxygen
required for a perfect re-breathing cycls.

228 Physiological studies show that the re-breathing cycle is far
more economical of oxyzen. A mormal men seated at rest breathes about 1€
times per minute and at low altitudes each breath takes in about 0.018 cubic
feet, a total inspiration of about 17 cubic fcct per hour. If he is
breathing pure oxygen, the oxygen supply must be at this rate. Hhith in-
cressing altitude, the depth of breathing tends to increase, but as the
pressure decreases, the volume of the oxygen breathed measured at sea
level pressure would tead to decrease. (Since only 0.85 cublic feet per
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hour of oxygen is zctuslly consumed by the body, the wastage with the
inhalation cycle is great.) Current practice im airplane oxygen supply

is not to breath pure oxygen at all sltitudes, but to permit the pilot to
breathe in air et ell eltitudes and to mix with the air going into his
lungs sufficient oxygen to make up the oxygen deficiency in the low pres-
sure air. In Plate 2 a comparison of oxygen requirements of these various
gystems is given. The lower curves (1) represent the oxygean required by
& man with a perfect re-breathing system; the upper curves (2) are estimates
of the oxygen deslivery of & system in which he breathes pure oxygen at

all altitudesy and curve 3 shows the British Air Ministry standard de-
livery for a system supplying oxygen tc make up the oxygen deficiency

in the low pressure asir breathed. This last curve includes an allowance
for the wastefulness of this system and for considerable activity on the
part of the pilot. The character of curves 1 and 2 at high altitudes is
wncertain and is so indicated by the dotted lines. (In all gas volume
data given in this report, the volume which the gas would occupy if it
were cofjpressed to sea level ssures is given unless a specific state-
ment to the contrary is n&ds.fra

on ity of uired

10. It is suggested that the gquentity of oxygen to be carried sboard
a plane be aspecified as follows: The plane shall carry sufficient oxygen
to supply its occupsats during & flight in which the plane climbs at its
naximom rate to its service ceiling, flies at that altitude until its
gasoline supply is practically exhausted, and then returns to a high pres-
sure level.

11. In the ealculations below, a plans carrying 150 galloms of
gesoline consumed at a rate of 30 gallons per hour will be assumed. The
oxygen storage for onme man for five hours at high altitude will thersfore
be computed. The nature of the oxygen consumption curves (Plate 2) makes
it difficult to make a rational assumption as to the probable rate of use
of oxygen. A reasonable compromise of 1 liter (= 0.035 cubic feet) per minute
for the re-breathing cycle and 5 liters (= 0.18 cubic feet) per minute for
the inhalation cycle will therefore be assumed. For & five hour flight these
figures correspond to 10.5 cubic feet total and 53 cubic feet total,

respectively.

OXYGEN SQURCES ON THE PLANE

12, The characteristics of the source of oxygen for supplying high _
altitude planes will have to be a cospromise between the following desideratas

Operaticn. It sust be positive in operation. Material fallure on

- a plane, eveu serious structural and power plant failure, usually
permits the pilot either safely to land or to bail out. Bui failure
of the oxygen supply lesds to unconsciousmess or impairment of
manpal function which may result in death from crashing or from
suffocation. Several recent record flights ~ for example, those of
Howard Hughes, Squadroo Lsader Swain and Commandatore Donati ~ have
been characterized by failure of the oxygen supply with almost
disagtrous consequences. If positive operation umder all conditione
camnot be insured, some emergency provialon for oxygen supply must

B
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be made. The epparatus should be siumple and preferably auto-
matic, as the pilot is preoccupied with his other duties. I1f
possible, it should be governed by the demend of the lungs.

The system must function continuously, whatever the aftitude of
the plane; vibration must mot affect it.

(b) Majntensnce. The oxygen supply should be quickly replenishable
or replacesable and should be simple to maintain and repsir.

) Sonstrainte The equipment should interfere as little as pos-
sible with the movements of the pilot end with his vision, hearing
and speech. Machine guners (opsrating a free gun) must be

s:pecially free to move repidly and must have a wide field of
view,

(d) Faight. The weight of the oxygen equipment must be as low as
possible compatible with the necessily for positive operation
and other desired characteristics.

(e) Spsce. The spece required should be as low as possible. The
space occupied should, if feasible, be space which would remain

o:l:rﬂu wmsted, as in wings, aft in the fuselage, under seats,
L 471

(£) Compositicn Control. There is considersble evidence to show
that prolonged treathing of pure oxygen may be undesirable,
Small percentages of carbon dioxide are apparently advantageous.
In his record altitude flight Comm. Donati used an oxygen-—carbon
dioxide mixture as a result of the conviction of the Italian
aviation medical authorities that carbon dioxice was necessary
in oxygen for use above 30,000 - 35,000 feet. Breathing of dry
oxygen dries up the mucous membranes, with resultant discoafort
and possible impairment of clarity of speech. It may therefore
be necessary to employ apparatus by which carbon dioxide and
water vapor may be added to the inspired oxygen, or experience
may prove other compositions, such as oxygen-enriched air, to be
more satisfactory. Ability to comtrol the composition of the
inspired oxygen is therefore desirabls.

(g) Economy of Qxygen. The system should be economical in its
conmmption of oxygen.

(b) Jemperature Rffects. The system must be insensitive to great
changes in ambient temperature. Any moving parts or connecting
tubes must not cease functioning by becoming clogged with ice.
The oxygen must reach the pilot at a temperature close to body
temperature.

(1) Altitude Effects. The apparatus must function properly st all
altitudes and with rapid change in altitude.

(3) Health Hasard. The oxygen source must not eonstitute & hazard to
the health of the pilot, ss from contamination by chemicals or
by carbon monoxide from the engine exhaust. Experience has

acf
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shown that breathing very cold oxygen, as from liquid oxygen
sources, may contract the metsllic £illings in teeth and re-
sult in their loss. The efficiency of the personnel, especially
the pilot, must be kept at & meximum,

(k) Adeptation to Plane Type. The system must be adapted to the
specific type of plane on which it is to be used. Thus pursuit
planes for acrobatic and flying snd dive bombers require spparatus
which will function in attitudes and wnder accelerationa which
make impossible the use of equipment which would be satisfactory
on patrol planes,

13, There are three general ways for carrying the required oxygen
on board a high altitude airplanes

“ as air
(1) GCaseous oxygen 1L or piTe oavE

(2) Liquid oxygem.
(3) Oxygen in chemical form.

1. Cne apparent method of supplying air to the pilot is to have
a mask supercharged to about 1 ata. as by the engine super-charger. This
meathod 18 of very limited application, as at any altitude there would be
an excess presstre within the lungs above that om the outside of the bady.
Experiment (by the Experimentsl Diving Unit, Washington Navy Yard) proves
that the body can withstand such a pressure differsnce only when 1t is
not greater than a very few pounds per aquare inch.

15. Two metbods have been suggested for using alr. In the first,
the plane ia provided with a sealed cabin which is maintalned at &
pressure corresponding to an altitude of 12,000 feet or less by meens
of the engine or other super—chargers. Officials of tranaport lines al-
ready foresee the time when transport planes will be designed with sealed
cabins. The THKA, and the Douglas and Martin Companies are experimenting
with this type of comstruction as is the U.S. Army Alr Corps. The decision
to use super-charged cabins for transport planes rests upon considerations
of passenger comfort and psychology which are not primary requireamsnts in
Naval and military planes. In military sad Navel planes, where the sealed
cabin might be punctured by machine gun bullets and the "airtizht integrity"
of the plane thereby destroyed, it 1s questionsbdle if this syastem will be
employed except in planes which have to go above the critical height of
42,000 feet.

