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List of Abbreviatfons ‘

BTPS - body temperature, pressure saturated
Cnl - catrbon dioxide

/8 = ¢veles per second

Fe - {ron

FeC ~ fron oxide

mmHp - millimeters of mercury
N2 - nitrogen

NaCl - sodium ctloride

NnClO3 - sodium chlorate

02 - OXvaen

Pax -~ passenger

PB - barometric pressure

PO, - oxvgen partial pressure

PT] =~ tracheal oxyvgen partial pressure
(.)

psi - pounds per square iuch
RQ - respiratory quotient

STPD - standard temperature, pressure dry
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OXYCEN EQUIPMENT AND RAPID DECOMPRESSION STUDIES
INTRODGCTION

This {s a collection of reports of various studies and
evaluations of the protective capability of oxygen systems and
equipment used or proposed, including developmental and proto-
tvie deslgns for use at high altitude and/or following rapid
decompression, These studies were generally designed and ori-
ented toward (1) obtaining answers to narticular questions or
problems posed by Governmental approval authorities or the avia-
tion industry with respect to the life-support capability of a
given device or procedure and/or (ii) advancing the state-of-
the-art in high-altitude life support and aviation safety,
Certain of these reports were presented at scientific meetings
and/or published in preprints or proceedings with limited
distribution,

S\ M St

Reliable physiological evaluvorion of an oxygen system
requires continuous Jdetermination cof inspired and lung-oxvgen
tensions on a breath-by-breath basis. At thke time these studies
were conducted, analytical equipment with sufticiently rapid
response to accurately measure oxygen on a breath-by-breath
basis was not available; thus, development of an indirect method
emploving analvsis of other respiratory gases and computing
oxvgen tensions by difference was required. The recent develop-
ment of practical respiratory mass spectrometry has allowed
simultaneous breath-by-breath analysis of all gases involved in
respiration and has revolutionized this area of respiratory
physiology and equipment evaluation. Because some of these
studies were preliminary in nature and were conducted over a
period of 15 yr, emploving available and experimental techniques
and instrumentation, information contained in these reports is
subject to additional evaluation or change on review of the data,
conduct of additional testing, or receipt of additional facts,

SYNOPSES OF REPORTS

Continuous Functional Testing of Passenger Oxvgen Musks at

Ground Level aud During Rapid Decompression; Memo: »adum Report
AAC-119-77-9(S).

This study was conducted in 1964 to improve the previously
developed techniques and instrumentation for ti:e evaluation of
oxvgen equipment and explore the development of methods for evalu-
ating oxygen at ground level, The study emploved a relatively
large number of untrained subjects as opposed to a few selected
trained subjects at altitude., A secondary, but iantegral, phase
of the study was to evaluate a proposed passenger oxygen mask
design and concurrently evaluate and compare the use of

1
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electroencephalography and inability to maintain sequential
counting as indicators of loss of useful consclousness end points.
The proposed mask was unable to maintain subjects in a consclous
state following rapid decompression to 40,000 ft, failed to pro-
vide the required inspired cxyvgen partial pressures, and was not
approved until extensive redesign, modification, and reevaluation
were completed.

Phvsiological Evaluation of a Cessna Continuous=-Flow Oxygen Mask
for Unpressurized General Aviation Aircraft; Memorandum Report
AAC-119-77-8(S).

This study was conducted in 1966 to evaluate the physio=~
logical adequacy and protective capability of a Cessna Aircraft
Company-designed modification of the disposable K~S mask devel-
oped by Koze and Stockam in 1951 for airline passenge: supple-
mental and first aid oxvgen. The proposed modification of the
K-S mask was to be used on unpressurized aircraft for relatively
long durations with a specific oxvgen flow and oxvgen line
supply pressures and was to be utilized for the flight crew as
well as passengers. Results of this study indicated that flows
to the mask should be increased for altitudes above 25,000 frt;
above 28,000 ft to 30,000 ft, a much safer alternative is the use
of a nondiluting mask supplicd with an adequate flow to insure
100 percent oxygen.

Performance Characteristics of Portable First A{d Chemical
Oxygen Generators; Proceedings, Eleventh Annual Symposium of the
Survival and Flight Equipment Association, 1973,

This study was initiated to determine the feasibility of
utilizing readily available, of f-the~-shelf, portable first aid
chemical oxygen generators marketed to the medical profession
for first aid application aboard aircraft. This invesrigation
was limited to an evaluation of initiation reliability, oxygen
production, physiological adequacy, and efficiency of the oxygen~
dispensing device (mask) furnished with the unit.

Physiological Evaluation of the Protective Capacity of the
Prototype MBU-8/P Military Passenger Oxygen Mask; Proceedings,

Eleventh Annual Symposium of the Survival and Flight Equipment
Association, 1973,

The rapid development of the civil air carrier Jet and its
operation at flight altitudes of up to 41,000 ft have been the
primary impetus for the development of modern passenger oxygen
systems in the event of decompression, This report describes a
study conducted at the request of the U.S. Air Force of a proto-
type phase-dilution passenger mask developed by the Air Force to
replace the K-S open-port passenger mask, which is not recommended

2
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for use above 25,000 ft., Evaluations were oriented toward
determining compliance with Feceral Aviation Regulations (FAR),
National Acerospace Standard (NAS) 1179, and Federal Aviation
Administration (FAA) Technical Standard order (TSO) C64, The
MBU-B/P mask demonstrated adequate physiological adequacy tor
1i{mited exposures at 40,000 ft,

[rL SN e S

It workloads and thevefore respiratory activity are increased
above those used in this study, oxvgen flow to the mask should be
ifncreased to compensate for these increases {n activity,

Human tactors Report of the Investigation of the In-Flight
Decompression, November 2, 1973, of National Airlines Flight 27
(N60ONA): A DC~10 En Route From Houston International Airport
to San Francisco With 127 Persons Aboard; Memorandum Report

AAC-119=~74-6(8),

T

This study of an in-flight decompression was conducted in
response to a request from the National Transporcation Safety
Board for assistacce from this laboratorv because of our back-
ground in high-altitude and rapid-decompression research, Parti-
cipation in ifnvestigation of selected accidents and incidents {s
also beneficial to the researcher, as it provides him with an
insight into real-1life aviation safety problems and areas to
which priority should be placed in the design of research tasks.
One passenger was ejected from the aircraft and assumed to be
fatally injured. Analvtical studv of this accident indicated a
rapid decompression of the lower galley and a slower, less severe
decompression of the main passenger compartment. Following sub-
mission of this report, spectral analysis of the cockpit voice
recorder verified this sequence of events,

Effectiveness of a Paper Cup as an Afd to Providing Cxygen to
Laryngectomee Passengers; Memorandum Report AAC-119-74-17,

This report was completed in response to a question of the
validity of an operational procedure and method of administering
oxygen to 4 laryngectomee passenyer as recommended by a major
airline. The lack of a reservoir bag to store oxygen between
inhalations and the inefficient characteristics of the use of a
paper cup are described and compared to alternmative procedures,

Physiological Considerations and '. mitations in the Hipb=Altitude
Operation of Small-Volume Pressurired Afrcraft; 47th Annual
Scientific Meeting of the Aerospace Medical Association, 1976.

This report examines the relationship of the small volume of
certain jet aircraft to the rate of decompression, the locaticn
and area of pussible pressurization defecta, and the resultant
physiological and medical consequencers. It also points out the

3
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physiological limitations of current oxygen equipment; requirements
for pressure breathing and crew recogniticn and reaction time;

and other factors in relation to the final pressure, the vapidity
of decompression, and time-altitude profile.

Oxygen Concentrations in the Vicinity of a Passenger Receiving
First Aid Oxvgen; Memorandum Report AAC-119=77-4(S).

To preclude providing an ignition source, smoking aboard
alr carrier aircraft is prohibited at erbitrary distances or at
specified seat rows from passengers \ho are receiving first aid
oaygen. The basis for these separational distance requirements
and whether they are adaquate or unduly restrictive are not
known. Applying modern state-of-the-art analvtical instrumen-
tation, a brief preliminary study of the oxygen content of air
surrounding a subject breathing 100 percent oxygen at a standard
and very high flow rate was conducted to chart localized oxygen
concentrations vs, distance from the subject. This study does
not concern the social acceptability or health hazard potential
of smoking.
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CONTINUQUS FUNCTIONAL TESTING OF PASSENGER OXYGEN MASKS
AT GROUND LEVEL AND DURING RAPID DECOMPRESSION

1
1
]
4
{
E
:

E. B, McFadden, P, C. Tang, and J, W. Young
I. Introduction,

1 The development of the turbine-powered aircratt with its
capabflity to efficiently operate at high altitudes around or
above adverse veather and maintain more regular schedules has
provided the principal impetus for the phenomenal prowth of air
transportation., However, the potential of this mode of transpor-
1 tation could not be fully realized until development of the
pressurized cabin and its associated environmental and life-
support svstems., Because cabin pressurization failure imposes
an immediate threat to life at the altitudes at which these alr-
craft operate, passenger and crew oavgen systems ave provided as
an emergency life-support backup,

The capability of a passenger oxvgen system to provide the
required level of protection at altitude is highly dependent on
the performance of the mask and its capability to interface with
and satisfy human breathing and oxvgen requirements. Passenger
oxygen masks used aboard transport category alrcraft are of the

phase-dilution type designed to the NAS~1179 and FAA TSO-C64 of
which 1t is a part,

The primary purposes of this study were to: (i) extend the
use of passenger mask testing techniques previously developed (1)
and used at ground level (2) o the testing cf a limited number
of subjects exposed to a rapild decompression to the maximum
certified altitude of the aircraft; (i1) evaluate the use of an
electroencephalogram (EEG) to iudicate impending loss of con-
sciousness; and (1i1) compare the performance of a proposed
passenger mask design previously evaluated under steady-state
conditions at ground level (2) to its performance during the
dvnamics of rapid decompression to altitude, the primary condi-
tion for which it was designed,

IT. Method.

Because the percentage composition of nitrogen in the
ambient air at pround level and altitude (up to 80,000 ft) is
quite stable (79.03%), a reliable standard reference or tracer
gas in high concentration exists in the surrounding environment
of the subject. When the subject is breathing 100 percent oxygen
or oxygen diluted by a known amount of air, anv additional
nitrogen-containing air introduced by inward mask leakage mayv
be continuously monitored and measured by nitrogen analvsis on
a breath-by-breath basis. More importantly, the oxvgen partial
préssure of the inhaled ges may be calculated by difference and

5
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related to human oxygen requirements regardless of the altitude
and the source of the diluting gases, This indirect approach is
required since i{astrumentation with sufficiently rapid response
to measure oxvgen directly on a breath-by-breath basis is not
currently available.

The development and evaluation of the nitrogen analysis
technique for evaluating the performance of oxygen masks is
described in references 1 and 2.

Five subjects who had previously received high altitude
chamber training were instrumented and rapldly decompressed from
12,000 ft to 40,000 ft in 36 to 76 s. Decompression profiles
were based on the predicted decompression time of four-engine
turbine-powered transport aircraft after failure of a main cabin
window. At least one decompression was conducted with the sub-
ject in the resting condition, The same decompression profile
was repeated with the subject in the exercising condition to
stimulate breathing to the levels specified in FAR Part 25.
Subjects exercised on a bicycle ergometer in lieu of the tread-
mill used in the former study (2). Substitution of the bicycle
ergometer was required because the altitude chamber ceilins height
was 1lnadequate to accommodate the treadmill, However, the bieycle
ergometer was adjusted to duplicate the exercise levels emploved
in the previous study (2) but at an altitude of 12,000 ft just
prior to decompression, Exercise was continued and oxygen flow
maintained at 30 L/min BTPS during and following the rapid decom=
pression. In addition to the determination of nitrogen, subjects
were instrumented for electroencephalographic and electro-
cardiographic changes. Crew-type oxvgen masks and demand regu-
lators were set to the 100-percent-oxygen position before
decompression for pulmonary nitrogen washout, This process was
monitored and continued until the washout curve was asymptotic
and the remaining nitrogen was negligible. Just prior to decom-
pression the subjects held their breath, removed the crew masks,
and donned the passenger masks with oxygen flowing at a rate
equivalent to 30 L/min BTPS at 40,000 ft. The type of mask used
was the same proposed passenger oxvgen mask evaluated at ground
level in the previous study (2). A subject's inability to main-
tain sequential counting and/or initiation of convulsive move-
ments was established as the end point for loss of useful
consclousness. Electroencephalographic changes were monitored
and recorded for comparison of their omset, duration, and fre-
quency as related to the development of hypoxia and loss of use-
ful consciousness, Depending on the onset and severity of loss
of useful consciousness, descent was initiated, and either the
passenger mask was removed by the safety observer and replaced
with a crew mask delivering oxygen under pressure or the passen-
ger mask was flooded with oxygen. Those subjects who did not
exhibit obvious symptoms of impending loss of consciousness were

maintained at altitude for at least 5 min before descent was
infitiated.
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Measurement and establishment of minute and tidal volumes
were made while subjects were wearing the crew masks just prior
to donning the passenger masks and decompression. When a constant-
flow passenger mask is worn, current techniques and instrumentation
do not allow measurement of respiratory volumes without compro-
mising mask performance. The dynamice of rapid expansion of gases
in the lungs during decompression increases the difficulty of
accurately determining respiratory volumes.

In addition, any type of gas analysis equipment that requires
a relatively large sample flow or volume compromises mask perform-
ance. Respiratory nitrogen was monitored and recorded by using
two Custom Engineering Model 300AR nitralyzers., These instruments
have a rapid response time and required only 3 cc/min of sample
at the pressure setting used. Continuous samples were drawn from
the mask through a needle valve and microcatheter tubing of
0.03-in inner diameter. This small, extremely lightweight micro-
catheter tubing did not add significant weight to the mask or
necessitate its modification (factors affecting the character-
istics and performance of the mask) as may be the case with other
types of gas analysis equipment. One of the nitralyzers was used
to record minimum and maximum nitrogen on a breath~by~breath
basis, whereas a small inline sample mixing and damping reservoir
was used to attempt to integrate and determine the average or
mean nitrogen concentration by the other nitralyzer (Table 1),
Nitralyzers were calibrated and matched before each experiment.

Tracheal oxygen partial pressures were estimated as
follows:

Pp =100 - F_  (B-47)
T
0, N,

where 100

sum of nitrogen and oxygen in the inspired gas

]
[]

N fraction of nitrogen in the inspired gas
B = barcmetric pressure at ambient altitude in mmHg

47 = vapor pressure of water in mmHg at body
temperature (37°C)

PTO = tracheal oxygen partial pressure
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Subjects wearing the mask were exposed to a rapid decom-
pression in the altitude chamber to support this conclusion.
During light exerciss following decompression from 12,000 to
40,000 ft, the subjects wearing this mask maintained useful
consciousness for periods of only 36 to 98 s (Table 2), The one
subject (a high~altitude researcher) who was capable of maintain-
ing useful consclousness for a period of 98 s has, by the process
of acclimatization and hyperventilation, previously demonstrated
an ability to maintain consciocusness without oxygen for record
periods of 30 min at 30,000 ft, He was observed hyperventilating,
possibly from habit, with a tidal volume in excess of 2,500 cc
during the resting decompression. Hyperventilation and large
tidal volumes tended to increase both leakage and oxygen dilution
when this subject wore a phase-dilution passenger mask, thus
accelerating the onset of hypoxia with the result that he was
forced to descend before the 5-min dwell at altitude was completed,
In his succeeding decompression while exercising he appeared to
be overcompensating by breathing slowly and shallowly, thereby
maintaining useful consciousness for a period of 98 s, consider-
ably longer than any of the other subjects during exercise. This
subject's data should not be comsidered representative., These
data point out, however, both the deleterious and advantageous
effects ona may exert on the performance of this type of oxygen
mask by the introduction of voluntary hyperventilation and
hypoventilation.

Mean heart rates increased considerably during decompression
and dwell at altitude, returning to the preflight level on descent
to ground level (Table 3). This increase indicates that a certain
amount of apprehension and stress was associated with the decom-
pression which, in turn, would produce increases in minute and
tidal volumes over the levels established Jjust prior to decom-
pression. Direct measurement of minute and tidal volumes was not

possible, however, when the passenger masks were worn during
decompression.

Increases in minute and tidal volumes as a result of appre=-
hension and stress, when superimposed on those levels established
during exercise prior to decompression, could well have increased
ventilation above experimental design levels, Increased ventila-
tion and the resultant leakage could account in part for the
tracheal oxygen partial pressures being considerably lower than
predicted from the previous study at ground level (2). Of prime
interest, however, 1s that in only one instance, even when the
subject was quietly resting, did the tracheal pO following
decompression to 40,000 ft meet the minimum requirement of
Part 25.1443 of the FARs (Table 1). The aporoximate point at
which exercising subjects lost useful conscilousness, as deter-
mined by their inability to continue sequential counting, is
compared to the onset, frequency, and duration of electro~
encephalographic slow waves as shown in Table 2 and Figure 1,
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FICURE 1. Comparison of electroencephalographic slow waves
to loss of useful consuciousness following rapid
decompression from 12,000 to 40,000 ft. Passenger
oxvgen mask {low 30 liters per minuie, Light
exercise on hicycle ergometer.

lF Loss of useful consclousness
I (inability to maintain
sequential counting)

Eﬁ 6-7 cycle slow waves

1 Emergency descent [f!3-4 cycle slow waves

IV. Discussion.

To conserve tlhe oxvgen supply and extend its duration,
passenger oxygen systems and masks used on transport category
aircraft are desigired to provide reduced oxygen flows and allow
specific quantities ot amblent alr to enter the mask through the
dilution valve at lower altitudes to meet human breathing
(ventilation) requirements. However, the minimum oaygen partial
pressures as specified in the FARs must be maintained. As che
altitude is increased, oxygen flow must be increased and dilution
decreased or eliminated as the maximum cabin altitude 1s approached.
Uncontrolled dilution by inward leakage of nitrogen-rich ambient
alr reduces the efficiency of the mask and may jeopardize its
protective capability. This factor is variable, depending on

the design and fit of the mask and the facial configuration and
structure of the wearer.

Tn the absence of leakage associated with fit, the pertform-
ance of a phase-dilution mask is largely dependent on oxvgen [low,
inhalation and dilution valve sequencing, reservoir bag volume,
and respiratorv activity of the wearer. By literally flooding the
mask with oxygen, inward leakage may be minimized ur even converted
to outward leakage; however, to tlood the mask could require an

13

 iaias b o Tan b il o e
- or TR YT hd e B !

e -

-

5 e

——

R R Tattte ad




e

R L R AT

Bl i el

b4 w b ot RSO S et cH U DS e S AR i G R A

eightfold or greater increase in the number of oxygen cylinders
installed on the aircraft, imposing severe and unacceptable space
and weight penalties.

Use of the minimum or maximum concentration of nitrogen for
the calculation of tracheal oxygeu partial pressures is not jus-
tified because: (i) the minimum concentration of nitrogen may be
attalned as a result of a constant flow of oxygen washing out the
mask dead space; or (ii) the maximum concentration of nitrogen
during peak dilution in the mask occurs through the introduction
of ambient air by the dilution valve, The mean nitrogen concen-
tration appears to provide a more realistic value and was utilized
in this study for computation of the tracheal oxygen partial pres-—
sure. A more precise and accurate determinatfon of the tracheal
oxygen partial pressure while wearing a mask should be based on
breath-by-breath analysis of all end expiratory gases as a basis
for determination of the partial pressures of these gases in the
alr sacs (alveoli) of the lungs, New developments in instrumen~
tation with improved sensitivity and response, including the use
of polarographic gas analysis and mass spectrometry, may allow

direct determinations of all alveolar gases practical on a routine
basis.

It is not surprising that the tracheal oxygen partial pres-
sures were considerably lower following rapid decompression than
those predicted in previous testing (2) at ground level. During
the dynamics of decompression, a number of effects prevail that
are absent under steady-state ground-level conditions. These
include rapid expansion of gases in the lungs and ac. lerated
diffusion of carbon dioxide into the alveoli of the
lungs as a result of reduced prrssure. The accelerated diffusion
of carbon dioxide into the alveoli displaces oxygen, thereby
increasing the level of hypoxia. Once initiated, hypoxia-induced
hyperventilation tends to increase the dilution of oxygen delivered
by the mask thus establishing a vicious cycle which is directed
toward further increasing the level of hypoxia,

As alveolar oxygen partial pressure is in near equilibrium
with the blood, determination of the partial pressures of alveolar
gases provides a more precise indication of the physiological
condition of the mask wearer. However, a mask (as an item of
equipment) is, in itself, only capable of delivering a breathing
mixture with an increased oxygen partial pressure. This philosophy
is reflected in the passenger oxygen requirements of the FARs.,

Carbon dioxide in the blood exerts a significant effect on
the control of respiration and, in conjunction with other con-
trolling mechanisms, normally regulates and maintains a carbon
dioxide partial pressure of 40 mmHg in the alveoli of the lung.
By applying a derivation of the alveolar equation, the partial
pressure of carbon dioxide may be subtracted from the tracheal

14
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oxygen partial pressures of Table 1 and values may be estimated
: for alveolar oxygen partial pressures as follows:

; PAoz = PT02 - PACOZ or, in simple form, PA02 = PT02 - 40
where PTOZ = tracheal oxygen partial pressure

g PC02 = alveolar carboP dioxide partial pressure

: PA02 = glveolar oxygen partial pressure

The average alveolar oxygen partial pressure of the resting

subjects following decompression to 40,000 ft calculated by the
3 above method was ipproximately 30 mmHg. 1t is generally accepted
that alveolar oxygen partial pressures in the range of 20 mmHg to
35 mmHg (zone of performance degradation) may be expected to pro-
duce mild to severe performance degradation., Below 20 mmHg (zone
of unconsciousness), pressures in this range will produce imminent

loss of consclousness. The alveolar oxygen partial pressure of
the subjects while exercising averaged 15 mmHg. The reactions of

the subjects, including useful consciousness determinations and

eleccroencephalographic findings as shown in Tables 2 and 3 and

Figure 1, support the alveola: oxygen partial pressures calculated
above.

Previous ground-level evaluations of the proposed passenger
mask (2) indi~ated that it did not provide the minimum tracheal
oxygen partia_ pressures required by Part 25 of the FARs when
evaluation was extended to the maximum altitude for which approval
was sought. Decompression of subjects to the maximum altitude
produced even lower tracheal oxygen partial pressures, resultant
hypoxia, and loss of useful consciousness (as determined by the
subjects' inability to maintain sequential counting) in several
subjects while resting and in all the subjects while engaged in
light exercise. The passenger oxygen mask evaluated in this study
did not provide the minimum tracheal oxygen partial pressures
required by Part 25.1443 of the FARs and should not be approved
for use on transport category aircraft.
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PHYSTOLOCTCAL FVATUATION OF A CFSSNA CONTINUOWUS-FLOW
OXYUEN MASK FOR UNPRESSURLZED GENERAL AVIATION ATRCRAFT

E. B, McFadden, H, F, Haveison, and J. M. Siwpson
1. Introduction.

This report descrides altitude chamber experviments conducted
with human subjects using a Cessna-desipned disposable oxvien mask,
Rasically, the mask {s almost {dentical {n design to the disposable
K-8 mask developed by Koze and Stocham {n 1951 (under the puldance
of Dry A, D, Tuttle of United Alr Lines) for passenger supplemen-
tary and first aid oxvgen (1), Using new tvpes of material, the
designers have attempted to produce a mask that will provide a
better scal to the face and increase comfort, Jdurability, etti-
clency, and wearer acceptance for relativelvy long durations at
altitude in unpressurized afrcraft,

The mask {s ot the rebreather=diluter tvpe with a regulated
constant flow of oxvgen provided to the rebreather portion ot the
mask. The mask consists of two flexible plastic {{lm compartments.
The smaller or facepiece compartment {s sealed within tne larger
or rebreather bag. Two holes connect the taceplece to the
rebreather bag to allow gaseous exchwmge with the oxvgen supply
and redreather bag., Two additional dilution ports ave provided
in the facepfece to allow access to ambient afr. The mask s
retatned to the face bv means of an elastic band, The sott metal
wire encased in pliable plastic, which forms the peripherv ot the
mask faceplece, {s formed to the vottours of the tace tor a proper
tit. Prototvpe masks were fabricued {n thiee baste sizes: small,
medium, ana large.

Determination of efticiency of an oxvien svstem must be based
on the system's capabilitv to produce an adequate {nepived oxvaen
partial pressure resulting in a sufficifent alveolar oxvren partial
pressure in the lungs to {nsure a blow oxvgen saturation of an
aceeptable level,

Phvsiological responses to minor changes in oxyvgen partial
pressure vary widely depending on factors such as age, general
phvsical condition, and/or he presence or absence of cardiae,
circulatorv, or respivatory pathology.

One basic disadvantage of all coutinuous-tlow oxvaen svstoem.
ls an inability to adjust automatically to the respiratocy changes
assoclated with changes in emotional and phvsical activity of the
wearer. A healthy voung male breathine air at rest normallyv exhib-
{ts an approximate tidal volume (volume/breath) of 550 ml and a
winute volume {volume/min) of 7,700 mi. or 7,/ L. Ewmotfional and/or
phvsical activity may cause values to {nerease many told,
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II. Methods.

The study was divided into three phases. The first phase was
conducted with 10 volunteer subjects, 6 males and 4 females, rang-
ing from 15 to 44 vr of age. Two of the male subjects and all the
female subjects were considered naive subjects as they had no prior
experience in altitude chamber flight. The remaining four males
had previously been exposed tc one or two chamber flights but would
not be considered to have had extensive experience,

The altitude chamber {light profile for each of the 10 sub~-
jects is shown in Figure 1. Electrodes were affixed to the sub-
ject to obtain ECG, heart rate (cardiotachometer), and respiration
(Iimpedance pneumograph). An oximeter earpiece was affixed .o the
pina of the ear of the subject to obtain a measure of blood oxygen
saturation. The information was fed to appropriate amplifiers and
signal conditioners, monitored and recorded continuously on a physio-

graph recvrder (Figures 2 and 3) throughout the altitude chamber
flight.

The operators of this equipment could observe the subject at
all times by use of closed-circuit television. In addition, a
safety observer accompani..i each subject in the chamber.

Two Custom Engineeriny and Development Company nitralvzers,
Model 300 AR, were used to continuously measure the mask nitrogen.
These instruments exhibit an initial response of 0.024 second, a
90-percent response being obtained in 0,044 second. Acr the pres-
sure setting used (0.6 mmHg), the sampling rate was 3 em3/min.

Continuous samples were drawn through needle valves and
microcatheter tubing (PE 60) of 0,030-~in intercal diameter con-
nected into the facepiece and rebreathing compartments of the
mask. The small, extremely lightweight microcatheter tubing
connected to the mask did not require addition of significant
welght or modification of the mask, factors that might compromise
the fit and operational characteristics of the mask.

After instrumentation, subjects were seated in the chamber
and ground-level baselines recorded (Table 1). An ascent was
made to 10,000 ft and s descent was made to 5,000 ft to determine
the subject's ability to clear ear pressure before ascending to
higher altitudes. The chamber ascended to 14,000 ft and air-
breathing baselines were recorded during 3 min of resting and
3 min of light exercise (Table 2). The mask, 2quipped with a
Zep-Aro orifice (F 365-1080-2) operating at a supply pressure of
70 psi and providing 2.7 L/min STPD, was donned. This pressure
and flow were maintained throughout the first phase of the evalu-
ation. Observations of blood oxygen resaturation were made on
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several subjects within 1 min after they donned the mask at

14,000 ft and subsequently after 1 and 3 min of exercise (Table 3).
Determination of mask nitrogen was naturally not available until
after mask donning was accomplished.

Following mask donning an ascent was made to 20,000, 25,000,
and 30,000 ft with a dwell time of 6 min at each altitude. During
the first 3 min at each altitude the subject engaged in light
exercise, using a bicycle ergometer at a speed of 40 r/min and
load of 50 W (approximately equivalent to walking at 3,0-3.4 mi/h)
(Tables 4-12). During the last 3 min the subject read articles

from aviation or similar magazines through the mask into a recorder
microphone.

Postflight ground-level determinations of resting blood
saturation, heart, and respiratory rates were recorded on six
subjects (Table 13) in conjunction with carben dioxide measure-
ments at ground level while wearing the mask (Table 14), An LB-1
infrared gas analyzer was utilized to determine the carbon dioxide
in the mask facepiece and rebreather bag. The relatively high
flow requirements (500 mL/min) of this analyzer dictated that the
sample be circulated through the analyzer and returned to the mask
compartment from which it was removed. This process appeared to
significantly modify the breath-by-breath nitralyzer measurements;
therefore, carbon dioxide measurements were conducted only at
ground level., Since flow at ground level in terms of BIPS is at
its lowest and mask ventilation is minimal, this condition should

represent the worst probable condition for carbon dioxide
accumulation.

Tape recordings of the subjects reading at altitude were
subjectively evaluated for intelligibility in terms of volume
and clarity by a former radioman (now a sound technician) who
was unfamiliar with the content of the recordings (Table 15).

Two of the ten subjects included in the first phase of the
evaluation, duplicated the first flight profile wearing a differ-
ent type mask, The first subject (BH) wore the Zep-Aro constant-
flow mask (Cessna Part No. C 166009-0401) (Tables 16-17), The
other subject (DZ) wore the Ohio Chemical Company K~S mask
(Tables 18-19). The same orifices and oxygen supply pressure
were maintained as in the previous 10 subject flights.

In view of the probable use of the mask at altitude for
relatively long periods of time, it becomes apparent that addi-
tional evaluations should be conducted for extended duration to
produce a more reliable steady-state condition of the unacclima-
tized subject. In this second phase of the evaluations the sub-
Ject remained at altitude fcr 1 h with alternate periods of
activity and rest extended to about 6 min of light exercise and
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3 about 10 min of rest, Twoc 1-h evaluations using the same subject
are shown in Tables 20 and 21, The first was conducted at 25,000
ft at an oxygen supply pressure of 70 psi, For the second flight
the pressure was reduced to 60 psi.

An extended 1-h flight at 30,000 ft of subject JV (Tables
22-23) was aborted after 32 min because of the steady deteriora-
tion of the subject's blood nxygen saturation during light exer-
cise and, as a precautionary measure, because of the safety
J observer's developing a light case of bends.

In the evaluation of oxygen mask efficiency, one of the most
important factors is the partial pressure of gases in the inspired
air. A rebreathing mask defies direct measurement of these param-
aters because of the rapidly varying nonhomogeneous gas mixtures
introduced from instant to instant in the facepiece ot the mask.