15, The super-charged cabin system has many advantages. It is
automstic and reasonably positive in operation, does not constrain the
pilot (except that it limits his vision), is unaffected by altitude, keeps
the pilot warm by the adiabatic heating and requircs no additional space.
The outstanding adventage of this method is that it introduces few new
and little understood plysiological and paychological fesctors as the
pilot remsins in an air-environment to which he is accustomed. The chief
dissdvantages of the system are the liability to pumeture by machine-gum
bullets and the extrs structural weight to comstruct en airtight cockpit.
Against the additional weight required, allowance must be made, however,
for additional weight which would de demended by other systems and for
additional equipment required i high-altitude flyiog. Thus, in high-
altitude planes, some provision, involving additional weight, way be

= o
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required to prevent high-voltage discharge in the radio equipment. With
open cockpit planes this would require equipment which would mot be
necessary with sealed cockpit planes. Similarly, the open cockpit plene
requires some type of heating with & weight chcrge aguinst the plane
either from the hester or from the electrical power consumed.

17. Alternatively, the pilot and other personnel cecn be supplied
with an airtight suit, virtually & diver's suit, each connected to the super-
charger so that a pressure of roughly 1 ata. is maintained within it. Such
a suit was employed by the late Wiley Post zud by the English flier Squadron
Leader Swain recently in making the world's altitude record. A4 suit of
this type is heavy and is a serious charge agsinst the weight of a high-
altitude plane and hence at present may not be considered tessible for
Saval use. BHowever, should the development of chemical warfare require
tbat Naval aviators be provided with chemically-resistant suits, such &
suit could readily be designed to withstand the required pressure and be
used to supply air for breathing. The additional weight would be a charge
against chemical warfare defense rather than against the oxygea source.

The "diver's suit® system has most of the advantages and disedvantages of
the sealed cabin system. Its chief disadvantages are the weight required
and the restriction of movement. It is not adapted to patrcl and other

mul ti-passsnger planes.

18. Plate 3 shows the "diver's suit" used by Squndron Leader Swain
in making the world record altitude flight of 49,967 feet. This suit, of
rubberized fabric, large enough to fit over the thick normal flying
clotbes, was developed for the British Air Minisiry as a result of work by
the famous physiologist, the late Prof. J.S. Haldane. Some of the details
of this suit have been kept confidential by the Air Mimistry, but it is knowmn
that 1t includes a helmet with the large curved double window shown and that
the re-hreathing cycle was employed. In this particular flight the suit
was not supercherged with air but instead the suit was inflated with oxygen.
Siygen was fed into the system through a small injector which produced a
rapid circulation of gas through the system. Froa this injector, the gas
passed through the flexible tube entering the helmet and swept across the
face, thence through an outlet and down a flexible tube to a canister con-
taining chemicals to absorb the carbom dioxide and moisture from the breath.
From the canister outlet the pure cxygen was re—circulated through the
system. In such suits several individusls, including Squadron Leader Swain,
have been taken to "altitudes® of 80,000 feet in & low pressure chamber
without undue’ discomfort. Flight tests showed the vision and control to
be satisfactory. 7The suit weighs 30 pounds, while auxiliary oxygenm appuratus
on the record flight weighed 40 pounds. (The plane wes especially con-
structed for high-altitude research.)

19. Since all of these methods of employing air from a super-
charger are of doubtful ismediate utility, recourse must be had to the
use of oxygen in one of the several forms given above - gaseous oxygen,
liquid oxygen, or chemical sources.

Geseous Oxygen

20. Three methods have been suggested for carrying oxygen gas adbosrd
planes. In the first, the plane has a sealed or semi-airtight cabin, the

air in which is enriched with pure oxygen and kept at approximately the
6~
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pressure correaponding to the plane's altitude Yy leakege of zlr and
oxygen fron within as the altitude increases, & small excess pressure
being maintsined. This system is somewhat more flexible in application
than the sealed cabin using air from the supercharger. The additional
structural seight required would be much less 28 absolute alrtightness
would not be necessary. Puncturing by machine gun bullets would not be
&8 disastrous as with the air filled cabin (assuming the plane to be
pmade of fireproof materials). The outstending disadvantage of this
system is its enmormous consumpticn of oxygen which probably mekes it
impracticable for ailitary planes. Additional oxygen supply of some
one of the otber forms considered would bave to be provided.

21, The foregoing systems have all had a feature in common of
placing the entire body of the pilot in a controlled environment. Lacking
these, recourse must be made to methods wherein the oxygen 1s supplied
by mouthpiece or mask. It should be reiterated, however, that as higher
altitudes are attained, as by planes reaching 42,000 feet or more, it
will be necessary to use some one of the supercharger methods,as the body
cannot function properly under the extremely low pressures of these high
altitudes even if abundant oxygen is provided.

224 Balloops. The second method of carrylng oxygen gas 1s to
use a distensible balloon, as shown in Piate 4. Io this, B is tbe fabric
balloon which 18 f1lled to about helf its capacity at sea level with
oxygen before the flight. As the altitude of the plane increases, the
balloon distends with decreasing externmal pressure. From this balloom,
a flexible tube connects the pilot and mssk. 2 smuller emergency supply
can also be carried as in D under the pilot's seast. 1f the re-breathing
cycle is used, a second tube leading through tbs purifying canister C re-
turns the wused oxygen to the belloon. This balloon system is probably
the lightest availsble method of carrying oxygen. It was used by the
French during the Norld War but abandoned because it was found that
incendiary bullets ignited the balloon and the wooden fuselage of the

. Whetber this objection obtains with modernm plenes at high altitudes

is difficult to decide. The advantages of the balloon system are:

(a) Qperstion. This system should be positive iu operation.
Modern balloon fabric is very strong, retalms 1ts flexibility at
low temperatures, and is very impervious to gases. There are
few moving parts to get out of order and operation is entirely
sutomatic. A5 the bslloon ie light in mass, it is llttle
affected by acceleration and chauge of attitnde of the plane.
The system can use large connecting tubes whick could not clog
up with moisture from the breath.

(v) Eaintepsnce. The balloon can quickly be refilled in the piane
and is simple to maintaio and repair.

(c) Coupiraint. A properly designed mask and flaxible comnecting
tube would minimize constraint.

(d) Weight. Very low. On the basis of French data & system for uce
with the re-breathing cycle would weigh about 3.0 1bs.; with
the inbalation cycle, about 12 lbs.

-~
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(e) Compositiop Control. With the iohalation cycle, any desired
composition of gas could be used {except thut the water content
would be limited by the ambient tempersture).

(£) Economy of Oxygep. The balloon system is economical of oxygen.
The oxygen remaining in the bag after a flight would not be-wasted.

(g) Altitude Effects. This system is self-compensating to change
in altitude. e

-(h) Bealth Hezapd. The health hazards are a minimuam.

(1) Adsptation to Plsne Type. This method 1s adepted to most types
of planes.

23. = The disadvantages of the belloon method are that the balloon
can be punctured by mechine gun bullets and that the spacs required is
very largs. The smount of space is, of course, much sasller with the re-
breathing cycle. The volume required for the re-breathing systeam would
; 3865rcnbic feet at ses level, expanding to about 30 cubic feet at

» eet.

2. Compressed Geg, Third, gaseous oxygeo oan be siored under
pressure in metal pressure vessels. 7This system bas been used by all air
forces. From a valve on the pressure vessel, a pressure tube leads to
the reducing valve from which & low pressure line leads to the pilot's
mask. This pressure system is best adapted to use with the inhalation
cycle; if the re-breathing cycle is used, some low pressure reservoir must
be employed to store the exhsled oxygen. The outstanding deficiency of
the pressure systea is its weight — the pressure vessel, reducing valve
and other auxiliaries deing necessarily heavy.

25. A complete compressed gas system using a modified inhalation
cycle is shown in Plate 5a. It comprises the compressed oxygem cylinder
A, the pressurs gauge C to measwre the cylinders content, the reducing valve
and regulstor B, snd the flowmeter F which indicates the amount of oxygen
flowing into the mask H. The cylinder in British practice is fabricated
from s specisl slloy steel and can be punctured by & machine gw bullet
with impunity when filled to the fully charged pressure of 1800 p.s.i.
The mesk H has louvres through which the pilot breathes air. As the alti-
tude increases, he adjusts the regulator B to permit oxygen to flow into
the sesk at a sufficient rate as to supply the oxygen deficlency in the air
shich be breathes. In more recent systems, the regulator B is automatic,
the oxygen delivery being comtrolled by a barometric-pressure valve. The
U.S. Army standard regulator is s highly-perfected automatic one.