To estimate the composition of inspired gases, we pursued a
different indirect approach. This technique is based on the
aseremption that the end expiratory gases from the lungs have mixed
and represent a homogeneous mixture,

As an inert gas, nitrogen does not participate in metabolic
exchange. If the absorption of oxygen and the production of
carbon dioxide were exactly the same, then the amount of nitrogen
inspired would equal the amount expired; i.e,, nitrogen molecules
inspired = nitrogen molecules expired. The respiratory metabolic
RG would be equal; i.e., RQ = 1, The metabolic RQ (i,e.,, RQ =

CO05 produced
e T -~
_BE—ESEEGEEE is not normallv ~xactly equal. Under these

conditions there may be a relative differeace in the percentage
of inert nitrogen inspired and expired. The metabolic R( depends
on the predominance of carbohydrates (1.0), protein (0.82) or fat
(0.71) in the diet. The normal value of a mixed diet approximates
0.83. The respiratory RQ may vary temporarily from the metabolic
RQ because of unsteady states, such as hyperventilation. The
increased lung ventilation produces a blowoff of carbon dioxide
from the blood and an apparent but misleading increase in carbon
dioxide production with a resultant RQ greater than 1.0, Con-
versely, hypoventilation and retention of carbon dioxide indicate
an apparent but misleading decrease in carbon dioxide production
that results in an RQ of less than 0.7,

One must keep in mind that the unequal exchange of oxygen
and carbon dioxide involves only that portion of the gases con=
sumed and produced. For example, if during the l-min period at
rest 0.3 L of oxygen was consumed and 0.25 L of carbon dioxide
was produced (RQ = 0.83), the resultant diffcrence of 0.05 L on
the 7 or 8 L passing through the lungs during the same period of
time is relatively small. This produces an error of only a few
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percentage points, well within the accuracy of determinations of
end expiratory nitrogen,

All nitrogen diluting the inspired gas originates from ambient
air with the exception of nitrogen derived from the tissues, which

after 6 to 8 min under a steady-state condition has been shown to
constitute less than 1 percent of the lung volume (2).

Using calculations suggested by Luft (3) in 1951, one can
dete mine the admixture of air; {i,e.:

Admixture of air _ Inspired nitrogen fraction
100 Nitrogen fraction of air

By substituting end expiratory nitrogen for inspired nitrogen:

End expiratory nitrogen
Admixture of air = Nitrogen fractlon of air

Using these formulas one may derive the percentage of dilu-
tion, supply oxygen, oxygen from the ambient air, and total
oxygen according to the following calculations:

End Expired N, x 100

Percent Dilution = Ny of Air (79.03)

Oxygen from Supply = 100 - Percent Dilution

Oxygen from Ambient = Percent Dilution x Ambient Oxygen (20,94)

Total Oxygen = Oxygen from Supply + Oxygen from Ambient
Calculated inspired oxygen partial pressure
(PB - 47) x Percent Total Oxygen

Where: Py = Total pressure in mmHg at ambient altitude

47 = Pressure in mmHg of saturated water vapor at
body temperature

The average percentages of supply oxygen during reading and
exercising of the 10 subjects in the first phase are presented in

Figure 6 for comparison with Luft's determination on the K-8 mask
in 1951 (Figure 7).

Data showing the concentration of inspired oxygen using the
Cessna mask are superimposed over Luft's plot of the result
obtained on the K-S mask in 1951 (Figure 8).
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ITI. Results.

The ground-level blood oxygen saturation, heart, and respira-
tory rates of the 10 subjects in Table 1 appear normal with the
exception of some elevation of heart and respiratory rates of
several subjects, This response appeared to be a result of some
degree of apprehension. There was considerable variation in blood
oxygen saturation baselines breathing air at 14,000 ft. The low-
est average value of 86.6 percent was obtained in the sixth minute
at 14,000 ft following 3 min of light exercise, The lowest single
individual saturation was that of subject BH, who exhibited a
78~percent saturation after 3 min of exercise and a total dwell
time of 6 min at 14,000 ft (Table 2), Table 3 shows the rapid
resaturation of several subjects resting at 14,000 ft following
mask donning and subsecquent maintenance of saturation during
exurcise. The avirage blood oxygen saturations at 20,000 ft
reading and exercising were slightly higher than the ground-level
baseline controls (Table 4), In Table 5 the average calculated
tracheal partial pressures of approximately 160-169 mmHg were also
higher than the 140-mm breathing air at ground level (Oklahoma
City). In Table 6 nitrogen values measured simultaneously in the
bag and mask faceplece emphasize the very large fluctuation of gas
composition occurring in a diluter rebreathing mask with each
breath, Thia table also provides an estimation of the existence
and extent of expired gas entering the rebreathing bag.
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Examining Table 7 one may note that the average blood oxygen
saturations at 25,000 ft were slightly in excess of the average
ground-level control,

The calculated Inspired oxygen partial pressures at 25,000
ft (Table 8) ranging from 139.6 to 145.5 mmHg are equivalent to
slightly in excess of the ground air breathing oxygen partial
pressure of 140 mmHg. In Table 9 one may note that the concentra-
tion of nitrogen measured in the rebreather bag at 25,000 ft is
reduced when compared to 20,000 ft,

The average blood oxygen saturation at 30,000 ft (Table 10)
indicates only a slight reduction. However, several individual
subjects indicated a significant reduction to 87-~89 percent
saturation. Heart rates and respiration were also elevated
slightly above corresponding measurements at 25,000 and 20,000 ft.
Calculated average inspired tracheal oxygen partial pressures
ranging from 114 to 122 are consistent with the average blood
oxygen saturation readings (Table 11),

Subject JV, who exhibited a low blood oxygzen saturation
(87-89%) (Table 10), also exhibited a low inspired oxygen partial
pressure (100 mm - 98 mm). One female subject's saturation
dropped to approximately 91 percent with a corresponding drop of
the inspired tracheal oxygen partial pressure to 102-97 mm,
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Although the saturation of subject JH dropped to 89 percent, the
tracheal partial pressure was calculated at 120 mm,

In Table 12 one may note a further reduction of nitrogen in
the rebreather bag.

After descent to ground level, the mask was left on s8ix of
the subjects and determinations were made of the carbon dioxide
in the mask faceplece and rebreather bag, The recording of blood
oxygen saturation, heart rates, and respiration were continued
and are shown in Table 13,

The 3-min periods of reading at each altitude were recorded
on an Ampex recorder and later evaluated in terms of volume and
clarity (Table 15), During reading the subjects' speech intelli-
gibility was generally quite good, That few of the subjects did
not talk directly into the microphone iesulted in some compromise
of clarity and the mask appeared tu produce a slight muffled
effect in some instances,

Measurements of carbon dioxide content of the mask facepiece
and rebreather bag are shown in Table 14, With the exception of
subject DR, maximums of 3 and 5 percent carbon dioxide were
detected in the rebreathing bag and mask facepiece respectively.
The 5-percent maximum value, approximating an end expiratory
sample, is equal to 34 mm of partial pressure, somewhat less than
that of the normal 40 mm partial pressure of end expiratory Rras
composition. Subject DR, a SCUBA diver, eahibited a tendency to
skip breathe, a technique habitually used by some divers to con-
serve air. This subject's respiration during the carbon dioxide
determination was so shallow and irregular that a meaningful
impedance pneumograph recording was unobtainable, This subject
showed a maximum carbon dioxide level of 8,9 percent in the
rebreather bag, However, 1t 1s felt that the carbon dioxide
measurements at ground level do not indicate a problem at altitude
with the increased flow and ventilation due to gageous expansion
of the supply oxygen at altitude.

For example, at 20,000 ft, the 2.7-L/min flow STPD around
level would equal approximately 7.5 BTPS. In addition, a concen-
tration of approximately 14 percent carbon dioxide would be
required to produce an inspired partial pressure of 40 mmHg at
20,000 ft (4,5). At ground level 5,8 percent carbon dioxide pro-
duces an inspired 40 mmHg partial pressure., In evaluating carbon
dioxide concentration vne is again faced with a nonhomogeneous
mixture of gases in the mask and rebreather bag., The end expira-
tory carbon dioxide concentration appears to be the more reliable
measure becanse it reflects conditions {n the lungs,

Review of Table 14 indicates the average carbon dioxide
maximum values to be lower than expected, approaching {in some
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fustances that expected for mixed expired gas, Therefore, it is
doubtful that measurements of carbon dioxide in the mask face-
plece provided consistently the degree of accuracy required for
precise determinations of the end expiratory carbon dioxide.

Rebreathing of excessive carbon dioxide concentrations
should have produced a significant change in respiration and
heart rates. Examination of Table 13 indicates no such effects.

Inspired concentrations of carbon dioxide of up to 2 percent
have been shown to have little or no physiological effect (5).

Two additional chamber flights were made with two current
types of rebreathing masks using subjects BH sand DZ, who also
participated as subjects in the first series.

In Table 16 the results are shown for subject BH wearing

the Zep-Aro (Cessna Part No., C 166009-0401) mask equipped with a
mask~mounted microphone. At 30,000 ft, saturation during exercise
dropped lower than the 14,000-ft baseline and the equivalent pre-
vious test wearing the Cessna mask. Resaturation was not subse-
quently accomplished during reading as in the previous evaluation,
Calculated inspired oxygen partial pressures ranged from 93 mmtg
to 102 mmHg (Table 17).

Results of subject DZ wearing the K-S mask are shown in
Table 18. Saturation dropped to 91 percent at 25,000 ft during
*xercise but was reestablished during subsequent reading., At
30,000 ft, saturation dropped during exercise to 84,8 percent,
lower than the 14,000-ft baseline, but was again reestablished
during reading, Durinyg the previous test the saturation of
subject DZ wearing the Cessna mask showed no indication of
reduction at 25,000 ft during exercise, At 30,000 ft, there was
some reduction in saturation with the Cessna mask during exercise
but not of the magnitude experienced with the K-$ mask., Calcu-~
lated inspired tracheal oxygen partial pressures of 98-102 mmHg
(Table 19) are consistent with the blood oxygen saturations '
obtained. /

E

In Phase 2 the Cessna mask was evaluated during extended-
duration chamber flights at altitudes of 25,000 and 30,000 ft,
Longer periods of exercise and rest were utilized, and the resting
condition was substituted for reading, Tabie 20 presents the
blood oxygen saturation, heart rate, and respiration of subject
DD during two 1-h flights at 25,000 ft. The second flight varied 1
from the firat only in that the oxygen supply pressure was reduced 5
to 60 pst, g

*X

Blood oxygen saturation remained above the alr-breathing i

ground-level control at all times during the flights. Inspired
tracheal oxygen partial pressures were generally above that for i
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breathing air at ground level (Table 21). An extended-duration
‘ chamber flight to 30,000 ft was conducted with subject JV, At
’ the end of 6 min of light exercise following 16 min dwell time at
. 30,000 ft, the subject's blood saturation had dropped to 83
percent, At the end of the 24th min at 30,000 ft during resting
the oxygen supply pressure was reduced from 70 psi to 60 psi.
Light exercise was initlated at the end of the 27th min and by
the 32nd min the blood oxygen saturatlon had dropped to 75 percent.
1 At this point the remainder of the flight was aborted as a
precautionary measure, not only because of the subject's deteri-
orating condition, but also because of development of moderate
symptoms of bends by the safety observer, which could only be
aggravated by further dwell at this altitude., Table 23 reflects
the calculated inspired oxygen partial pressure.
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In the third phase two exploratory flights were conducted
simultaneously to measure end explratory nitrogen in the nostrils

and mask facepiece and, hopefully, to correlate these two sampling
locales and determine their relationship.

The first of these flights consisted of a 12-min dwell time
at 25,000 ft with the subject engaged in 6 min of resting and 6
min of exercising. The chamber then ascended to 30,000 ft, at
which time the rest-exercise cycle was repeated. As in the pre-
vious extended-duration flights, subject DD maintained good blood
oxygen saturation (Table 24). Review of the calculated inspired
oxygen concentrations indicates that readings from the mask vary
by only 2 to 3 percent from those in the nostrils (Table 25).

Figure 4 is a reproduction of the nitralyzer record during exer-
cise at 30,000 ft.

The second of these two flight profiles was identical to the
first except ascent was to 27,500 and 30,000 ft instead of 25,000
and 30,000 ft. Blood saturations of subject BH resting at 27,500
ft were equal to or higher than the ground-level control, dropping
only slightly below the ground-level control during exercise.

However, at 30,000 ft with light exercise, saturation dropped to
89 percent.

The calculated inspired oxygen concentration as derived from
nitrogen recordings in the mask and nostrils indicates a variation
of 2 to 4 percent at altitudes of 27,500 and 30,000 ft (Table 27).
Variation was as much as 5 percent at 14,000 ft. The mask, how-
ever, had been donned only shortly before these readings were
taken. The subject was previously breathing air at 14,000 ft and,

as a result, readings were more variable because a steady state
had not been attained,
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IV. Discussion.,

In the selection of an cxygen system, one must consider a
number of factors: environment and altitude, aircraft character-
istics, flight mission, and the wearer's knowledge and training
relative to oxygen requirements and equipment. For example, a
diluter type of mask that may be satisfactory in providing protec-
tion under steady-state condicions at a given altitude may not
provide adequate protection following rapid decompression to the
same altitude. All evaluations conducted in this study were based
on the assumption of mask utilization in unpressurized aircraft.

Several comments should be made relative to the physiological
variability of the subjects and the limitations of the measurements.

It was noted that when subjects were at 14,000 ft, breathing
alr and resting, the oximeter would vary considerably in response
to changes in respiration. This fluctuation or hunting at times
would amount to 4~ to 5~percent saturation in response to a par-
ticularly deep respiration following a relatively long period of
shallow and irregular breathing. After the mask was donned and
resaturation established, this fluctuation during reading reduced
considerably and the subject exhibited maximal stability during
exercise. Evaluation during reading was carried out because of
the possible effect on dilution of high inspiratory flows
characteristic of speech. 1In addition it is not uncommon for the
pilot and passengers of unpressurized light private aircraft to
engage in convergation. A third reason for the reading was to
evaluate speech intelligibility and the possible effect of the
mask on aircraft-~to-traffic-control communication. The differ-

ences between respiration during exercise and reading are shown
in Figures 2 and 3.

Short periuds of voluntary hyperventilation have been used
in the past to evaluate the effect on mask efficiency of changes
in respiration induced by emotional factors, However, it is
practically impossible for a sedentary subject to maintain
voluntary hyperventilation for more than 2 to 3 min without
experiencing severe symptoms of hypocapnia (d1zziness, pares-
thesia, muscle cramps, etc.)., Drastic changes in blood chemistry

and cerebral blood flow also detract from the use of voluntary
hyperventilation in mask evaluation.

In lieu of voluntary hyperventilation a light exercise was
used to stimulate respiration and concurrently simulate light
physical activity as compared to complete sedentary resting
conditions. It is admitted that exercise will produce an increase
in oxygen consumption, but at the level utilized in this study

this would approximate only 0.3 to 0.4 L/min above the resting
level.
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Unless caretully studied, interpretation of the nitralyzer
recordings from a diluter-type mask can be misleading., One must
keep in mind that thes: recordings represent changes in gas compo-
sition and not necessarily volumes or respiratory excursions. A
line is drawn through the end expiratory points in Figures 4 and 5.
In Figure 4, taken after 1 mi, of exercise at 30,000 ft, there is
still a slight upward slope, indicating a slow increase in concen~-
tration of nitrogen being introduced into the mask. In Figure 4,
after 5 min of exercise at 30,000 ft, the end expiratory nitrogen
appears to have stabilized,

The height and weight of subjects may have affected some of
the evaluations because oxygen consumption is directly related to
the body surface areas. Subject JV, at a weight of 197 1lb, was
the largest subject evaluated, He experienced a low blood oxygen
saturation during the first phase of the evaluation at 30,000 ft.
During the extended flight at 30,000 ft, he again experienced a
low blood oxygen saturation at an oxygen supply pressure of 70
psi. When the pressure was cut to 60 psi, the saturation dropped
precipitously and a descent was initiated. Subject DD, a small
male subject weighing 135 1b, completed two 1-h flights at 25,000
ft, using oxygen supply pressures of 70 psi and 60 psi without a
significant reduction in blool oxygen saturation. In a third
evaluation, after 6 min of exercise at 30,000 ft, this subject's
saturation only dropped to 94 percent compared to 83 percent for
srubject JV.

Control of respiration in individuals who are not acclima-
tized to altitudes, such as in the Andes Mountains, is primarily
regulated by a delicate balance of carbon dioxide partial pressure
in the lungs and its effect on the blood. Regulatory receptors in

the central nervous and circulatory systems are in turn affected
via the blood.

Oxygen lack does not play a part in increasing respiration
until an equivalent altitude of 10,000 to 12,000 ft is reached,
at which point hypoxic drive of respiration becomes a factor. If
a significant degree of hypoxia becomes established, a vicious
cycle caused by using a diluter-type mask may develop in that the
mask wearer may reflexly hyperventilate in response to hypoxia.
The increased ventilation during hyperventilation results in more
ambient air being drawn into the mask, diluting the oxygen and
resulting in decreased mask efficiency. The dilution of oxygen
in turn results in increased hypoxia. At an altitude of 25,000
ft the Cessna mask with the Zep-Aro orifice delivering 2.7 L/min
produced an average blood oxygen saturation equal to or in excess
of the ground-level controls. At 27,500 ft the blood oxygen
saturation of the one subject evaluated at this altitude was only
slightly lowar than the ground-level control. At 30,000 ft several
of the subjects experienced saturations below 90 percent that during
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one extended~duration flight dropped to 83 percent at 70 psi and
75 percent when the supply pressure was reduced to 60 psi.

It must be realized that these tests were carried out under
laboratory conditions with masks of the proper size and correctly
donned. Under actual conditions of use, care and caution may not
be as ideal.

The data indicate that flows to the mask should be increased
for altitudes above 25,000 ft. Above 28,000 to 30,000 {t a much
safer alternative is to use a nondiluting mask supplied with an
adequate flow to insure 100 percen. cxvgen.

Probably the largest amount of experience relative to the
occurrence of hypoxia at altftudes of 25,000 to 30,000 ft was
gained by the Army Air Corps in World War II in B-24 and B-17
aircraft. Hypoxic incidents were four times more frequent in
the B-17s operating at an average altitude of 25,000 ft than in
the B-24s operating at an average altitude of 22,000 ft, The
average highest altitude for the B-24 was 25,000 ft; for the B-17,
30,000 ft.

The Army Air Corpe reported 10,700 cases of hypoxia resulting
in unconsciousness and 110 deaths during World War II operatioms.

In addition to hypoxia at flight altitudes of 25,000 to
30,000 ft, in unpressurized aircraft there is the problem of
dysbarism or effect of reduced pressures on the body exclusive
of hypoxia. The literature is so extensive in this area that it
will not be referenced in this report. However, the altitude
range of 25,000 to 30,000 ft i{s considered a critical area in
which bends are likely to develop in as little as 15 to 30 min.

Obesity is a predisposing factor and deaths have been reported
as low as 22,000 ft (6).
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FIGURE 1.

Altitude chamber flight profile and subject activity
of 10 subjects wearing the Cessna mask.
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Blood uxygen saturation, heart rates, and respiration
oi subject DM at 30,000 feet wearing the Cessna mask.
Second minute of exercise. Note the stabilization of
heart rate.
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3. Blood oxygen saturation, heart rate, and respiration
of subject DM at 30,000 feet wearing the Cessna mask.
Second minute of reading. Note the rapid inspiratory
excursions of the wnest characteristic of speech.
Normal flucruation of heart rate with resplration is
evident.
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FIGURE 4. Simultaneous measurement of nitrogen by probes iuserted
in nostril and the Cessna mask facepiece. A dashed
line is drawn through the end expiratory points.
Subject DD. First minute of exercise at 30,000 feet.
The slope indicates the increase in end expiratory
nitrogen during transition from resting to exercise.
Recording must be read from right to left,
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- inserted in nostril and the Cessna mask facepiece.
3 A dashed line is drawn through the end expiratory
: points. Subject BH. Fifth minute of exercise at
3 30,000 feet. Recording must be read from right

to lefrt.
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nitrogen concentration. Subjects exercising and
reading at 20,000, 25,000, and 30,000 feet while
wearing the Cessna mask.
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Composition of Pulmonary Ventilation

FIGURE 7.

FIGURE 8.

Flow Rate, L/min

3
I 2 3 3 Hyperventilation
100

20
80
70
60
50
40
30
20
10

{percent)

~R

0

1 20 20 25 2?7 2

Altitude {thousands of 1)

T "percent amblent air
pomm 02 derived trom regulator
Luft's histograph showing dilution of inspired pas

with ambient air at different altitudes and rates of
flow during evaluation of the K-S mask in 1961.
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Concentration of inspired gas using the Cessna mask
superimposed over Luft's plot of the K-S mask in
1951. Oxygen flow controlled by a Zep-Aro orifice

F 365-1080-2 with a flow of 2.7 L/min at a pressure
of 70 psi. Curve represents inspired oxygen required
to theoretically maintain sea-level conditions.
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TABLE 1. Blood Oxygen Saturation, and Heart and Respiratory Rate
Baselines of Subjects at Ground Level Breathing Air at Rest
Immediately Prior to Ascent to Altitude

N =10
Oximeter Heart Respiratory Age Height Weight
Subject  Sex (percent) Rate Rate (yr) (in) (1b)
DR M 100.0 88 - 34 71.5 184
JT M 99.0 75 12 37 71.0 155
JH F 98.4 100 17 36 66.5 135
MZ F 7.0 76 15 43 64.0 115
LZ F 95.6 100 11 15 62.0 110
DM F 97.0 90 23 33 64.0 115
GF M 95.0 94 22 33 68.5 130
BH M 96.8 78 14 30 71.0 168
Jv M 95.6 78 14 &4 68.0 197
DZ M 96.0 82 9 44 68.0 180
Range 95-100 75-100 9~23
Mean 97.0 86 15
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TABLE 2. Blood Oxygen Saturation, and Heart and Respiratory Rate Baselines
of Subjects Breathing Air at 14,000 ft, Resting and Exercising.
Inspired Tracheal Oxygen Partial Pressure 83.8 mmlg

Resting, First and Third Minutes at 14,000 ft

N = 0%
Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject Sex 1 3 1 3 1 3
DR M —— - - - —— -—-
JT M 96.0 91.0 80 78 - -
JH F 93.0 93.5 108 102 19 19
MZ F 93.6 95.3 78 80 12 14
LZ F 91.5 92.8 96 90 15 20
DM F 94.0 92.5 90 93 18 17
GF M 90.4 92.0 100 100 17 19
BH M 79.0 78.0 74 84 12 13
Jv M 89.5 90.1 84 85 16 -———
DZ M 92.0 93.0 88 88 11 10
Range 79.0-96.0 78.0-95.3 74-108 80-102 11~-19 10-20
Mean 91.0 91.0 89 89 15 16
Exercising, Fourth and Sixﬁb Minutes at 14,000 ft
N=2§
4 6 4 6 4 6
DR M 92.0 83.0 108 123 — -—
JT M - - - - — —_—
JH F —— -— - - -— ——
MZ F 94,0 86.0 80 102 19 2
Lz F 88.0 90.0 132 142 24 30
DM F 92.0 93.0 114 120 26 28
GF M 90.2 91.0 100 105 24 26
BH M 76.0 72.0 92 94 20 17
Jv M 86.0 86.0 105 108 19 18
DZ M 90.0 92.0 100 100 22 22
3 Range 76.0~94,0 72.0-93,0 80-132 94=142 19-26 17-30
E Mean 88.5 86.6 104 112 22 24

*Number of subjects for whom data were obtained.
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TABLE 3. Blood Oxygen Saturation, and Heart and Respiratory Rate Baselines
of Several Subjects at 14,000 ft Wearing the Cessna Oxygen Mask
and Breathing Oxygen With the Zep-Aro Orifice (F 365-1080-2)

Resting, Mask Donned Following Air Breathing at 14,000 fc

N=3
Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject Sex 0 0.75 0 0.75 0 0.75
DR M 83.0 98.5 95 80 - -
JT M 91.0 97.0 78 70 15 16
JH F 93.5 97.0 102 115 19 18
Range 83.0-93.5 97.0-98.5 78-102 70-115 15-19 16-18
Mean 89.0 97.5 92 88 17 17
Exercising, Mask On at 14,000 ft
N=2
1 3 1 3 1 3
JT M 98.0 97.5 70 75 19 21
JH F 93.5 97.0 102 115 19 18
Range 93.5-98.0 97.0-97.5 70-102 75-115 19-19 18-21
Mean 95.8 97.2 86 95 19 19
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at 20,000 ft Weering Cessna Mask With the Zep-Aro Orifice (F 365-1080-2)
at an Oxygen Supply Pressure of 70 psi

N=10

Exercising, First and Third Minutes at 20,000 ft

2
1
4
E
3

R T Whg

TABLE 4. Blood Oxygen Saturation, and Heart and Respiratory Rates of Subjects

40

Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject  Sex 1 3 1 3 1 3
DR M 97.5 97.5 80 100 - -
JT M 97.6 97.4 70 80 21 19
JH F 97.6 97.6 108 115 21 21
MZ F 97.0 98.3 99 94 21 19
LZ F 96.7 97.4 112 112 24 25
DM F 99.4 99.4 105 108 25 26
GF M 98.6 98.0 98 96 24 23
BR M 98.4 98.7 T4 74 18 17
Jv M 96.7 96.3 98 100 19 20
DZ M 96.6 96.5 96 94 19 16
Range 96.6-99.4 96.3~99.4 70-112 74-115 18-25 16-26
Mean 97.6 97.7 94 97 21 21
Reading, Fourth and Sixth Minutes at 20,000 ft
4 6 4 b b 6
DR M 97.5 100.0 100 30 12 10
JT M 98.0 98.6 75 70 16 17
JH F 97.5 98.0 105 110 16 15
MZ F 98.3 98.3 87 84 13 10
LZ F 97.8 98.0 98 98 17 13
DM F 99.4 99.4 100 100 13 1]
GF M 98.2 99,2 100 100 20 16
BH M 99.0 99.8 86 82 17 14
Jv M 97.3 97.8 88 87 15 14
Dz M 97.9 98.8 96 94 14 13
Range 97.3-99.4 97.8-100.0 75-105 70-110 12-20 10-17
Mean 98.1 98.8 94 92 15 13
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TABLE 5. Percentage of Ambient Afr and Oxygen Content of Inspired Gas
2 Using the Cessna Mask at 20,000 ft as Derived From
F Estimates of End Expiratory Nitrogen
N =10
Exercising, Firat and Third Minutes at 20,000 ft
3 End Percent Oxygen from Calculated
Expiratory Dilution Supply + Py
Nitrogen Percent Supply Amb fent Ambient 0,
Minute Minute Minute Minute Minute Minute
3 Subject  Sex 1 ) 1 3 1 3 ] 3 1 3 1 3
DR M 57 53 72 67 28 33 15 14 43 47 130 142
JT .| 43 40 54 51 46 49 1] 11 57 60 172 181
JH F 45 48 57 61 43 39 12 13 55 52 166 157
MZ F 52 50 66 63 34 37 14 13 48 50 145 151
Lz F 45 42 57 53 43 &7 12 11 55 58 166 175
DM F 47 42 60 53 40 47 13 11 53 58 160 175
GF M 40 46 51 58 49 42 11 12 60 54 181 163
BH M 43 47 S4 60 46 40 11 13 57 53 172 160
Jv M 46 52 58 66 42 34 12 14 54 48 163 145
374 M 38 47 48 60 52 40 10 13 62 53 187 160
Mean 45.6  46.7 57.7 59.2 42.3 40.8 12.1 12.5 S54.4 S3.3 164.2 160.9
Reading, Fourth and Sixth Minutes at 20,000 ft
4 6 4 6 4 [ 4 6 4 6 4 ]
M 48 47 61 60 39 40 13 13 52 53 157 160
M 39 37 49 47 51 53 10 10 6l 63 184 190
F 42 44 53 56 47 44 11 12 58 56 175 169
¥ 47 47 60 60 40 40 13 13 53 53 160 160
F 33 36 42 46 58 54 9 10 67 64 202 193
F 47 42 60 53 40 47 12 11 53 58 160 175
M 44 45 56 57 44 43 12 12 56 55 169 166
M 46 46 58 58 42 42 12 12 54 54 163 163
M 45 47 57 6¢ A3 40 12 13 55 53 166 160
M 48 47 61 60 39 40 13 13 52 53 157 160
43.9  43.8  55.7  55.7  47.9 44,3 11.7  11.9  56.1 56.2 169.3 169.6
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TABLE 6. Percentage of Nitrogen as Measured in the Mask
Faceplece and Rebreathing Bag at 20,000 ft

E N =10
4 Exercising Reading
z Firat and Third Minutes at 20,000 ft Fourth and Sixth Minutes at 20,000 ft
Range Peak Mean Range Peak Mean
1 Minute Minute Minute Minute Minute Minute
Subject Location 1 3 1 3 1 3 4 6 4 6 4 6
DR Bag 10-38 15-30 42 48 17 23 8-20 5-17 20 20 14 14
Mask 43-65 45-68 67 70 54 57 37-59 38-59 69 66 47 51
JT Bag 5-57 7-55 60 59 19 15 8~55 10-40 55 59 17 23
Mask 35~55  34-57 64 61 45 47 35-61 35-52 61 57 47 43
JH Bag 8-12 14-16 13 38 10 15 10-15 5-5 28 15 13 5
Mask 40-65 40-63 68 70 55 15 35-55 30-55 &0 59 44 45
MZ Bag 10-20 5-15 3 24 13 10 3-10 4~ 8 12 10 6 6
Mask 30-58 38-57 59 60 47 47 40-55 40-55 57 39 47 47
LZ Bag 7-18 12-26 42 30 10 15 5-15 5-13 25 52 7 8
Mask 30-59 35-65 68 68 45 52 20-55 25-55 57 68 38 36
DM Bag 1- 3 1- 3 3 6 2 2 1- 4 1~ 4 6 6 2 2
Mask 12-67 16-67 68 74 43 45 22-65 15-67 65 68 47 44
GF Rag 20-30 15-23 42 40 25 17 10-15 10-15 23 16 13 13
Mask 4065 40-59 o 62 53 50 43-56 45-57 58 60 50 52
BH Bag 2-15  4«-15 26 30 10 6 10-20 5-10 40 11 12 8
Mask 35-65 35-62 68 63 52 48 43-61 43-61 65 70 52 52
Jv Bag 15-28 25-38 30 40 17 32 15-25 10-23 37 26 18 15
Mask 42-63 48-64 67 65 52 55 42~53 35-58 54 59 45 47
Dz Bag 5-20 10-23 25 25 1% 17 13-23 13-25 25 26 16 16
Mask 20-65 35-67 67 68 45 50 35-61 40-60 62 63 48 48
42
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X TABLE 7. blood Oxygen Saturation, and Heart and Respiratory Rates of Subjects
at 25,000 ft Wearing Cessna Mask With the Zep-Aro Orifice (F 365-1080-2)
at an Oxygen Supply Pressure of 70 psi