5. Qermsn prectice differs in important deteils from American and
British. With the system just considered, oxygen is flowing into the mask
continuously. But since during en intervel of onme minute, the pilot 18 in-
baling for a time totaling omly about 23 seconds, much of the oxygen flows
out through the louvres in the mesk during the other 37 seconds and is
wasted. To diminish this waste, the German apparatus bleeds the oxygen
from the pressure cylinder into a belloonet from which it is drawn by the
lungs on the next inhalation. Such & system is shown in Flate 6. From the
flask A, the oxygen peasses through the valve B into the balloonet C. As
the low-pressure oxypen is drawn from the balloonet, it collapses and the

-8
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sir-pressure acting upon 1t sctuates the valve B hy memms of the lever
system D. The mesk E contuins an cir-inlet valve F and an ealcling-velve

G. #ith this system, the flow of oxygen i: cuntrulled by the demend of
the lungs.

27. 4 Beraun re-breathing system is showtm in Plate 7. Oxygzen
from the flask A4 bleeds through the valve system B into the balloonet C.
%hen the pilot inhsles, this low-pressure supply passes through the check
velve D into the mesk E. Exhalestion forces the gases throush the check
valve F and thence through the chemicel purifier G which removes the
carbon dioxide and wster. The unused oxygen returns to the bulloonet C.

8. Typicel Germen equipment is illustrated in Plate 8. At the
left is & two-man inbalation system of the type just described but fitted
with electric beaters to heat the &nmsepired oxygenj In the center is a
complete flying outfit with a barometric-pressure governed oxygen regu-
lator (and st the right is a typical liguid-oxygen supply).

29. The advantsges of the compressed-ges gystem ares

(a) Operation. In primciple, the operation of this system should
be positive and gractically sutoaatic and experience shous
that it 18 so if properly desigued and cerefully manufactured.
Experienced pilots, however, bave had so many failures with
this system that they invaristly carry an alternstive emergency
supply. The system is not affected by the altitude of the plane.

(b) Maintenance. The oxygen tanks ere readily replaceable in the
plane and can be quickly refilled on the carrier or at the base.

(c) Constraint. With good masks, little conmstraint 1s caused.

(d) Specs. Low.
(e) Composition Coptrol. Any composition of gas cam be used excepi

that the gas must be absolutely &ry to prevent freezing of the
valves. .

(f) Economy of Oxygen. The system is very economical of oxygen.
Any gas remaining after s flight is not wasted.

(g) Tempersture Effects. This system is mot affected by temperuture,
if propsrly designed.

(b) Altitude. Unaffected by altitude.
(1) Bealth Hazerd. Swmall.

(3) Agaptation to Plane Types. Thia system is adspted to ull types of
planes.
30. The disadvantagZes &are

a) Qperation. Unfortunately, service experience gives & record of too
it frequent malfunctioning oi‘ the valves, regulators and other parts

of this system. 5
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(b) keight. &ith the re-breathing cycle, the oiypeu cyisaaer alone
for a five-hour flight would weigh about 5 lbs.; for the inhulation
cycle, about 25 1lbs., on the basis of British Al, Ministry dsta.
These weights do not include the regulsator and fiusmeter. With
the necessary auxiliaries, the re-breathing system would them
weigh about 9 1bs., the inhaulation system about 28 lbs.

Liquid Oxygen

3. Liquid oxygen systems bave been e:periientea with widely by the
major alr powers. In this system, liquld oxygea is stor:uc in o vacuum
vessel of the metul thermos bottle type from which & low precssure tube
connects with the pilot's mask. The supply is regulated Ly boiling the
liquid by supplying hest &t the correct rate. The liquid oxygun system is
best adapted for use with the inhalation cycleg if the re-breathing cycle
is used, some low pressure gas storage reservoir must be ritted for the ex-
haled oxygem. The chief advantage of the licuid oxygen system is its low
weighty end its ocutstanding difficulty is to desizgn the equipment to insure
proper regulation and so that it will fumction properly in ioverted and
ascrobatic flight. The following description of the British liguid oxygen
system shown in Plate 5b is taken verbatim from C.J. Stewurt rAircraft
Instrunents®s

"Owing to the low critical temperature of oxygen it is in-
practicable to store it im the liguid form except at atmospheric
pressure in double walled vacuum vessels. Metallic vessels,
generally spherical in shape, are used on aircraft on account of
their robustness and froa considerations of beat transfer. In
the design of such vessels conslderation must be given to ibe
trenafer of heat by radiation across the vacuum spsce, convection
in the reaidual ges in the vacuam space, and conduction from the
petalljc connection at the necke To reduce the beat transfer due
to the neck, the latter is msde lomg, thin, of small bore and of
a metal of relatively low thermal conductivity. The tramsfer of
heat by convection and conduction across tbe vacuus spece is re-
duced by the provision of an absorbent material cooled to the
temperature of the contained liquid to maintaein a high degree of
vacuum. Radiction head losses are minimised by bhighly polishing
the surfaces of the walls adjacent to the vacuum space:

*A modern liquid oxygen vaporiser is shown diugrem.uiicelly
in Plate 9. . The veporiser con.ists of two purts - the storsge
vessel A and the evaporator B, which is screwed tisrets. The
evaporator comprises & long syphon tube C, whose lower end dips
into the liquid D in the storage veasel, and who.e uprar end is
connected to the lowest sectiom E of a flssh boilere The latter,
which surrounds the neck of the storsge vessel, is cylindrical
in shepe and is provided with internal baffle plates F. 4n
outlet G at the top of the evaporator is connscted to the acedle
delivery valve of a control fitting H. 4 second outlet J in the
portion which screws on the neck of the storage vesseli .s con-
nected to the spring-loaded, pressure-releese valve K of the
control fitting.
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"From the diagram it will be obssrved that there are two cir-
cults: (1) the pressure circuit, comprising the space in the
storsge vessel above the surface of the ligquid comnected to a
pressure gauge and release valve, and (ii) the delivery circuit
conprising the syphon tube connected through the flash boiler to
a delivery control valve. 7The liquid evaporstes slowly, building
up & pressure, whose value will be indicated on the pressure
gaugej if, when this pressure hes bullt up sufficiently, the de-
livery wvalve be opened, a reduction of pressure occurs in the
flagh boiler, and the pressure on tbe surface of the liquid
forces a small quantity up the syphon tube into the flash boiler,
where it veporises instently., This evaporation temds t0 cqualise
the pressure in the flash boiler and in the storage veassl, so
that the flow of liquid up the syphon tube ceases. When the gas
has passed through the delivery valve the pressure in the flaah
boiler decreases until eveutually, more liquid is forced up the
syphon tube. Further opening of the delivery valve accelerates
the flow of liquid, with a comsequent increase in the delivery
of gas. The production and maintenance of an adequate pressure
in the storage vessel is a matter of importance,***°°*°°°°

st 0 s OOSaBen

"On climbing, the atmospheric pressure decreases, and so the
pressure release valve will open and release some of the pressure
in the vaporiser vesselj but this reduction of pressure in the
vaporiser vessel will lower the boiling point, causing the liquid
to evaporate more readily, thus teading to increase the pressure.
The net decrease in the pressure in the vaporiser vessel, however,
since the pressure release valve csmnot release the gas quickly
enough ca & fast climbing machine, is not so great as the reduction
1“ amspharic pmamooot..ooea

*0n descending, the stmospheric pressure incresases, and thus the
pressure release valve tends to close, the pressure in the vaporiser
vessel remaining unchanged except in so far as it is increased by
sormal evaporation of the liquid, which of course decreases as tbe
pressure in the vaporissr vessel imcreases. The net result om
descent is, therefore, that the pressure in the vaporiser vessel
increases only slightly whilat ths atmospheric pressure increases

r&pidlyo"""o“u.

32, In sarly Fremch liquid-oxygen systems, the beat required to boil
the liquid oxygen was supplied by electric jimmersion heaters and thus was

readily controlleble by the pilot.

33, The advantages of the liquid oxygen system are:

(a) Feight. 4 liquid oxygen re-bresthing system would weigh about
five poundsy an iphalation system, about fifteen pounds.

(b) Spage. The space required is roughly the same as thet in
compressed gas systems.
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(¢) Jemperature Effects. Owing to the low boiling point of the
liquid oxygen, ordinary temperature changes have 1little effect.

(d) idsptation to Plage Type. This system is sdapted to any type
of plane except acrobatic pursuit plenes snd dive bombers. It
is especially good for supplying oxygen to closed cabin trans-—
port or other large planes.

33. The disadvantages:

(a) Operatiog. Actual service experience with liquid-oxygen systems
gli;rmg disappointing, owing chiefly to maintensnce and supply
es.

(b) Meintepsnce. Since the 1iquid oxygen is constently boiling
away, the liquid-oxygen system must be put aboard the plane just
before a flight. Great care must be used to keep the liquid con-
tainers free from water, which is not easy to do.

(c) Composition Coptrol. The liquid systes can only deliver pure
dry oxygen.

(d) Ecogomy. The system is very uneconomical of oxygen. Transfer
losses in filling the plane's thermos bottles are high and the
liquid oxygen aboard the plane evaporates rapidly. Any oxygen
remaining after s flight is wasted,

(e) Altitude Effects. 4 very serious drawback to the liquid oxygen
system is the change in the boiling point of the oxygem with
altitude. 4s the altitude of the plane increases, the lowering
of the boiling point causes oxygen to boil away at & high rate.
But if the plane is descending rapidly, the increased pressure
prevents the oxygen from boiling and thsrefore starves the pilot
unless repid adjustment of the heat input is made.

Oxygen in Chemical Form

3. Chemicel sources of oxygen have been widely tested, especially
in Germany and Italy. Chemical sources emplcy some substance which can
liberate oxygen by a chemical reaction which can be initiated by the pilot.
Chiefly, these sources have employed sctivated sodius perozide, altbough
other chemicals containing perchlorates have been used. Three chemical
sources will be considered:

35. Pyrogenic Materialg. A number of chemical substances which
glve off oxygen when heated are known. Weight considerations limit their
number and of these the perchlorates are probably the best. There is
available in Germany an oxygen source coaprising a composition which, when
ignited electrically, gives off oxygen contiouously until the chemicals are
expended. The chief adventages of this systes are that it is automatic
in operation snd light in weights its chief disadvantage is that it cannot
be controlled. 1ts advantages ares

(a) Operation. This oxygen source, when once started, continues suto-
natically and functions independently of the attitude of the plane,.

-12-
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(b) Maintsnance. This system is quickly replaceable and simple to
mslintaln.

(c) Counstraint. The equipment would interfere little with the pilot.
(d) meight. The weight would be low.
(e) Space. Small.

(£) Iempersture Effects. This system functions at all temperatures
and delivers warm oxygen to the pilot's mask.

(g) Altitude Effects. The oxygen generation is independent of altitude.

(h) Adsptatjion to Plane Type. This aystem is adaptable to &ll types
of planes.

3. The disadvantages of the pyrogemic chemicsls ares

(a) Bconomy of Oxygen. Once the oxygen reaction is initiated, it can
be neither stopped nor can its rate be controlled. The chemical
composition must therefore be such as to produce oxyzen at the
paximum rate which may be demended and it is therefore ;
uneconomical of oxygen.

(5) Composition coptrol. These chemicals deliver pure oxygen and the
composition csunot be controlled.

37. Alkali ¥etal Peroxides. The alkali metal peroxides, of which
sodium peroxide so widely used in Gerseny is sn example, are solid sub-
stsnces which generate oxygenm when acted upon by water or carbon dioxids.
For use as a source of oxygen for respiration, the water and carbon
dioxide are supplied from the expired breath. The outstanding sdvantage
of these chemicals as oxygen sourcee is the low weight. This factor mskes
1t possible to supply equipment which the pilot can carry on his chest
or back — he would then have an oxygen source even if forced to bail out
of tbe plane. A unique and very important consequence of ihis feature of
the solid chemical sources is the poesibility of using them in conjumction
with chemical warfare defense equipment. With such an oxygen source,
aviators weeriang hermetically sealed chemicelly resistcnt suits could,
with lopunity, leave the ready room (assumed to be chemical-proof),
get in their planes and fly off the carrier even if the flight deck and
all the planes on it had been sprayed with gas. Other sdvantages ares

(a) Qperation. 7This system would be positive in operation and

practically automstic. The apperatus would be simple and not
apt to get out of order.

(b) Maintensnce. The oxygen source would be quickly replaceable
and there would be practically no meintenance &nd repair.

(c) Constrajpt. The equipment would interfere little with the pilot
end is especially adaptable to gunners operating free machine gums.

-13-
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(4) Weight. 4 re-breathing system for a 5-hour £light would weigh
about 4 pounds. '

(e) Space. The space reguired would be very small.
(f) Economy of Oxvgep. This eystem is very economical of oxygenm.

(g) Jempersture Effects. Some of these chemicals are insensitive to
change in temperature. The chemical reaction generating the

o:ikgan gives off heat which warms the oxygen delivered to the
mesk.

(b) Altitude Effects. The apparatus would function independent of
altitude.

(1) Adaptstice %o Plane Type. This system 1s adaptable to
o . 8 8y aaap any type

38. Its disadvantages aret

(a) Composition Control. These sources gemerate pure oxygen and the
composi tion could be controlled ocunly with difficulty.

(b) Health Hagard. A possible hsalth hazard froam breathing powdersd
chemical exists but cen be overcome with suitable filters.

3. Hrdrogen Pepoxide. Hydrogea peroxide 1s a chemical available
commercially in water solutions containing 30% by weight of hydrogen
peroxide, and it cen be obtained of 50% stremgth on special order. These
solutions are scmewhat wmatable in storage dut can be stored for several
months without serious loss. By the action of simple catalysts, oxygen
is readily liberated from the solution. The chief advantage of hydrogen
peroxide as a source of oxygen is its light weight; its chief dissdvantage
is difficulty in deaigning suitable apparatus for using it. Other ad-
vantagess

(a) Malntenange. The apparatus would be easy to refill and to main-
tain, requiring only periodic clssning.

(b) Congtreint. The equipment would interfere but little with the pilot.

(c) Weighte A re-breathing systesm would weigh about 6 pounds, an
inhalation aystem about 22 pounds.

(a) Spage. Spece required would de saall,

(e) Economy. 7This system would be economical of oxygen.

The disadvantages ares

(a) Qparstion. It would be difficult to make an automatic apparatus
requiring no attention from the pilot. Owing to the use of a liguid
source of oxygen, it would be difficult to make equipment zhich
would function whatever the attitude of the plane, especially
for acrobatic and dive-boabing plames.

14~
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(b) Temperature Effects. There would be some danger of the eguip-
lenttglogging up by the freezing of water genercted by the
reaction.

(c) Composition Control. Pure oxygen is generated and the counosition
therefore could not be controlled; the oxygen would contain water

Vapor.

(d) Adaptation to Plane Type. The hydrogen peroxide system is
chiefly adaptable to large patrol planes and is not adaptable

to amsll pursuit ships.
C! in ents for Re-Breathi cle

40. The re-breathing cycle requires the use of some chemical
substance or agent to remove the carbon dioxide and water vapor from the
exhaled breath so that only pure oxygen is returned to the main supply.
The agent which has heretofore been used is soda-lime, which is widely
employed in chemical warfare gas masks and was formerly used in submarine
air purification. Soda-lime has the very serlous deficiency of not
functioning properly st low temperatures. This fact.which is not
generally known outside our Navy, was established by experiments at this
Laboratory which proved that soda-lime does not effectively absorb carbon
dioxide at temperatures below about 40 degrees. It is gquite probable
that failure to appreclate this fact bas had disastrous conssquences which
were ascribed to other factors. Thue in the world's altitude record flight
of Squadron Leader Swain, the carbon dioxide canister (the nature of the
chemical in which has not been disclosed) failed to function properly with
nearly disastrous consequences. After the flight, it was found to be in
perfect condition. These facts are explicable on the assumption that
soda-lime was the carbon dioxide absorber. The only known carbon dioxide
absordent which will function properly under the wide range of temperatures
conditions met in high-sltitude flying is the new confidential submarine
air-purifying material developed by this Laboratory for the Bureau of Con-
struction and Repair. (In the calculations on re-breathing systems given
above, the use of this absorbent wes assumed.)