N+ 10

Exerclsing, First and Third Minutes at 25,000 ft

Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject Sex 1 3 1 3 1 3
DR M 99.0 97.5 85 105 - -
JT M 98.6 97.4 70 80 18 16
JH F 98.3 98.3 108 108 22 22
MZ F 97.8 98.2 92 100 23 27
LZ F 97.8 97.3 118 118 23 26
DM F 98.0 98.4 105 115 27 29
GF M 99.4 99.4 98 98 25 22
BH M 97.0 99.0 18 74 17 17
JV M 95.8 95.2 100 100 22 21
Dz M 96.8 97.5 96 94 18 16
Range 95.8-99.4 95.2-99.4 70-118 74-118 17-27 16-29
Mean 97.8 97.8 a5 99,2 22 22
Reading, Fourth and Sixth Minutes at 25,000 ft
4 6 4 6 4 6
DR M 97.5 99.0 105 95 12 12
JT M 97.4 98.4 75 78 21 15.5
JH F 98.3 99.0 114 106 17 16
MZ F 97.8 98.0 94 94 12 12
LZ F 98.0 98,2 98 103 16 14
DM F 98.9 98.8 96 94 12 12
GF M 99.4 99.6 104 98 15 13
BH M 99.3 99.4 84 88 17 15
JV M 97.0 97.1 94 95 17 17
DZ M 98.3 99.3 94 92 16 16
Range 97.0-99.4 97.1-99.6 75-114 78-106 12-21 12-17
Mean 98.2 98.7 95.8 94.3 15.5 14,2
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TAMLE 8. Percentage of Ambient Air and Oxygen Content of Inspired Gas
Using the Cessna Mask at 25,000 ft as Derived From
Estimates of End Expiratory Nitrogen
N =10
Exercising, First and Third Minutes at 25,000 ft
End Percent Oxygen from Calculated
Expiratory Dijution Supply + PTO
Nitrogen Percent Supply Ambient Ambient 2 mmHg
Minute Minute Minute Minute Minute Minute
Sex 1 k) 1 3 1 3 1 3 1 k) 1 3
M 44 47 56 60 44 40 12 13 56 53 131 125
M 35 38 44 48 56 52 9 10 65 62 153 146
F 38 40 48 51 52 49 10 11 62 60 146 141
F 38 40 48 51 52 49 10 11 62 60 146 141
F 35 37 b4 47 56 53 9 10 65 63 153 148
F 26 28 i3 35 67 65 7 7 74 72 174 169
M 45 43 57 54 43 46 12 11 55 57 129 134
M 40 a3 51 42 49 58 11 9 60 67 141 158
M 45 47 57 60 43 40 12 13 55 53 129 125
M 35 38 44 48 56 52 9 10 65 62 153 146
38.1  39.1 48.2 49.6 51.8 50.4 10.1 10.5 61.9 60.9 145.5 143.3
Reading, Fourth and Sixth Minutes at 25,000 ft
4 6 4 6 4 b_ 4 6 4 6 ) 6
M 38 40 48 51 52 49 10 11 62 60 146 141
M 40 43 51 54 49 46 11 11 60 5?7 141 134
F 41 45 52 57 48 43 11 12 59 55 139 129
F 42 42 53 53 a7 47 11 11 58 58 136 136
F 37 35 47 44 33 56 10 9 63 65 148 153
F 27 37 34 47 66 53 7 10 73 63 171 148
M 40 40 51 51 49 49 11 il 60 60 141 141
M 43 41 54 52 46 48 11 11 57 59 134 139
M 42 40 53 51 47 49 11 11 58 60 137 141
M 43 43 54 54 46 46 11 11 57 57 134 134
39.3  40.6 49.7 51.4  50.3 48.6 10.4 10.8 60.7 59.4 142.7 139.6
44
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TABLE 9. Percentage of Nitrogen as Measured in the Mask
Faceplece and Rebreathing Bag at 25,000 ft

45

N =10
Exercising Reading
First and Third Minutes at 25,000 ft Fourth and Sixth Minutes at 25,000 ft
"_Range_ Peak Mean Range Peak Mean

Minute Minute Minute Minute Minute Hinut:e’

Subject Location 1 3 1 3 1 3 4 6 4 6 A
DR Bag 12-20 15-28 41 38 16 21 5-14 5-20 16 20 8 10
. Mask 35-62 40-63 67 68 49 51 32-55 35-55 67 65 37 40
JT Bag 540 6-40 50 46 14 14 6-40 2-30 60 43 18 14
Masgk 26-55 25-60 63 61 44 35 30-55 33-57 59 60 37 46
JH Bag 3-10 10-10 25 10 5 10 5-10  5-10 20 17 8 8
Mask 25-64 35-66 65 68 45 53 35-55 35-53 57 60 45 42
M2 Bag -6 2-2 9 2 3 2 3-10 3-'3 10 5 5 3
Mask 25~55 25-55 57 59 43 42 35-55 36-53 56 59 45 46
Lz Bag 2-8 2-16 10 17 3 3 5-15 5-10 23 17 6 6
Mask 23~-59 28-62 66 65 42 45 22-50 25-50 63 55 40 38
DM Bag -1 0-0 1 0 0.2 0 0-2 0-3 6 3 2 2
Mask 14-57 1762 60 74 38 45 18~57 17-62 59 64 42 44
GF Bag 7-14 16~30 38 37 12 23 9-27 6-18 46 37 13 11
Mask 30-59 38-63 64 85 L5 47 35-55 35-55 57 64 45 45
BH Bag 2-3 3.3 8 3 3 3 513 2-6 14 8 10 4
Mask 31-61 2560 67 65 48 44 38-62 38-60 65 66 48 50
Jv Bag 3-10 5-15 23 31 8 10 10-23  5-15 25 30 15 12
Mask 40-65 45~65 67 67 54 54 38-54 35-55 57 57 46 45
Dz Bag 7-15  8-19 24 23 11 13 13-18 9-14 23 15 15 12
Mask 20-64 25-65 67 68 44 45 35-56 35-60 59 61 45 45
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TABLE 10. Blood Oxygen Saturation, and Heart and Respiratory Rates of Subjects
at 30,000 ft Wearing Cessna Mask With the Zep-Aro Orifice (F 365-1080-2)
at an Oxygen Supply Pressure of 70 psi

N =« 10

Exercising, First and Third Minutes at 30,000 ft

Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject  Sex 1 3 1 k) 1 3
DR M 98.0 94,5 90 105 - -
JT M 98.4 97.6 70 82 18 19
JH F 98.5 98.6 108 112 21 21
MZ F 95.8 92.0 103 122 15 20
Lz F 97.0 96.8 112 115 27 26
DM F 98.5 97.3 105 115 26 27
GF M 99.4 89.3 100 100 23 24
BH M 94,5 £9.0 90 88 16 20
Jv M 87.0 89.0 104 104 19 22
DZ M 97.4 93.4 94 96 17 19
Range 87.0-99.4 85.0-99.3 70~-112 82-122 15-217 19-27
Mean 96.4 94.7 98 104 25 22
Reading, Fourth and Sixth Minutes at 30,000 tt
4 6 4 6 4 6
DR M 96.5 98.0 105 90 13 18
JT M 97.5 98.6 82 75 18 19
JH F 93.3 99.0 116 108 16 21
Mz F 91.0 95.0 112 118 20 16
LZ F 97.0 97.4 104 100 11 13
DM F 98.0 97.2 100 100 18 18
GF M 99.0 99.4 100 98 11 12
BH M 92.0 99.0 90 90 17 17
Jv M 93.0 95.0 87 86 19 17
DZ M 97.8 98.4 96 96 20 19
Range 91.0~99.0 95.0-99.4 82-116 75~118 11-20 12-21
Mean 96.0 97.7 99.2 96.1 16 17
46
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TABLE 11. Percentage of Ambient Air and Oxygen Content of Inspired Gas
Using the Cessna Mask at 30,000 ft as Derived From
Estimatea of End Expiratory Nitrogen

N =10

Exercising, First and Third Minutes at 30,000 ft

End — - Percent Oxygen from _ Calculated
Expiratory Dilution Supply + l’.r
_Nitrogen Percent _Supply Ambient Ambient V2 mmlig
Minute Minute Minute Minute Minute Ninute
Subject Sex 1 3 1 3 1 3 1 3 1 k] 1
DR M 37 40 47 51 53 49 10 11 63 60 113 107
3T L, 25 32 32 4) 68 59 7 9 75 68 134 122
JH F 37 35 47 44 53 56 10 9 63 65 113 116
MZ F 41 43 52 54 48 46 11 11 59 57 106 102
LZ F 30 27 38 34 62 66 8 7 70 73 125 131
DM F 15 18 19 23 81 17 4 5 85 82 152 147
GF M 28 35 35 44 65 56 7 9 72 65 129 116
BH M 35 33 44 42 56 58 9 9 65 67 116 120
Jv n 44 45 56 57 44 43 12 12 56 55 100 98
174 M 28 43 35 53 65 47 7 11 72 58 129 104
Mean 32.0 35,1 40.5 44.3  59.5 55.7 8.5 9.3 68.0 65.0 121.7 116.3
Reading, Fourth and Sixth Minutes at 30,000 ft
4 6 4 6 4 5 4 6 4 6 4 6
DR M s 37 44 47 56 53 9 10 65 63 116 113
JT M 35 35 44 44 56 56 9 9 65 65 116 116
JH F 37 34 47 43 53 57 10 9 63 66 113 118
Mz F 46 42 58 53 42 47 12 11 54 58 97 104
Lz F 32 21 41 27 59 73 9 6 68 79 122 141
DM F 25 26 32 33 68 67 7 7 75 74 134 133
GF M 38 42 48 53 52 47 10 11 62 58 111 104
BR M 43 37 54 &) 11} 53 11 10 57 63 102 113
Jv M 38 37 48 47 52 53 10 10 62 63 111 113
D2 N 35 35 44 44 56 56 9 9 65 65 116 116
Mean 36.4 34,6 46.0 43.8 54.0 56,2 9.6 9.2 63,6 65.4 113.8 117.1
47
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TABLE 12, Percentage of Nitrogen as Measured in the Mask
Facepiece and Rebreathing Bag at 30,000 ft

N =10
Exercising Reading
First and Third Minutes at 30,000 ft Fourth and Sixth Minutes at 30,000 ft
Range Peak Mean Range Peak Mean

Minute Minute Minute Minute Mipute Minute

Subject lLocation 1 3 1 3 1 3 4 A 4 6 4 6
DR Bag 10-15 10-16 23 23 15 14 4-14 6-11 15 11 9 9
Hagx 30-60 32-65 67 67 47 50 25-43 28-42 59 58 35 33

JT Bag 5-40 5~40 40 50 10 10 5-30 5~35 45 45 15 14
Mask 18-44 22-62 50 64 30 43 27~53 22-52 59 57 42 35

JH Bag 1- 5 5-12 6 28 3 8 5-10 5-10 15 22 8 7
Mask 25-60 30-60 63 65 45 45 28-55 35-55 63 58 40 45

MZ Jag -1 1-1 1 1 1 1 -4 2-2 5 2 3 2
Mask 33-61 37-63 64 65 48 50 39-59 38-57 62 62 48 47

LZ Bag -3 1-2 1 3 2 1.5 2-5 2-10 27 29 3 4
Mask 14-57 15-57 65 70 35 35 15-55 15-50 65 59 30 32

DM Bag 0-0 0-2 0 3 0 1 0-1 0-0 1 0 0.5 0
Mask 10-58 14~58 60 69 37 40 15-56 13-57 57 59 39 40

GF Bag 5-13 5-10 15 23 7 6 5-20 4-8 35 24 16 7
M3k 26-61 25-54 62 56 42 38 38-55 38-62 59 62 45 48

BR Bag 4-10 2-2 10 2 7 2 3-10 5-10 13 13 S 8
Mask 30-60 25-60 66 63 45 45 32-61 30-50 63 57 45 40

Jv Bag 4-10 4~ 6 17 6 6 5 5-15 10-15 30 47 12 12
Mask 40-58 42-58 60 61 50 48 35-50 35-52 64 55 42 42

Dz Bag 3-10 6-25 13 33 7 15 9-15 10-13 23 15 12 11
Mask 8-59 12-62 62 65 32 35 30-55 30-53 61 56 43 42
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TABLE 13. Blood Oxygen Saturation, and Heart and Respiratory Rates of Subjects
Resting a. Ground Level, Postflight, Wearing Cessna Mask With Zep-Aro Orifice
(F 365-1080~2) at an Oxygen Supply Pressure of 70 psi

N=6§6
Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
Subject Sex 1 3 1 3 1 3
E DR M 99.5 99.5 76 72 - -

JT M 99.5 99.6 60 62 - -

JH F 100.5 100.5 81 81 18 16

BH M 97.7 97.7 60 66 16 17

Jv M 98.7 98.6 76 72 20 16

DZ M 98.4 98.8 72 72 12 9
Range 97.7-100.5 97.7-100.5 60-81 62-81 12-20 9-17
Mean 99.0 99.1 n n 16 14

NOTE: The oximeter saturations indicated in excess of 100 percent breathing oxygen

at ground level appear to be due to a shift in baseline due to an increase

of temperature of the pinna of the ear resulting in vasodilatation and
increased perfusion. Earpiece had been worn approximately 1 hour.
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TABLE 14. Summary ol Measuremsuts of the Carbon Divxide Content of the
4 Rebreathing Bag and Maak Faceplece as Determined at
] Ground Level lmmediately Postflight

3 wting Exercising Reading
3 Minute Minute Minute Mank
1 i) 1 k) 1 3 Sawpling Type
Subject Max. Min. Max. Nin, Max. Min. Max, Min,  Max. Min, Max. Min. Llocation Mask*
DR 5.00 0.30 3.20 0.50 8.90 3.20 8.50 3.00 -- - -~ -- bag 1
JH - - -- -- 2,20 0.75  3.00 1.00 0.50 0.30 0.50 0.50 |bag 1
: JT 1.00 0.50 2.00 0.70 2,50 1.00 3.00 1.00 3.00 0.50 2.00 0.20  Ddag 1
L 4,10 0.50 4.00 0.50 4,80 0.70 4.%0 0.70 4.50 0.70 4.30 0.70 facepiece 1
v 3.70 0.50 4.00 1.00 4,50 0.60 4.40 0.40 5.00 0.40 4.20 0.60 faceplece )
oz 4,00 0,30 4.00 0.30 4.80 0.50 5.00 0.60 4.70 0.50 4.30 0.60 faceploce 1
14 4.20 0,59 3.80 0.30 4.80 0.40 5.00 0.50 4.5 0.70 4,40 0.80 facepiece 1
BH 3.0 1.00 3.50 1.00 4,00 1,00 4.00 1.50 1.00 0.50 1.00 0.50 bag 2
L] 5.00 0,20 6.00 0.20 6,00 0.50 6.50 1.50 6.00 1.00 6.00 1.00 facepiece 2
DZ 5.00 0.50 5.00 0.%0 3.50 0,50 6.00 0.50 6.00 0.50 5.50 0.70 facepiece 3
bz 3,50 1.00 2.00 0.70 2.00 1.00 1.00 1.00 3.00 1.50 2.80 1.00 lag 3

*1 - Cessna Nask
2 - Zep-Aro Mask (Cessna Part No. € 166009-0401)
3 - Ohio Chemical K-S Mask

TABLE 15. Summary of Subjective Evaluations of Speech Intelligibility
While Reading at Various Altitudes

CESSNA MASK
(Voice transmitted through the mask)
Ground
20,000 ft 25,000 ft 30,000 ft Postf}}gbt
Subject Sex Volume -~ Clarity Volume - Clarity Volume - Clarity Volume - Clarity

DR M 5 x 4 5 x 4 5 x 4

JT M 4 x 4 5 x 5 5 x 4 5 x §
JH F 5 x 5 5 x 5 5 x 5
MZ F 5 x § 5 x 5 5 x 4
LZ F 4 x 4 4 x 3 5 x 3
DM F 5 x 5 S x 5 5 x 5
GF M 5 x S 5 x S 5 x 4
BH M 3 x 5 5 x 4 5 x 3
Jv M 5 x % 5 x 5 5 xS
DZ M 5 x 5 5 x 5 5 x 5

OHIO CHEMICAL K-S Mask
(Voice transmitted through the mask)

Dz M 5 x 5 5 x 5 5 x 5 5 x 5

ZEP-ARQ MASK (CESSNA PART NO. C 166009-0401)
(Voice transmitted through mask-mounted microphone)
BH M 5 x 5 S x 5 5 x 5 5 x 5
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TABLE 16

Wearing a Zep-Aro Constant-Flow Mask (Cessna Part No. C 166009-0401) With the

o bt G

. Blood Oxygen Saturation, and Heart and Respiratory Rates of Subject BH

Zep~Aro Orifice (F 365-1080-2) at an Oxygen Supply Pressure of 70 psi.