4l. The use of this new carbcen dioxide absorber for purification
in the re—breathing cycle would probably require the use of a water absorber
as well., Several new water absorbents have been developed in the past few
years tut, so far as i1s known, none have been tested for this use. Among

these are silica gel, magnesium perchlorate, etc.

OXYGEN SUPPLY ON THE C

4£2. Bhatever source of oxygzen is chosen for the plune, thut oxygen
source has to be furnished by the carrier to all ship-based aircruft. On
board the carrier, this oxygen source must either be (u) stored or (b)
manufactured. Of the oxygen sources described, it is impractical tc munu-
facture the chemical sources aboard ship, hence the chemicals must be
storeds the gaseous snd liguid oxygen cen either be stored or manufactured.
The carbon dloxide and water absorbents for re-breathing systems must be

erﬁdo
-15-

DECLASSIFIED

guE



ti of n Recuired

43. A carrier must be prepared to supply xygen to all of its planes
during a prolonged sbsence from its base. It must supply relatively small
quantities of oxygen daily for long perlods and yet be able to supply its
complete complement of planes with oxyzen for virtually continuous flying
over & period of a few days. 1t is suggested that the oxygen storage re-
quirements of a carrier be defined as follows: A carrier must carry suf-
ficient oxygen to supply its planes as long as the gasoline stored on the
carrler lasts; the carrier must be able to supply its full complement of
planes in continuous flight for two days.

TN In calculating the oxygen storsge requirements below, it will
be assumed that the carrier stores 150,000 gallons of gesoline. Assuming
a consumption of 30 gallons per hour, this is equivalent to 5,000 hours
offlying time. Assuming further an aversge of two men per plane, 10,000
man hours of total oxygen supply will be required according to the above
specifications. With the rebreathing cycle at the assumed rate, this is
21,000 cubic feet of oxygens with the inhalation cycle 106,000 cubic feet.

Bequirements of Ship Qxygen Supply

45. The characteristic of the source of supply of oxygen on the
carrier must be a compromise between the following desirable characteristicss

(2) Neight. The weight of the system should be low.

(v) Spage. The space requirements, especislly the deck area taken
up, should be low,

(c) Qperatiom and Maintenance. The system should be simple to
operate, maintain and repair.

(d) Persounel. The system should pot require an excessive nusber
of men to operate and maintain and preferasbly should not require
specially trained perscmnel.

(e) Pewer. The system should require as little electric power as
possible.,

(f) Safety. The system should be safe to personmel.
(g) Economy. The system must not be too expensive to operate.

(h) Stsbility. Chemical and other sources of oxygen should be stable
for periods of several months.

ST0 DS
Gaseous Oxygen
PA Oxygen gas could be stored aboard a carrier in steel cylinders

under high pressure. Considerations of economy and ease of procurement would
probably dictate that the standard Navy compressed-ges cylinders be used.

~16~

DECILASSIFIED _



Under a pressure of 1800 pos.i., these cylinders store ubout Z2C cubic
feet of oxygen and weigh about 130 pounds each. Experience aboard sub-
marines shows that leskage of the valves results in loss of oxygen, for
which allowence would have to be made. The losses in tranusfer of this
oxygen to the oxygem supply of the planes would be small. Neglecting
storage and transfer losses, the total storage would require 95 cylinders
totaling 12,400 pounds and occupying & deck space of 54 square feet, as-
suming the re-breathing cycle to be used on the planes; in addition,
2000 pounds of carbon dioxide absorbent would be needed. With the in-

halation cycle, the coaygen storage would require 485 cylinders totaling
" 63,000 pounds and occupying a deck space of 275 squere feet. By using
special high-pressure storage vessels these weights could be reduced by
as much as 50%. (In addition, a small oxygen compressor to transfer the
gas from the large cylinder to the airplane cylindera would have to be
provided if the compressed-gas system were used on the planes.} This
system of storing oxygen therefore has the following advantages: ease of
operation and maintenancej weight and space which are not excessivej
sconomy3 and practically no power consumption. The disadvantages are
the leakage of the high pressure gas, necessitating extra cylinders to
make up for loss, and some danger through having a large number of
compreséed gas cylinders aboard Naval vessels.

Liguid Oxygen

47« Methods of storing liquid oxygen have been developed ex-
tensively for use in shore plants during the past few years. Liquid
oxygen is constantly boiling, the losses from typical industrial storage
systems amounting to some 3% of oxygen per day. Hence, were ligquid oxygen
storage used on an airplane carrier which could remain away from its base
for a long period, some provision would have to be made for manufacturing
liquid oxygen aboard ship to make up this daily loss.

48. The shipboard storage emnd production of liquid oxygen have
been carefully investigated by Dr. R.H. Canfield of this Laboratory in
connection with another problem. He obtained & great deal of (commercially
confidential) data from the Linde Company. Dr. Canfield considered three
possibilitiess

(a) The liquid would be stored at a temperature below the critical
temperature and above the critical pressure of the ges. This
would require a large storage vessel under n pressure greater
than 750 peSol. 2t an ertificially maintained temperature below
-llBOC. (-“1%0!- ) -

(b) The liquid storage would be with very large vacuum—welled vessels.,
(¢) The 1iquid would be stored in large pressure vessels under

conditions wherein & compromise is effected between critical
and atmospheric conditions.

490 Bo instance is known of anyome having attempted oxygen atorage
under condition (8). To do sc might not be out of the juestion on as
large & ship as an airplane carrier, though the refrigeration prodlem would
be a serious one. The Linde Company actually uses the third method {e)a

17~
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The liquid is storsu in large (6-foot) apherical pressure vessels at about
000 peSeis Theuse visscls are heavily lagged with magnesia insulationm on
the outside to recuce heat trensfer. The best loss is further redueced
a':'rin._: to the fact that the high pressure ralses the boiling point of

the oxygen and thereb;y reduces the temperature drop through the vessel's
wall. The oxygen is, of course, boiling contiovuously and the gas must

be bled out of the vessel at a suitable rate. It is wnderstood that

the Linde Compsny is supplying oxygem in this way tc large consumers,
transferring at the customer's plsnt from the pressure vessel, carried

by & Linde truck, to special storuge vessels forming part of the customer's
system. No outstsnding advantages of this method for Baval shipboard use
are known. It 1s believed that the Linde Company uses this methbod in
prefersnce to using ataospheric pressure vacuum-walled container chiefly
because of the rough treatment incident t¢ transportation by truck.

500 The second method (b) is probably most feasible for Naval
shipboard use. Vacuun-walled vessels as large Bs 200 tc 300 1liters
capacity are known to have been mede. Due to their large volums-to-
surface ratio, the rate of loss of such containers might be reduced to
a fraction of 1% per day, especially if they were provided with auxiliary

equipnent for renewing or maintaining the vacuum which is their esssntial
feature. !

51. The characteristics of the liquid oxygen storags system ares

(e) Nelght. The weight of the system would bs fairly low. Making
no provision for losses in trensferring the liquid oxygern from
the main storage reservolr to the airplane apparatus, storage of
the 21,000 cubic feet of gaseocus oxygen for the re-breathing
systems would require the storage of 1,870 pounds of liquid
oxygeni a vacuum vessel of this capaecity would weigh empty about
1300 pounds, a total weight of 3,170 pounds. With the 600 p.s.i.
the total storage weight would be 4,670 pounds. With the inbala-
tion cycle, storage of the 9,4% pounds of liguid oxygen would
require a total storage weight of 16,000 pounds with the low
pressure storage and 23,5650 pounmds with the high pressure storage.
To these weights, however, must be added the weight of the equip-
ment to replenlish the oxygen lost by ¢vaporation from these
reservoirs., With the re-breathing system this apparatus would
weigh about 1500 poundsj with the inhalatiom cycle about 6,500
pounds. Agsainst the re-breathing system there must be charged
a welght of 2000 pounds of carbon dloxide absorber chemical.
The total welghts for the re-breathing and inhslation systems
would then be 6,700 pounds and 22,500 pounds, respectively, with
the low-pressure storage aystem.

(b) Space. The space required by any of these liquid oxygen storage
vessels would be smsll.

(c) Operation snd daintenance. Fhile the storage reservoirs are
simple to care for, the liquid oxygemn system mecessary Lo inake up

the daily loss would be somewhat compliceted and require specially
trained personnel.

-18-
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(d) Personnel. Speclelly trained personnel would be necessary.
(e) Power. The system would use little electric power.

(f) Safety. There are some hazards to having large quantities
of liquid oxygen abcard a Kaval vessel. In contact with
organic materials such as linolewm, wood, clothing, etc.,
liquid oxygen forms a violent explosive. The makeup apparatus
is basardous to operate.

_tz) Ecopomy. Assuming am eoomomical souree of oxygen from a
shore base, the system would be economical, in spite of the
very large transfer and wastage losses for which provision would
have to be made.

Chemica) Sources

52. The chemicals required for the solid chemical sources of
oxygen can be stored in suitadle corrosion-resistant, hermetically-
sealed containerg, &z in canisters adapted to de fitted into the plane’s
oxygen systes. %The advantages of the solid chemicals for storing oxygen
aboard carriers would bes The weight would be low - sbout 12,000 pounds
for the re-breathing cyclej they would occupy little spacej o operatiom,
maintenanee or pqwer would be requiredjy they would be safe and stahle}
and no additional personnel would be needed. The chief disadvantages
of the chemical sources is their high cost.

53 If hydrogen peroxide sclution were used as the oxyjpeun storage,
it would be stored in suitable aluminum drmums, preferably in the cold
storsge compartaent. Hydrogen peroxide storage would have most of the
sdvantages and disedvantages of the sclid chemicals, and the sdditional
disadvantage of being scmewhat unstable in atorage. For the re-breathing
cycle, a storage of 12,000 pounds would be required and with the exhala-
tion cycle 60,000 pounds. ;

MANUFACTURE ON BOARD CARRIERS

54 Several methods of menufacturing oxygen aboard carriers are
svailable, either as the baaic supply or to replenish the oxygen lost
from the liquid storage system. These manufacturing systems depend chiefly
upon the raw material employed. Thus, oxygen may be manufactured _

(a) From 4ir. Chemioal cyclical processes in which oxygen is extracted
from the air by chemicals and regenerated in pure form have been
de dat none of these is feagihle for use aboard ship. The
m«ue method is to prepase liquid oxygen by well
developed ligeefaction methods as is so widely dome to supply
industrial oxygen ashore.

(b) Frem Sgter. Oxygen may be propared frcm distilled water by
elsetzolysis whth direct current. The hydrogem which is simul-~
tansocusly generated may either be discarded or used as 2 fuel
under a boiler or in an internal combustion emgine. The
slectrolyssrs msy operate at atmospheric pressure or umder high
pressure so that they fumction as their omm high pressure pump.
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(c) From Chemicals. Any of the chemicals previously described for
oxygen supply aboard the plane might, of course, be used to
generate oxygen gas aboard ship but, as a source of liquid or
gaseous oxygen, most of these would be too uneconomical. Only
hydrogen peroxide could be considered. Oxygen gas could readily
be generated from the concentrated peroxide solution by adding
appropriate catalytic agents. Such a generator could operate at

atmospheric pressure or under high pressure to deliver compressed
ga8s

55 daoufacture of [dguid Qxygep. To manufacture liquid oxygen
from air, carefully purified air is compressed to over 2,000 pounds pres-
sure, cooled by a sultable heat interchanger and then expapnded through a
noszle. After the system has been in operation for a few minutes the
expanded air is on the point of liguefying and is conducted to a-
rectifying column similar in principle to ordinary fractional distil-
lation columns. In the Linde system this column consists of a series
of pens or shallow vessels arranged ome above the other in a cylindrical
tower, the condensing vapors rising through perforations in the pans and
the condensed liquid spilling over from each pan to the one beneath.

(The exact construction of these rectifying towers is guarded with secrecy
by most firms.) As the system comes into steady operation, liquid oxygen
of over 99% purity is obtained. So far as is knowm, no ligquid oxygen
system bas ever been installed aboard ship. It should be noted that the
operation of the rectifying column, depending &s it does on the shallow
pans remaining perfectly horizontal, requires that the rectifying column
be vertical at all times. In shore installations great pains are taken
during erection to insure this., It is evident that & liguid oxygen
system of this type would not function aboard ship owing to the rolling
and pitching of the vessel. The installation of liquid-oxygen manu—
facturing systems on carriers would therefore require the development of
a rectifying system which would operate efficiently on a rolling and
pitching ship. It is believed that a suitahle rectifying colum could

be developed, but this would require extensive laboratory and englneering
worke (The Linde Company at one time expressed a willingness to attempt
the development of a shipboard liquid—oxygen plant for the Ravy if the
development costs were appropriated. This offer was later witbdrawm,

But in a conference with the Bureasu of Aeronautics on 19 February 1337,
Mr. Ge.0s Carter of the Linde Company stated that the Company could under-
take this development.)

56. The characteristics of a liquid oxygen system to manufacture
as required the total need for the oxygen supply of the carrier based
planes would bes

(a) Fieight. Assuning the plant would have to be of sufficient size
to produce the needed supply of oxygen in two days, it would have
to weigh 14,000 pounds to supply the re-breathing cycle if
operated Z4 hours per day. To supply the requirements for the
inhalation cycle it would weigh 64,000 pounds wmder the same
assumptions. These figures essume that the shipboard oxygem plant
would not differ materially from typical shore instslletions.
Although no shipboard liquid oxygen system has ever beem bulli,
this is 3 reaconable assumption.
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(b) Spagee The plents considered would occupy 50 square feet and
200 square feet, respectively.

(c) Operation apd Maintepznce. The liquic oxygen plants are not
eag8y to operate, mcintain and repair. .

(d) Persoppel. <pecizlly trained personnel woull be reguired to
operate and maintaln the plants. The training and experience
of torpedo men and submerine pcrsonnel in handling high pressure
gases would gqualify them for much of this work.

(e) Bomer. The power demands for liquid-oxygen production are
not excessive. An efficient shore plent consumes about 24 h.p.
hours per 1000 cubic feet of oxygen so that the plants con-
sidered would consume 500 h.p. bowrs and 2500 h.p. hours,
respactively.

(£) Safety. The operation of liquid oxygen plants is attended
with some hazard.

(g) Economy. A liquid oxygen plant, assuming it could be built,
would be expensive. The development costs for engineering a
shipboard system would be high.

57« Electrolytic Oxygen. The manufacture of oxygen by electrolysis
is common in shore installations. High pressure electrolyzers have bsen
developed in the past few years. They have been studied in detail by Dr.
F.H. Sanders of this Laboratory. In these direct current is passed between
corrosion-resisting electrodes immersed in a solution of potassium hydroxide
contained in & heavy steel pressure vessel. Hydrogen gas is produced at
one electrode, oxygen gas at the other. The characteristics of a ship-
board electrolysis system produciog oxygen at 1800 pounds p.s.l. would be:

(a) Fejght. Assuming the vessel's power to be 440 volts 4.C., B plant
of sufficient size to manufacture the required quantity for the
re-breathing cycle in 48 hours would weigh 30,000 pounds at =
minimum, including the motor generator for converting to low
voltage de.c.3 for the inhalation cycle the corresponding weight

would be 150,000 poumds.
(b) Space. The high pressure electrolyzers would not occupy much space.

(c) Operation and Maintenance. The system would be rather simple to
operate, maintain and repair.