Mask Equipped With a Microphone

Oximeter Percent Heart Rate Respiratory Rate
Altitude Minute Minute Minute
(ft) Condition 1 3 1 k) 1 3
Ground Preflight 97 68 11
14,000 Resting 86.0 86.5 76 74 10 10
Exercise 85.0 88.5 94 94 18 15
DON MASK
20,000 Exercise 97.4 97.8 72 76 12 12
Reading 97.4 98.8 74 78 14 14
25,000 Exercise 98.0 97.0 74 76 13 14
Reading 96.2 98.3 82 84 14 16
30,000 Exercise 91.5 86.0 - - 12 12
Reading 84.0 88.0 - - 14 15
POSTFLIGHT
Ground Res:ing 99.2 99.3 58 60 12 14
Exercise 99.2 99.0 70 74 13 14
Reading 99,2 99.3 68 68 12 8

=212 ) -

TN e i
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TABLE 17.

sl

Percentage of Ambient Air snd Oxygen Content of Inspired Gas Using the
Zep-Are Constant~Flow Mask (Cessna Part No. C 166009-0401) as Derived
From Estimates of the End Expiratory Nitrogen. Subject BH.

Zep~Aro Orifice (F 365~1080-2) at Pressure of 70 psi

End

Percent Oxygen from Calculated
Explirstory Dilution Supply + Py
Nitrogen Percent Supply Ambient Ambient 02 mahig
Altitude Minute Minute Minute Minute Minute Minute
(ft) Condirion 1 3 1 3 1 k] 1 3 1 3 1 3
k. 20,000 Exercise 42 47 53 60 47 40 11 13 58 53 175 160
: Reading 45 40 LY} 51 43 49 12 11 55 60 166 182
25,000 Exercise 42 43 s3 54 47 47 1 11 58 57 136 134
Reading 40 41 51 52 49 48 11 11 60 59 141 138
30,000 Exercige 44 48 56 61 44 39 12 13 56 52 100 93
Reading 46 43 58 54 42 46 12 11 54 57 97 102
POSTFLIGHT
Ground Resting 53 50 67 63 33 37 14 13 47 50
Exercise 55 55 70 10 30 30 i5 15 45 45
Reading 54 54 48 68 32 32 14 14 46 46
TABLE 18. Blood Oxygen Saturation, and Heart and Respiratory Rates of Subject DZ

Wearing Ohio Chemical K-S Mask With the Zep-Aro Orifice (F 365-1080-2)

at an Oxygen Supply Pressure of 70 psi

52

Oximeter Percent Heart Rate Regpiratory Rate
Altitude Minute Minute Minute
(ft) Condition 1 3 1 3 1 3
Ground Preflight 97 82 8
14,000 Resting 93.0 92.5 92 g2 10 13
Exercige 87.0 86.0 110 110 21 2
DON MASK
20,000 Exercise 98.0 98.0 102 96 18 15
Reading 99.3 99.5 92 94 14 17
25,000 Exercise 91.0 92.0 104 102 15 17
Reading 99.4 99.3 96 94 17 18
30,000 Exercise 90.0 84.8 106 1i8 16 19
Reading 97.6 98.0 100 98 19 18
POSTFLIGHT
Ground Resting 98.7 99.0 78 82 12 10
Exercise 98.8 98.0 88 90 10 17
Reading 99.0 99.3 82 82 13 11
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TABLE 19. Percentage of Ambient Air and Oxygen Content of Inspired Gas Using the
Ohio Chemical K-S Mask as Derived From Estimates
of the End Expiratory Nitrogen. Subject DZ,
Zep-Aro Orifice (F 365-1080-2) at Pressure of 70 psi

End Percent Oxygen from Cslculated
Expiratory Dilution Supply + Py
Nitrogen Percent Supply Ambient Ambient ] wmkg
Altitude Minute Minute Minute Minute Minute Minute
(ft) Condition 1 3 1 3 1 3 1 3 1 3 1 3

20,000 Exercise 48 52 61 66 39 3 13 14 52 48 157 145
Reading 51 50 65 63 35 37 14 13 49 50 148 151

25,000 Exercise 51 47 65 60 35 40 14 13 49 53 115 125
Reading 46 46 58 58 42 42 12 12 54 54 127 127

30,000 Exercise 43 45 54 57 46 43 11 12 57 55 102 98
Reading A2 40 53 51 4 49 1 11 58 60 104 107

POSTFLIGHT
Ground Resting 53 54 67 68 33 32 14 14 47 46

Exercise 63 62 80 78 20 22 17 16 37 38
Reading 56 55 n 70 29 30 15 15 44 45
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TABLE 20.

During Two l-Hour Extended Chamber Flights at 25,000 ft,
Cessna Mask With Zep-Aro Orifice (F 365-~1080-2).

Altitude
(ft) Condition

Ground

14,000

25,000

Ground

14,000

25,000

Preflight

Resting

Exercise
DON MASK

Exercise

Resting
Exercige
Resting
Exerclise
Resting
Exercise
Resting
Exercise

Preflight

Resting

Exercise
DON MASK

Exercise

Rescing
Exercige
Resting
Exercise
Resting
Exercigme
Resting
Exercise

el ad k)

(]

Blood Oxygen Saturation, and Heart and Respiratory Rates of Subject DD

Subject Wearing

Alternate Periods of Exercise and Rest at 25,000 ft

Subject
Height
Weight

Age

DD
68 in
135 1b
35 yr

Oxygen Supply Pressure - 70 psi

Oximeter Percent Heart Rate Respiratory Rate
Minute Minute Minute
95.5 94 12
1 3 1 3 1 _ 3
88.0 87.0 114 124 H 6
1 3 6 1 3 6 1 3 6
87.0 85.4 85.0 138 136 137 11 14 12
1 3 1 k) 1 3
98.8 99.5 112 116 12 13
99.4 99.6 102 102 14 15
99.4 98.5 116 122 15 13
99.0 99.2 102 100 11 12
99.0 97.4 114 120 16 13
98.0 99.3 104 104 8 13
98.8 98.5 116 120 14 17
99.0 99.8 102 104 12 11
99.0 99.0 116 114 15 14
Oxygen Supply Pressure - 60 psi
94.5 90 17
1 3 1 3 T3
89.5 89.0 100 108 - 7
1 3 6 1 3 [ 1 3 6
87.5 -~ 83.0 94 - 134 6 - 7
1 3 1 3 1 3
97.0 99.0 98 94 7 6
99.0 99.0 100 102 11 8
98.0 96.3 112 lic 10 12
98.2 99.3 92 100 8 15
98.8 97.4 118 120 11 13
98,6 99.6 112 110 13 10
99.0 98.1 114 116 14 17
98.6 99.7 108 98 12 9
99.5 99.0 110 110 15 14

54

Minutes at
25,000 fr_

1- 9
10-16
17-25
26-31
32-41
42-47
48-57
58-59

1- 9
10-16
17-25
26-31
32-41
42-47
48-57
58-59




T T ST T YO

TR

e e

Kk

TABLE 21.
the Cessna Mawk During l-Hour Extended Chamber Flight at 25,000 fet.

Subject DD.

Zep-Aro Orifice (F 365-1080-2).
From Extimate of the End Expiratory Nitrogen.
Alternate Periods of Exercise and Rest at 25,000 ft

Oxygen Supply Pressure - 70 psi

Data Derived

Percentage of Ambient Afr and Oxygen Content of Inspired Gas Using

Condition Percent Oxygen from Calculated
and Time Expiratory Dilution Supply + PTo
at Nitrogen Percent Supply Ambient Anbient 2 omHg
Altitude Altitude Minute Minute Minute Hinute Minute Minute
(fe) (Minute) 1 k] 1 3 1 3 1 3 1 3 1
14,000 Exercise 50 52 63 66 37 34 13 14 50 48 200 192
25,000 Resting 20 21 25 27 75 13 5 6 80 79 188 186
1~9
Exercise 15 40 44 51 56 49 9 11 65 60 153 141
10-16
Resting 33 23 42 29 58 n 9 6 67 77 158 181
17-25
Exercise 16 45 46 57 54 43 10 12 64 55 151 129
26-3.
Resting 33 23 42 29 58 11 9 [ 67 77 158 181
32-41
Exercise 33 37 42 47 58 53 9 10 67 63 158 148
42-47
Resting 36 22 46 28 54 72 10 [ 64 78 151 184
48-57
Exercise 32 37 40 47 60 53 8 10 68 63 160 148
58-59
Oxygen Supply Pressure - 60 psi
14,000 Exercise 53 51 67 65 33 35 14 14 47 49 188 196
25,000 Resting 28 25 35 32 65 68 7 7 72 75 169 127
1-9
Exercise 35 42 44 53 56 47 9 11 65 58 153 136
10-16
R:;t;gg 35 n 44 16 56 84 9 k] 65 87 153 203
E::rgise 40 44 51 51 49 49 1 11 60 60 141 141
R;.:t::;g 28 23 35 29 65 1 7 6 72 17 169 181
E:;r:;se 36 39 45 49 55 51 9 10 64 61 151 144
R:;t;x;g 15 27 44 34 56 66 9 7 65 73 153 172
E§§f§;" 15 40 44 51 56 49 9 11 65 60 153 141
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TABLE 22. Blood Oxygen Saturation, and Heart and Respiratory Rates
of Subject JV During l-Hour Extended Chamber Flight at 30,000 fc.
Subject Wearing Cesana Mask With Zep-Aro Oriffce (F 365-1080-2).
Alternste Periods of Exercise and Rest at 30,000 ft

Oxygen Supply Pressure - 70 pai

wou b

Oximeter Percent Heart Rate Respiratory Rate
Altitude Minute Minute Minute Minutes at
(33 Condition 1 3 1 3 1 3 30,000 ft
- Ground Preflight 94,5 84 17
14,000 Resting 83.0 82.5 88 9% 11 18
Exercise 76.0 77.0 108 114 22 22
DON MASK
1 Minute 1 Minute 1 Minute
Resting 98.0 80 11
30,000 Resting 94.0 96.0 84 82 16 15 1- 9
Exercise 90.0 83.0 102 108 22 25 10-16
Resting 95.0 96.0 86 82 18 18 17-24
Oxygen Supply Pressure Reduced From 70 to 60 psi
Resting 95.2 94.7 86 81 18 18 25-27
Exercise 80.0 75.0 106 114 24 26 28~-32
Remainder of Chamber Flight Aborted - Descent
TABLE 23. Percentage of Amblent Air and Oxygen Content of Inspired Gas Using
the Cessna Mask During I-Hour Extended Chamber Flight at 30,000 fe.
Subject JV. Zep-Aro Orifice (F 365:-1080-2). Data Derived
From Estimate of the End Expiratory Nitrogen.
Alternate Periods of Exercise and Rest at 30,000 f¢
Oxygen Supply Pressure - 70 psi
Condition
and Time
at End Percent Oxygen from Calculated
Altitude Altitude Expiratory Dilution Supply + Pr
ft (Minute) Nitrogen Percent Supply Ambient Ambioent 0y mmHg
14,000 Resting 48 61 19 13 52 208
30,000 Res;ins 3 20 4 25 96 75 0.8 s 97 80 174 143
1~
Exercise 38 40 48 51 52 49 10 11 62 60 111 107
10-16
Resting 32 19 40 24 60 76 8 5 68 381 122 145
17-24
Supply Pressure Reduced to 60 psi
Resting 28 28 35 35 65 65 7 7 72 N2 12¢
25-27 129
E;gr;xse 47 48 60 61 40 139 13 1) 53 52 95 93
-32
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Blood Oxygen Saturation, and Heart and Respiratory Rates of

Subject DD Wearing the Cessna Mask During Chamber Flights to
Simultaneously Measure Nitrogen in the Facepiece and Nares.

Zep-Aro Orifice (F 365~1080-2) at an Oxygen Supply Pressure of 70 psi
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Altitude Oximeter Percent Heart Rate Respiratory Rate
(ft) Condition Minute Minute Minute
Ground Level Preflight 96 82 18
1 6 1 6 1 6
14,000 Rest, Baseline 94 78 86 92 9 9
Exercise 80 74 112 108 8 7
MASK DONNED
1 3 1 3 1 3
Resting 85 93 86 76 1n 6
1 6 1 6 1 6
75,000 Resting 95 95 80 84 12 8
Exercise 95 95 98 102 9 12
30,000 Resting 94 96 82 86 7 10
Exercise 95 94 102 104 i3 13
TABLE 25. Percentage of Ambient Air and Oxygen Content of Inspired Gas Using the
Cessna Mask at Chamber Flight Altitudes of 25,000 and 30,000 ft. Values Derived
From Simultaneous Measurements of End Expiratory Nitrogen in the Mask
Facepiece and the Nares. Subject DD. Zep~Aro Orifice (F 365-1080-2).
Oxygen Supply Pressure - 70 pai
Altitude End Percent Oxygen from Calculated
(fr) Measure-~ Expiratory Dilution Supply + Py
and ment Nitrogen Percent Supply Ambient Ambient 02 mmig
Condition Location Minute Minute Minute Minute Minute Minute
1 2 1 2 1 2 1 2 1 2 1 2
14,000 Nasal 40 38 51 48 49 52 11 10 60 62 240 248
Resting Mask 38 40 48 51 52 49 10 11 62 60 48 240
1 6 1 6 1 6 1 6 1 6 1 6
25,000 Nasal 27 25 34 32 66 68 7 7 73 75 172 177
Resting Mask 28 15 35 32 65 68 7 7 72 75 169 177
25,000 Nasal 33 37 42 47 58 53 9 10 67 63 158 148
Exercise Mask 35 37 44 47 56 53 9 10 65 63 153 148
30,000 Nagal 20 18 25 23 75 77 5 5 80 82 143 147
Resting Mask 20 20 25 25 75 75 5 5 80 BO 143 143
30,000 Nasal 25 35 32 44 68 56 7 9 75 65 134 118
Exercise Mask 24 35 30 44 70 56 6 9 76 65 136 116
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§ TABLE 26. Blood Oxygen Saturation, and Heart and Respiratory Rates of ;
4 Subject BH Weartng the Cessna Mask During Chamber Flights o :
: Staultaneously Measure Nitrogen in the Facepiece and Nares. i
Zep-Aro Orifice (F 365-1080~2) at an Oxygen Supply Pressure of 70 psi E
¥
Altitude Oximeter Percent Heart Rate Respiratory Rate 4
(£t) Condition Minute Minute Minute ;
3 Ground Level Preflight 95 66 20 #
E - 6 1 6 1 6
14,000 Rest, Baselfne 86 17 78 82 18 11
Exercise 78 72 98 98 17 17
MASK DONNED
L
; 1 3 1 3
| 2 Rest ing g8 99 78 %6 10 18
1 6 M 6 I 7%
1 27,500 Resting 35 38 9% 74 17 19
Exercise 94 94 86 90 18 21
30,000 Resting 96 97 80 12 19 19
Exercise 92 89 90 94 23 22

TABLE 27. Percentage of Ambient Alr and Oxygen Content of Inspired Cas Using the
Ceasna Mask at Chamber Flight Altitudes of 27,500 and 30,000 ft. Values Jderived
From Simultaneous Measurements of End Expiratory Nitrogen in the Mask
Faceniece and the Nares. Subject BN. Zep~Aro Orifice (F 365~1080-2).
Oxygen Supply Pressure - 70 psi

Altityde End Percent Oxygen from Caleulated
(fr) Measure- Expiratory Dilution Supply + PT
and menc Nitrogen Percent Supply Ambient Ambient 0z mahg
Condition Location Minute Minute Minute Minute Minute Minute
A P S 1 T 2 Y A 2
14,000 Nasal 45 43 57 54 43 46 12 11 55 57 220 228
Resting Mask 40 37 51 47 49 53 12 10 60 63 20 252
1 b ! 6 01 v L 776 YO 6
27,500 Nasal 26 25 33 32 67 68 7 7 74 75 152 154
Resting Mask 24 24 30 30 70 70 6 6 76 76 157 157
27,500 Nasal 40 40 51 51 49 49 11 11 60 60 124 124
Exercise Magk 38 37 48 47 52 53 10 11 62 63 128 130

30,000 Nasal 25 23 32 29 68 n

7 [] 75 77 134 138
Resting Mask 24 22 30 28 70 72 [ 6 76 78 1J6 140
30,000 Nasal 33 - 42 -~ 58 - 9 - &7 - 12¢ ---
Reading Mask 34 - 43 - 57 - 9 - 66 - 118 -ws
30,000 Nasal 35 37 44 47 56 53 9 10 65 63 116 113
Exercise Mask 33 33 43 42 58 58 9 9 67 o7 120 120
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PERFORMANCE CHARACTERISTICS OF PORTABLE
FIRST AID CHEMICAL OXYGEN GENERATORS

D. deSteiguer, E. B. McFadden, and J. M. Simpson

I. Introduction.

Portable equipment for admiristration of first aid oxygen to
airline passengers has been carried aboard air carrier aircraft
for many years. Although these systems use high pressure gaseous
oxygen, the past history of their deployment and use has been rela~
tively free of accidents or serious incidents. However, several
recent accidents involving these units stimulated interest in the
airline industry in replacing them with chemical oxygen generators
on a fleet-wide basis. In addition to safety considerations,
reduced weight, ease of operation, maintenance simplicity, and
cost factors make replacement with a chemical system attractive.