(d) Persconel. Few persomnel would be required to operate the system,
but these should be specislly trained.

(e) Power. The electrolytic production of oxygen requires more
power than does the liquefaction method. To produce the quantity
for the re-breathing system, 9400 h.p. hours would be consumed,

and for the inhalation cycle 47,000 h.p. hours (assuming the
hydrogen to be wasted).

(f) Sefety. The electrolytic plant ia somewhat hazardous to personnel.
") B
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(8) Ecopomy. The plant is not expensive to operste.

Qrinions

58. Anyone who reads the technical literature on the subject
problem cam hardly fail to be impressed by the lack of knowledge about
many of the human sspects of high-altitude flight. There seems to be
no doubt that the rapid development of the aseronautical sciences will
permit the construction of airplanes capsble of prolonged flight at high
altitudes long before physiological science will give any assurance that
pilots can endure such long flights without detriment to their well-being.

59 The need for research in the physiology of high-altitude
flying is therefore conaldered urgent. In making progress in such a
field as this where lack of adequate knowledge may lead to disaster,
the greatest possible caution is imperative. In advancing the art of
deep sea diving, the Buresus of the Navy Department having cognizance
over the seversl aspects of the work have proceeded cautioualy and have
done extensive medical and engineering research to determine and minimize
the posaible hasards to personnel. The expenditure of money which this
csution entailed has been fully justified by the results. Yet the total
numbsr of Naval deep sea diving perscnnel involved is only sbout 250.
The Naval aviation personnel who may be called upon for high altitude
flight outnumber the divers by about 15 to 1 and the importance of high-
altitude ressarch is in about thia ratio.

60. As a simple yet striking illustretion of the consequences of
not appreciating the physiological factors involved, the experience of
the TWA experimenteras mey be cited. 48 these men were only indirectly
concerned with oxygen supply, they used a crude systes in their
"overweather® flights - breathing cold oxygen from a central liquid-
oxygen source. As a result the fillings in their teeth fell out and
presumably expensive and painful dental work followed. But the dangers
to their teeth, not only from fillings falling out but slso froa metallic
£11lings coutracting just enouzh to leak and lead to carious conditions
months later, had long before been pointed out in the literature.

él. The dangers to high-altitude flying persomnel which are to be
foreseen and, if poseible, forestalled, involve not only effects on health
of a temporary and permasnent nature but alsc physiological and psycho-
logical effects which reduce the military efficiency of the personnel.

62. The rapid rates of climb which are being attained with modern
high-performance planes make it desirable that the possible dangers to
pilots from the "bends® be determined. as is well known, divers who
ascend too rapidly may get "the bends", which is caused by the liberatiocn
of nitrogen dissolved in the blood. Hhile the amount of nitrogen dissolved
in the blood of an aviator is less than that in a diver at any depth,
nevertheless, the raspid rates of climb with high-performance plaves may
be great enough so that there is some danger to a high-altitude flyer.

The U.S. Army Alr Corps is working on this problenm.

63. It is believed that the Bureau should consider the desirability
of constructing = low-pressure, low-temperature "cltitude chaumber® for

~22=
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making high-altitude studies. Such a chamber could be used for (a)
resecrch on the physiology of personnel, (b) test of personnel for high-
altitude flying, (c) development of higsh-altitude appsrctus, and (d)
test of high-sltitude apperatus. The Bureau presumably has considered
the desirability of comstructing a high-sltitude resesrch plane similar
to those of the TRA and the British Air Ministry.

Senclusions
64 Fron the above discussion the following conclusions are drawns

(a) In meny instances no wmambiguous conclusions about the merit of
oxygen sources for Raval uss can be drawn because the necessary

(b) There is a lack of physiological data on high-altitude flight.
(c) The need for high-altitude research is urgent.

(d) Some source of oxygen is necessary in flights above 12,000 -
15,000 feet.

(e) For flights above 42,000 - 45,000 feet, some super-charged pilot
enclosure is needed.

(£) Re-breathing syatems are more sconomicsl of oxygen and hencs
of weight and space than others.

(g) Mo conclusica as ta.t.h. feasibility of liquid-oxygen systems
for ship-besed aircraft can be drawn since no ligquid oxygen
producing equipment suitable for shipboard use has ever been
made.

(h) The necessity for adding carbon dioxide to the high-altitude
oxygen supply should be deterained.

(1) Present oxygen masks are wasteful of oxygem and can be lmproved.

(3) The balloom system of carrying oxygen ou planes is feasible
for certain uses.

(k) Solid chemical oxygen sources have many adventages for Naval use.

{1) Solid chemical oxygen sources permit the development of
hermetically-sealed chemical warfare resistant high-altitude

flying sults.

(m) Sode-lime is unsultable for carbon dioxide removal in high-
altitude oxygen apparatus.

(n) Whatever oxygen source is used on & plane, an emergency source
should also be carried.

(o) Air supsr—charger systems (airtight cockpit or diver’s suit) have
the advantage of maintaining the perscunel in the eir environment
to which they are accustomed, thereby introducing no new physio-

logical probdlems.
=23~
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Recommendations

85. It is recommended thats

Physiolo actors

(a) A program of cooperative reseaprch be initisted to ascertain the
physiological factors of high-altitude flight (cooperative with
UseS. Army, Department of Commerce, otc.).

(b) The need for using carbon dioxide in high-sltitude oxygen be
determined. (This is being studled by the U.5. Army Air Corps.)

(c) The desirability of constructing & low-pressure, low-temperature
"altitude chamber® for research on personnel and research, develop-
ment, and test of equipment be considered.

(d) The dangers from "bends” under high rates of climb be
ascertained. (This is being studied by the Army Air Corps.)

Qxygen Sources on Planes

(a) The development of re-treathing systems be umdertaken.

(b) The development of solid-chemical oxygen sources be expedited.
(Bureau of Asronautics project with Mine Safety Appliance Company.)

(c) The use of the confidential C&R submarine air purification
material for carbon dioxide absorption in high-altitude systems
be studied.

(d) The development of water absorbsuts for re-breathing systems
be started.

(e) The development of solid-chemical oxygen re-breathing systems
suitable for use in chemical-warfare-proof flying suits be
initiated.

(£) The development of compressed-oxygen eystems be contioued with
the object of increasing their relisbility and economy and de-
creasing their weight.

(g) Mesns for heating the oxygen supply tc masks be developed.

(h) The development of oxygen masksg which are more economical of
oxygen be attempted.

(1) If the need for flight above 40,000 feet seems imminent, the
development of pressure-tight cockpit planes and of "diver's
suits”® be undertaken.

(3) The feasibility of "diver's sults® as a comdination chemicael-

warfare-defense and supercharged-suit for use above 40,000 feet
be appraised.

. 5 o
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(k) The desirabiiity of obtsining tle latest eveiloble foreign
bigh-cltituze eguiment for inspcotion end test be considered.

(1) The oxr;en consumntion of patrol planes be cetermined ln flights
in which the air in the cabin is enriched with oxygen (paralleling
experiments by the Douglas Compeanye.).

(m) Folloxing (1), the feasibility of using licuid oxygen to enrich
the air in cebins of large multi-passenger shore-based planes be
appreised.

() The development of the bulloon storage cystem for plures be
mdertaken primarily to deteraine its llsitztions and for poasible
use in training perscnnel.

(o) The development of hydrogen peroxide oxygen generators for
patrol planes be umdertzken.

Cxycen Supply on the Carrier

{a) The desirability of devcloping and con:tructing liguid oxygen
rectificution equipment cuiteble for shipboard use be determined.

{b) The availability of commercial liquid oxygen &t all Naval bases
be determined.

66+ The following rscoumendetions made by idre. J.E. Sullivan in
reference (b) are quoted for comparison with the zboves

"}1l. In view of the need for the development of more ef-
ficient means for supplying Neval Aviators with oxygen at high
altitudes, it is recommended that the following program be
carried outs

(a) Continue refinement of present system, i.e., perfection
of regulators and complete development of e combinstion
face mask and & microphone. The regulators now oa order
appear to be an improvement over former types. °°°*°*°°

(b) Design, manufacture and teot at high altitudes zn =zir-
plane with a pressure-tight cockpit. Thie is the major
and importent problem and direct attuck on same is con-
sidered the most economical and expeditious manner of
bringing the matter to successful conclusion. It is
recommended that the cockpit be desipgned to withstand
en internsl pressure of one atmosphere for it should be
shle to withstsnd & workiag pressure of one helf un
atmosphere. It may be desirable to consider, in con-
nection with that development, the R~1535 now being fitted
with a two-stage, two-speed supercharger.

{c) Cooperate with the dine Szfety Appliance‘Coﬁpany in the
development of the new chemical and in the perfectiocn of
weens of utilizing and bandling it.

ik
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(d) Initiate development of an externslly-driven supercharger
for the cockpit of (b)e.

(e) Conduct & thorough study of the work done and contemplated
in the development of engine exhaust-driven superchargers
with a view toward initiating development of an exhaust-
driven supercharger for the cockpit.

(£) Continue development of a self-contsined oxygen re-—breathing
unit, utilizing the chemical mentioned above.

{g) Investigate through actual flight tests the need for using
a mixture of CO, and oxygen in lleu of pure oxygen in the
present oxygen breathing apparatus.

(h) Determine through flight tests, the conditions under which
it is necessary to begin applying pressure to the body to

provide for sstisfactory absorption of the oxygen by the
blood."

=26~
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BIBLI

Asronsutical Index -~ Stratosphere Flight.

This is a comprehensive bibliography of the non-biological
aspects of high altitude flight prepared as a WPA project
under the direction of the Inastitute of Aercnautical Sciences.

Dr. G. Schubert, "Physioclogie des Meuschen im Flugzeug®;
Berlin; S. Springer; 1936.

Dr. Ernst Gillert, "The Respiration of the Flier as Affected
by Physical, Tecilmical and Toxicological Conditiona.®
Luftfahrtforschung, 10, p.87 (1933).

Thies is & comprehensive discussion of the physiological aspects
of altitude flying and include a bibliography giving 289
references to earlier work. A free translation of the summery
of this article given by the author followst

Summary

(1) The breathing processes of the organism in rarefied
air change not only the mechanism of breathing but also
the chemistry of the body processes.

(2) The increase in energy exchsnge results in an increase
in body temperature and heat dissipation.

(3) Oxygen deficiency changes the character of various
organs, aspecially the heart.

(4) Oxygen deficiency first affects the ceantral nervous
saystem. The resultant injury is first evidenced by
modification and loss of intellectuwsl fumctioning and
derangement of muscular coordination.

(5) The height attsinable without breathing oxygen varies with
different individuals; it is affected by activity, by
diet, by toxic substances, and aspecislly by certain
conatruction features of the airplens, for example,
ths seat and the safety belt.

(6) Breathing apparatus must be automatically governmed by
the lungs and must have provision for heating and
molstening the inspired air; decision as to whether
ty adding carbon dioxide the height attainable can be
increased without impsiring health from prolonged use
requires further research.

(7) 1In view of the change in blood chemiatry in rarefied air,
research on the circulation of the blood &t low pressure
is essentlal.

(8) The magnitude of the basal metabolic processes on the
d do not correspond to those at high altitudes.
(a) For computing the oxygen required at
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high altitudes, the sea level values can
only be used as & starting point.

{(b) 1In calculating the oxygen requirements the
existence of an oxygen deficiency must be
allowed fore.

(9) Nothing is known as to the effects of cosmic rays and of
cold or the breathing processes.

(10) The relstion of the dissolving power of the red blood
corpuscles or of the ability of the blood corpuscles to
take up oxygen to diminution in air pressurs is not
clearly kmown.

(11) Further, nothing is kmomn as to the water endurance of
the body and the changes in the resynthesis of lactose
into glycogen or of the consumption of albumin inm place
of glycogen at low pressures.

(12) Acceleration affects can be of significance in breathing,
and indeed thessé affects vary greatly with altituda.
Also acceleration affects must be considered in mounting
the apparatus.

(13) The limit to the use of oxygen breathing apparatus is
about 1 kilometers (about 46,000 feet).

(14) Also, even hreathing ampls oxygen, exceeding this sltitude
1imit results in mental and physical derangement which
can persist for several hours.

(15) The injury to the organisam from prolonged breathing of
oxygen sets a 1limit to the amount of duty a high altitude
flier can be called upon to perform. The fatigue re-
sulting from remaining at high altitudes limits the amount
of time which flying persomuel should be called upon for

duty.

(16) The significance of the state of fatigue of the organisa
for the breathing process makes it imperative that the
attention required to fly the plane and the arrangement
of its components be such that the pilot's activity can
be reduced to a minimum with safety. The greatest possible
convenience and comfort are pot luxuries in airplanes, but
instead are urgent necessities in order to conserve
breathing and therefore be conserving of efficiency.

L. W. Kaiser, "The Breathing of High-sltitude Flyers®.
tuftfahrtforschung, &, p. 33 (3930).

5. Beyne, Mazer, and Grenier, "Oxygen Inhalation at High Altitudes®,
Bulletin Technigue, Service. Technique de 1'Aeronautique, Ho. 35,
June 1926, (translation available in file of K.A.C.A.).

This is & comprchensive discussion of the physiology of high-
altitude flying and of experience with French equipment.
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6. Ring-Commander G.S. Marshall, "The Physioclogical Limitations of
Flying®, Journal of the Roysl Aeronautical Society, 37, 389 (1933).
A brief discussion of British experience, principally of lnterest
because of printed discussion by experienced hnigh altitude pilots
and by the eminent physiologist, Sir Leonard Hill.

Te %’anea)E. Sullivsn, "Toward the Stratosphere®, Aviation, 25, p. 27,
1936).
A discussion of sources of oxygen.

8. D.E. Tomlinson, "On Top®, Aviation, 35, p. 21 {1936).
A btrief record of TRA high-altitude research.

9. R.E. Jomson and R.F. Gagg, "Engineering Problems im Aircraft
Operation at High Altitudes®, Transactions ASME, 28, Sectlonm 1,
P' 1 (19%).

10. Jean Piccard, "Change of Boiling Point of Liguid Oxygen at High
Altitudes®, Journal of the Aeronautical Sciences, 3, 406 (1936).

11. A.L. Xlein, "Methods of Cabin Superchargzing and the Necessary
Control Systems”™, Jowrnsal of the deronautical Sciences, 3,
58 (1935).

12. J.E. Lipp, "Structursl Features of Supercharged Cockpits and
Cabins®, Journzl of the Asronautical Sciences, 3, 61 (1935).

13. Bristol Aercplane Co., "The Official Account of the Forld Altitude
Record®™, September 1936. {Available in NeAoCuAd)

14. J.C. Edgerton "Flight in the Sub-stratosphere®, Journal Soc.
Automot.Bogineers, 39, p. 484 (1936).

15, U.5. Army Air Corps Technical Report No. 4165 "The Physiological
Requirementa of Sealed High adltltude Aircraft Compartments”™,

14. G. Schubert, "Physioclogy of Men in Flight®". Revists kercnautica,
Jctober 1936, p. 119.

17. Capte H.G. Armstrong, "Physlological Requirements of High
iltitude Aircrsft Compartments®. Aero.Digest, November 1936,
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T4BLE 1
Physical Properties of Oxygen

dolecular weight:  32.00.

Critical constants: T, = -118.8°C.

o

]

49.7 atmospheres.
Density: GCas at standard conditions = l.43 grams per liter.

= 0,089 pounds per cuble foot.
t Liguid at boiling point = 1,14 grams per G.C.

-133°G.
Latent heat of vaporization = 51 calories per gram.

W

Boiling point

Vapor pressure = -210°C, 10 n= mercury = 0.39 in mercury.
-203 50 1.97
~198 100 3.94
-194 200 7.87
-191 300 11.8
-188 400 15.7
-187 500 1%.7
-185 600 23.6
~184, 700 2746
-183 760 29.9
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