Essentially, chemical oxygen generators consist of a quantity
of an alkali-metai chlorate enriched with a solid fuel such as iron
to produce sufficieit heat for decomposition of the chlorate and
liberation of oxrgen. Additional chemicals and filters are added
or superimposed downstream in the generator to insure oxygen
purity (1).

This investigation was limited to a study of the applicability
in aviation of using readily available, off-the-shelf, portable
first aid chemical oxygen generators marketed to the medical profes-
sion. Chemical oxygen generators for emergency passenger use in
the event of decompression have been developed and qualified for
aviation and are being used aboard the C54, DC~10, and L-1011 air-
craft. Chemical first aid oxygen systems evaluated in this study
in no way replace emergency systems; they are meant to be used for
first aid therapy only under normal conditions. Airlines report
the use of first aid oxygen to be relatively frequent compared to
the use of passenger emergency oxygen. To facilitate administra-
tion of first aid oxygen by the cabin crew, a first aid portable
unit should be lightweight, reliable, and simple to operate,
should produce therapeutic oxygen flows, and should not create a
hazard in itself.

II. Method.

Two commercially available chemical oxygen generators designed
for medical applications were evaluated for reliability, oxygen
production, and physiological efficiency (ability to maintain an
increased tracheal oxygen partial pressure in human subjects). The
units tested were the Scott Med-0Ox (Scott Aviation, Lancaster, New
York) and the Life Support S$.0.S. (Life Support, Melbourne, Florida)
generator systems with respective canisters and masks.
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This investigation covered:

A. A study of the physical properties of the generator
systems. This phase was conducted in an altitude chamber with a
pressure equivalent of 8,000 ft, the normal cabin pressure of
inflight air carrier aircraft, This altitude provided for the
maximum volume expansion of generated gases expected to be
encountered with the intended use of these systems, Flow rates
were measured with a National Instrument Laboratory wet flowmeter
that had been calibrated to NBS standards, Ignitor reliability and
total oxygen generation times were recorded. Gas temperatures were
recorded with matched thermistors located between the generator and
the mask outlet. A randcmized design was used to select the particu-
lar generator and canister for each test.

B. A study of the physical properties of the generator sys-
tems and the physiological response from the use of these systems,
Ag in the first phase, ignitor reliability, flow rates, and total
oxygen generation times were recorded. Testing was conducted in
an altitude chamber at a pressure equivalent of 8,000 ft and at
1,250 ft, or ground level at Oklahoma City. The test population
were healthy, 18- to 28-yr-old male and female subjects, with a
ratio of 4 males to 1 female, and within the male subjects, a ratio
of clean shaven to bearded of 4 to 1. Immediately before the test
sequence, each subiect donned a crew~type oxygen mask that was
coupled to a flowmeter and then exercised on a bicycle ergometer
until a ventilation rate of 15 L/min was established through
adjustment of the constant work mode. The subject then put on
the appropriate test mask and began exercise at the previously
established level while the selected canister(s) was activated.
The test continued until such time that oxygen production by the
generator ceased. Two small microcatheter tubes for gas sampling
were positioned through the facepiece of the test mask in a manner
not to compromise the mask performance or significantly alter its
welght or facial fit. The output from these sample tubes was deliv-
ered directly to gaseous nitrogen analyzers for end expiratory
nitrogen determinations. From the end expiratory nitrogen values,
tracheal oxygen partial pressures were calculated on a breath~by-
breath basis (2), adjusted to the equivalent of sea level or zero
elevation; the means, standard deviations, and other appropriate
tests were performed with computer techniques.

C. A study of the physiological efficiency of three types of
oxygen masks in common use in the medical or aviation professions.
The three types tested were: (i) an open-port, formed mask with
a rebreather bag of the type commonly used in hospitals, (11) a
phase~dilution conical type with a feather edge used in the avi-
ation industry, and (iii) a phase~dilution, modified conical type
with inner facial seal and stacked valves used in the aviat:on
industry. Each subject was tested with all three masks ard, on
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completion of the test, gave a personal assessment of the mask for
fit, leakage, and comfort, The order of mask testing was randomized
for each subject to control the influence of the first mask encounter
on the evaluation procedures., Oxygen was precisely metered to each
mask, first at 3 and then at 4 L/min, or the raverse, depending on
the randomization process, while the subject exercised on a constant
work ergometer for 4 min each in a sequence of 0, 120, and 400
kilogram meters/min., Tracheal oxygen partial pressures were deter-
mined continuously as in the second phase,

III. Results,

The Life Support generator systems (Fig. 1) measured
23 x 10 x 19 cm for a volume of 4,370 cm® and for a total weight
of 2.2 kg. This weight included three unexpended canisters, hose,
mask, and case. The canisters measured 116 x 56 mm in diameter
and weighed 380 g each.

FIGURE 1. Life Support oxygen generator system.,

Loading canisters into this unit simply requires insertion
of the canister aud closing the cover. This unit contains three
actuator buttons of a recessed design, which reduces the potential
for inadvertent actuation. This unit was provided with a "hospital
type" mask of open-port design and a rebreather bag with the oxygen
Inlet between the mask cavity and the rebreather bag. The advertised
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effective time for this Product is 15 min of oxygen flow at 4 L/min
per canister, The canisters can be actuated sequentially for 45
min of continuous flow at 4 L/min or simultaneously for increased
flows of shorter duration. From a total of 30 canisters tested,

1 failed to actuate. This sample number is not sufficiently large
to give a good reliability index. All canisters tested maintained
oxygen generation for the full 15 min and with decreasing and
variable flows to 17 min, Mean oxygen flow rates exceeded the
advertilsed values and are presented in Tables 1 and 2.

TABLE 1. Average Flow (Liters/Minute, NTP) and Standard

p Deviation Within Canister(s) Across Time (0-15 Min)
1
! Single Canister Dual Canisters
Test No. X * s.,p. Test No. X * 8.0,
1 4,82 0.49 14 10.21 0.86
2 5.02 0.51 15 9.74 1,98
3 4.95 1.13 16 10.20 1.60
4 4.93 0.63 17 9.13 1.58
5 5.36 0.94 18 10.02 1.04
6 4,87 0.76 19 10.14 1,70
7 5.30 0.73 20 9.45 1.15
8 4,87 0.90 21 9.99 1.32
9 5.37 0.71
10 5.30 0.66
11 5.26 0.71
12 5.15 0.69
13 5,64 0.62

TABLE 2. Average Flow (Liters/Minute, NTP) and Standard
Deviation Across Canister (s) by Minutes (0-15 Min)

Single Canister Dual Canisters
BNy ™ = 5)

Min, X * s.p, X + s.p,
1 4.00 0.77 7.92 1,39
2 5.44 0.80 10,70 1.20
3 6.05 0.71 11,82 0.58
4 5.51 D.56 10.93 0.78
5 5.30 0.68 10.00 1.37
6 5.76 0.38 10.99 0.56
7 5.52 0.74 10.71 0.67
8 4.63 0.50 9.35 0.62
9 4.86 0.43 9.48 1.49

10 4,73 0.49 8,57 0.77
11 4.84 0.36 9.06 0.79
12 5.06 0.45 9,59 0.93
13 4.99 0.19 9,85 0.67
14 5.06 0.56 9.22 1.10
15 5.28 1.07 8.71 2.37
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All flows are corrected to NTP, The small and variable amounts
of moisture were disregarded. The values presented are for the first

15 min, the advertised time, with all data points included.

Tracheal oxygen partial pressure varied greatly between sub-
jects and appeared to be highly influenced by respiratory rate and
tidal volume as limited by a 15~L minute volume. These data are
briefly generalized in Table 3.

TABLE 3. Tracheal Oxygen Partial Pressures Maintained
in Human Subjects by S§.0,S, Generator Units

Mode of Operation

Single Canister Dual Canister
Low Subject 180-190 mmpO, 250-300 mmpO,
High Subject 350-400 mmpO9 400-430 mmp0,

Note: All values are calculated from end expiratory
nitrogen and are corrected to NTPD,

The generator system of the Scott Med-Ox unit (Fig. 2) meas-
ured 37 x 12 x 23 cm for a volume of 10,212 cm3 and for a total
weight of 3.4 kg. This weight included two unexpended canisters,
hose, mask, and case. The canisters measured 248 x 64 mm in
diameter and weighed 720 g each.

FIGURE 2. Scott oxygea generator system,
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Loading this generator requires removing protective caps from
the canister, inserting the canister, arming and locking the actu-
ator assembly, and then screwing the actuator assembly set into
position. This unit contains two actuator assemblies with locks
that function as a deterrent to inadvertent activation. This unit
was provided with an "aviation type" conical, feather edge, phase-
dilution mask that incorporated a reservoir bag to which the oxygen
flow is directed.

The advertised effective time is 25-30 min of oxygen flow at
3 L/min per canister., The canisters may be activated sequentially
for 50-60 min of continuous flow at 3 L/min or simultaneously for
increased flows of shorter duration. From a total of 31 canieters
tested, 1 failed to activate. All canisters tested malntained
oxygen generation for 27 min with decreasing and variable flows
to 32 min. With two exceptions, oxygen flow rates exceeded the
advertised values and are presented in Tables 4 and 5.

All flows are corrected to NTP. The small and variable
amounts of moisture were disregarded, The values presented are
for the first 27 min, with all data points included,

One canister was below the 3 L/min flow for several minutes
and dropped as low as 1.48 L/min, One other canister dropped
below the 3 L/min flow for about 2 min, with a low of 2.23 L/min,

TABLE 4., Average Flow (Liters/Minute, NTP) and Standard
Deviation Within Canister(s) Across Time (0-27 Min)

Single Canister Dual Canisters
Test No. X + S.D. Test No, X *+ S.D.
1 3.66 0.44 15 7.23 0.062
2 3.85 0.72 16 6.78 0.70
3 3.44 0.46 17 6,24 0.62
4 3.52 0.37 18 6.77 0.68
5 3.51 C.36 19 6.99 0.55
6 3.34 0.40 20 5.99 0.75
7 3.24 0.47 21 6,22 0.68
8 3.11 0.56 22 6,39 0.56
9 3.60 0.63
10 3,66 0.44
11 3.68 0.52
12 3.60 0.50
13 3.63 0.40
14 3.56 0.39
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TABLE 5. Average Flow (Liters/Minute, NTP) and Standard
Deviation Across Canister(s) by Minutes (0-27 Min)

Single Canister Dual Canisters

(N = 14) (N = 8)
Min. X + §.D. X * S.D,
1 3.90 0.74 7.37 0.46
2 3.84 0.51 7,25 0.54
3 3.71 0.50 6.38 0.75
4 3.95 0.68 6.37 0.79
5 3.60 0.90 6.59 0.79
6 3.62 0.80 6,83 0.97
7 3.77 0.91 6.67 1.14
8 3.70 0.51 6,95 0.92
9 3.89 0.42 7.02 1,12
10 3.75 0.53 6.50 1.22
11 3.70 0.53 6.63 1.29
12 3.37 0.48 6.61 0.63
13 3.20 0.67 6.30 0,63
14 3.39 0.29 6.25 0.61
15 3.29 0.34 5.97 0.70
16 3.33 0.21 6.03 0.51
1 3,29 0.22 6.28 0.47
i8 3.36 0.27 6,43 0.26
19 3.28 0.23 6,37 0.36
20 3.24 0,27 6.39 0.40
21 3.32 0.28 6.51 0.35
22 3.42 0.19 6.40 0.17
23 2.41 0.16 6.37 0.42
24 3.44 0.23 6.84 0.40
25 3.54 0.16 6.66 0.52
26 3.51 0.26 6.85 0.48
27 3.59 0.45 6.80 1.02

Tracheal oxygen partial pressure varied greatly between sub-
jects and appeared to be highly influeunced by respiratory rate and
tidal volume as limited by a 15-L minute volume, These data are
briefly generalized in Table 6.

TABLE 6. Tracheal Oxygen Partial Pressures Maintained
in Human Subjects by Scott Med-Ox Generator Units

Mode of Operation

Single Canister Dual Canister
Low Subject 200-~250 mmp0y 300-350 mmpO,
High Subject 300~350 mmpO4 450-520 mmpO,

Note: All values are calculated from end expiratory
nitrogen and are corrected to NTPD,

65




I e e AT
S

In both units the temperature of the oxygen produced during
generation equilibrated with the environmental temperature well in
advance to mask delivery. Tactile examination of the generator
surfaces during operation did not identify any areas of excess
temperatures which might produce contact burns, Precautions should
be exercised when handling spent canisters until sufficient cooling
has occurred.

Of the three types of masks tested in the third phase, the
subjects identified the hospital-type mask as the mask most com~-
fortable to wear; however, they indicated they felt the modified
conical with inner face seal to be the best mask. Tracheal p0Oy
values were higher with the modified conical mask for the flow rates
tested. These data are presented in Table 7.

IV. Summary.

Two commercially availasble oxygen generators designed for the
medical profession were tested for applicability to first aid use
aboard pressurized aircraft., Except for brief deviations, both
units produced oxygen above the advertised rate and beyond the
advertised time. For medical uses, these deviations below the
specified flow would appear to be inconsequential.

A comparison of the flow rates and tracheal pO, values main-
tained by the two generator units demonstrates the better effi-
clency obtained by using an aviation-type conical mask as compared
to the open-port hospital~type mask, especially wben low variable
flows are involved. The Scott generator unit maintained a higher
tracheal p0, with a lower oxygen flow rate than that maintained by
the Life Support generator unit. This advantage is derived pri-
marily from the reservoir bag and valves of the aviation-type mask
provided with the Scott generator unit,

Three commercially available oxygen masks, an open=-port
hospital type, a phase-dilution conical aviation type, and a
phase-dilution modified conical aviation type were compared at
precisely controlled flows of 3 and 4 L of oxygen per minute,

A higher tracheal pO, was maintained at these flow rates by the
modified conical aviation mask when the subjects were resting
quietly. As the exercise level of the subjects was increased,
the performance of all the masks tended to converge and very
little difference was detected.

At these very low flow rates, the valves of the conical
aviation mask had a tendency to sequence in reverse order. This

was not a significant problem with the modified conical aviation
mask.
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TABLE 7. Tracheal Oxygen Pressures in mmHg as Maintained by Thre

jects

d Exercise Levels in Human Sub

of Masks at Selected Flow Rates an

400 kg/min

3

120 kg/min
4

3

0 kg/min

.
-
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Minute

Hospital Mask

275 + 30 314 = 41

247

351 + 55
340

307 + 46
287

349 + 54

294 + 36

+ 35

288
268 * 26

24

+

45

+1

* 40

384 + 69

43

331 + 46

+

318

AT

282 + 36 331 & 41 236 + 20

384 + 81

Conical Mask

W

254 = 22 294 *+ 33

335 = 49

288 + 35
272

341 + 54

30C * 57
329

GaktRa

262 %= 21

235 + 19
228 + 16

313 = 41

34

+

375 + 55

60

+

256 + 17

392 %= 62 268 = 27 307 = 40

338 + 54

Modified Mask

314 = 39

269 * 25
243

* 52

308 + 40 359
288 £ 31

359 + 64

323 £ 44
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276 * 26

17

+

39

+

341

416 * 69

367 * 48
380 + 54

288 + 28 336 + 39 238 + 14 266 * 22

440 % 72
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All values are mmpOz, mean * standard deviatiom.
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PHYSIOLOGICAL EVALUATION OF THE PROTECTIVE CAPACITY OF THE
PROTECTIVE MBU-8/P MILITARY PASSENGER OXYGEN MASK

E. B. McFadden, D. deSteiguer, and J. M, Simpson
I. Introduction,

The civil air carrier fleet's use of flight altitudes to
41,000 ft has been the primary impetus for the development of
modern passenger oxygen systems, The systems are designed for
automatic mask presentation in the event of decompression. They
must provide an oxygen flow sufficient to maintain a mean tracheal
oxygen partial pressure of not less than 83.8 mmHg at a tidal
volume of 1,100 cc and a minute volume of 30 L/min BTPS up to and
including 40,000 ft, as specified in the Federal Aviation Regula-
tions, National Aerospace Standard (NAS) 1179, and FAA TSO0-C64.,

As a component of oxygen systems, U,S. alr carrlers use a
continuous-flow reservoir mask of the phase=dilution type. A mask
of this design meets the performance requirements for passenger
use; does not require excessive oxygen flow rates; may be used
with gaseous supplies or chemical generators; and is relatively
simple in design though not in principle. The continuous~flow
reservoir mask incorporates a flexible bag between the oxygen
delivery tube and the mask inhalation valve. The coatinuous flow
of oxygen accumulates in the reservoir bag during the exhalation
portion of the respiratory cycle, thereby providing a drawdown
capability during inhalation., During inspiration the mask wearer
receives 100 percent oxygen until completion of the inhalation
process or collapse of the reservoir bag. Once the reservoir bag
has been emptied, a sensitive dilution valve is activated to pro-
vide the necessary volume of ambient air for completion of the
inspiratory process. In this manner, 100 percent oxygen 1s pro-
vided at the most advantageous time (i.e,, the first part of the
inspiratory cycle) and oxygen diluted with ambient air is provided
during the latter portion of the inhalation, filling the upper
portion of the respiratory tract where gas exchange is nil.
Furthermore, the ajir-diluted oxygen is exhaled first and conse=-
quently washed from the system prior to the next inhalation,

Performance is reduced by inboard mask leakage due to poor
facial fit, a respiratory minute volume that is considerably
greater than the flow of oxygen to the mask, and improperly
sequenced valving. Reduced performance becomes critical as the
decompression approaches 40,000 ft, However, at altitudes of less
than 40,000 ft, the dilution of supplied oxygen with ambient air
through the dilution valve 1s utilized as a meaus of conserving a
finite aircraft oxygen supply while simultaneously providing the
necessary mean tracheal oxygen partial pressure for the passengers.
With proper facial fit, modern masks of this type are capable of
providing the necessary protection in the event of decompression
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] to 40,000 ft, A more detailed discussion of this and other types
| of passenger oxygen masks is presented by McFadden (3).

With the concurrent increase in flight altitudes and the
rapid expansion of air transportation following World War II, con~
siderable attention was directed to the development of safety
standards for passengers and crew in the event of a failure of
cabin pressurization. The development of the K~S disposable mask
by United Air Lines personnel and the subsequent physiological
3 testing by the University of Illinois and the USAF School of
Aerospace Medicine are reported by Tuttle et al, (4), Luft (5),
and also by McFadden et al. (6) of the FAA,

Tuttle et al. (4) describe the mask as the rebreather dilu-
tion type with constant flow of oxygen and consisting of a double
bag of light, transparent plastic material. The inner bag fits
well over the oronasal region and communicates through two holes
with the outer rebreather bag into which oxygen is supplied. Two
smaller holes in the inner bag give direct access to ambient air.
An adjustable elastic strap secures the mask around the head and
a soft metal strap inserted into the upper rim of the facepiece
can be molded readily to the nose and cheeks of the individual.

Physiological testing with the K-S mask demonstrated that
satisfactory arterial oxygen saturation could be established and
maintained following decomressions from 6,000 to 25,000 ft when
an oxygen flow of 3 L/min STPD was provided to the mask, The use
of this mask was not recommended for decompressions above 25,000
ft. Shortly thereafter the K-S mask was adopted by the military
for use in flights carrying troups and dependents. In the ensuing
years jet transport alrcraft that utilized flight profiles to
41,000 ft were introduced. These flight altitudes far exceeded
the performance capacity of this mask to provide protection in the
event of a serious decompression. Consequently, the procurement
of a replacement mask that would provide protective capabilities
to 40,000 ft was initiated. This is a report of the physiological
testing for the military of the prototype MBU-8/P mask to FAA and
National Aerospace Standards applicable to civil air carrier jet
transport aircraft,

II. Method.

Ten (five civilian and five Air Force personnel, all having
been chamber qualified to 40,000 ft), voung-to-middle-aged, healthy,
male subjects were used during the physiological performance por-
tion of the mask evaluation. Ten experienced chamber safety
observers were provided from Air Force and FAA personnel,

Five prototype Air Force MBU~8/P continuous~flow reservoir-

type passenger oxygen masks (Sierra Engineering Co., Sierra Madre,
Calif.) were used during the testing sequence,
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Two small microcatheter tubes (PE 60) for gas sampling were
positioned through the facepiece of the mask in a manner that would
not compromise the mask performance or alter its weight or facial
fit to any significant degree. The output from one sample tube
was delivered directly to a gaseous nitrogen analyzer (Custom
Engineering and Development Co., Model 300 AR Nitralyzer) for end
expiratory nitrogen determinations. The output from the second
sample tube was passed through a small reservoir~-integrator to a
second nitrogen analyzer for the determination of mean mask nitro-
gen. A sample rate of 3 cc per minute for each was established
by maintaining an absolute pressure of 0.6 mmHg at the analyzer

detectors.

A constant-torque bicycle ergometer was positioned in the
altitude chamber for operation from an auxiliary chair. Regulated
exercise was used to establish the desired respiratory minute
volume in preference to the practice of hyperventilation.

The flow of oxygen to the mask was regulated by an altitude-
sensitive regulator of the type used in the passenger oxygen sys-
tems of jet transport aircraft. The output from this reeulator
was routed outside the chamber, passed through the output orifice,
then through a flowmeter and needle-valve arrangement to obtain
precise measurement and control, and was then passed back into the
chamber to the test mask, Oxygen flow was limited to the minimum
rate as provided by the outlet assembly (P/N 110112-01) used in

the C~141 aircraft (Figs. 1 and 2).

Irmediately before ascent the test subject was instrumented
for EKG monitoring with three-position chest electrodes and for
blood oxygen saturation with a Waters Model 350 Oximeter attached

to the pinna of the right ear,

Visual recording of the subjects during the flight profile
was accomplished with cinematographic techniques. Cameras were
positioned for observation of the subject's face and of the reser-
voir bag of the test mask.

Following a test of the subject's ability to equalize ear
pressures, the chamber was decompressed to 14,000 ft. The subject
rested quietly until blood oxygen saturation stabilized and base~
lines were recorded. A brief period of controlled exercise on the
bicycle ergometer followed to verify the measured response of
blood oxygen saturation to hypoxia. The subject then donned a
crew~type demand oxygen mask that provided 100 percent oxygen and
returned to exercising on the bicycle ergometer. The exercise
level was slowly adjusted until a respiratory minute volume of
25 to 30 L/min was achieved., After establishing the desired
minute volume, exercise was discontinued and the subject changed
from the crew mask to the MBU-8/P passenger mask, The test
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FIGURE 1. Blood oxygen saturation following 3 min of
exercise at the indicated minimum oxygen
flow rates.
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FIGURE 2. Tracheal oxygen partial pressure following 3 min
of exercise at the indicated minimum oxygen flow
rates.
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sequence consisted of (1) the adjustment of the chamber pressure
to the desired altitude, (i1) a brief rest period for the subject
while instruments and flow rates were adjusted and stabilized, and
(111) 3 min of exercise by the subject. The test sequence was
repeated at 14,000, 21,500, 29,000, 35,000, and 40,000 ft.

III. Results.

National Aerospace Standards recognize respiratory gas analyses
and blood oxygen saturation determinations as the two methods to
be used in altitude chamber tests of passenger oxygen masks, Both
these methods were used simultaneously for monitoring the physio-
logical performance of the MBU-8/P mask.

Blood oxygen saturation was measured directly with a Waters
350 ear oximeter. Blood oxygen saturation with corresponding
oxygen flow rates following 3 min of exercise is presented in
Figure 1, The determination of blood oxygen saturation with ear
oximetry techniques provides a quick, real-time assessment of the
degree of hypoxia an individual might be experiencing; however,
there is frequently considerable variation in the results obtained
and the technique is perhaps best used as a quick monitor or safety
device. Alternately, more accurate analyses can be obtained from
gaseous techniques; however, these data require considerable
processing and are more difficult to utilize for quick physio-
logical assessments.

Tracheal oxygen partial pressure is calculated from the end
expiratory nitrogen as follows:

Pp = (B=47) (1-Fpy )
To, IN,

Where:

PTO tracheal oxygen partial pressure
2

B

ambient barometric pressure

47 = vapor pressure of water at body temperature
and at 100 percent saturation

1 = unity

FIN fraction end expiratory nitrogen
2

These data, derived from the third minute at each specified
altitude, with the corresponding oxygen flow rates, are presented
in Figure 2. Correlation of these data 1s in close agreement with
comparable values presented in the literature, Values for heart
and respiration after 3 min of exercise are presented in Figure 3,
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FICURE 3. Heart and respiration rates following 3 min of
standardized exercise at the indicated altitudes

with the minimum oxygen flow provided as in
Figures 1 and 2.
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IV, Discussion,

The National Aerospace Standard 1179 and the FAA TSO-C64
provide precise guidelines for the physiological performance test-
ing of passenger oxygen masks to be used in air carrier alrcrafe,
These performance specifications require that a mean tracheal
oxygen partial pressure of 83,8 moHg or greater be maintained for

»000 ft of the maximum for which approval is
desired. Induced hyperventilation may be used to achieve this
minute volume. However, the use of hyperventilation has a tendency
to overrate the physiolosical efficiency of a mask due to the
decreased pCO, and resultant increased PO, that occur after the
first few breaths. For & more detailed d%scussion of the effects
of hyperventilation, see Comroa (7), The use of regulated exer-
cise has a tendency to underestimate the Physiological efficiency
of a mask due to the increased oxygen consumption, particularly
when compared with testing procedures that utilize sedated sube
Jects. However, the identification of the proper workload to
maintain the desired respiratory minute volume for an individual

is difficult, especially when the degree of apprehension is often
unpredictable.

In this study a workload was established for each subject
that would produce a respiratory minute volume of approximately
30 L/min BTPS, this determination being accomplished at 14,000 f¢
where the effects of apprehension were minimal, The flow of oxygen
to the test mask was Precisely regulated to 4.35 L/min NTPD, or
37 L/min BTPS, at the 40,000-ft level, If the effects of anxiety

ed by work, a minute
r even exceeded, In
ation is encountered, the

nt air would then be drawn
through the dilution valve, TIf the tidal volume were sufficiently

great, a lowered pT02 could occur, causing an even higher ventila~
tion rate and an ensuing rapid development of acute hypoxia. An
examination of the tracheal oxygen partial pPressure and blood
oxygen saturation data for the 40,000-f¢ altitude demonstrates

the results of having obtained g respiratory minute volyme higher
than expected; i.e., in excess of 30 L/min BTPS.

either case,
reservoir bag

Testing was terminated during the third minute of exposure to
40,000 ft for subject 7, due to

the development of acute hypoxia.

The quantification of impedance Pneumograph data is difficule
and, at times, highly questionable; however, it can readily be

used as an indication of ventilation rate, A comparison of {mpe~
dance Pneumograph recordings obtained at 14,000 ft with a werkload
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regulated to give a minute volume of 25 to 30 L/min BTPS to the
corresponding recordings from 40,000 ft indicates that the ventila-
tion rate of subject 7 could have exceeded the 30 L/min desired

by almost 50 percent while at the higher altitude, That the reser-
voir bag was being emptied during inspiration, with the resultant
activation of the dilution valve, is confirmec through close
examination of the motion picture film of this test.

To a lesser degree, the same problem was encountered in con-~
trolling the respiratory rates of subjects 4 and 6. These sub-
jects did not exceed the minute volume tc the extent that subject
7 did; however, analyses of the data and mofon picture film
indicated that activation of the dilution valve did occur. With
the exception of subject 7 (with a pTy, of 83 mmHg), all subjects
had a pTO2 greater than 83,8 while resting at 40,000 ft.

V. Conclusions,

A. The prototype MBU~8/P passenger mask demonstrated an
adequate capability to maintain human subjects in an acceptable
physiological condition for limited exposures to 40,000-ft
altitudes.

B. The use of controlled exercise to achieve a specified
respiratory minute volume is the method of choice as opposed to
hyperventilation. However, allowances should be made for the
effects of apprehension if excessive respiratory rates are to be
avoided. The effects of apprehension are most pronounced from
30,000 to 40,000 ft, the most crucial portion of a mask evaluation.

C. Analyses of physiological data and motion picture film
indicate that the desired respiratory minute volume was exceeded
by 3 of the 10 subjects while exercising at the 40,000-ft level.
As this portion of the test was beyond the requirements of
NAS-1179 and FAA TSO0-C64, the test was not repeated.

D. 1If workloads and respiratory minute volumes in excess of
those obtained in this study are anticipated, oxygen flow to the
mask should be increased to compensate for increases in activity,
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HUMAN FACTORS REPORT OF THE INVESTIGATION OF THE
IN-FLIGHT DECOMPRESSION, NOVEMBER 3, 1973,
OF NATIONAL AIRLINES FLIGHT 27 (N6ONA):
A DC-10 EN ROUTE FROM HOUSTON INTERNATIONAL AIRPORT
TO SAN FRANCISCO WITH 127 PERSONS ABOARD

R
P i Jh A

D. deSteiguer

I. Introduction.

James M. Simpson and Don deSteiguer, FAA Civil Aeromedical
Institute, were directed on November 5, 1973, to proceed to
Albuquerque, New Mexico., They arrived on the afternocon of
November 5, reported to the FAA Coordinator, and were assigned
to the Human Factors Group by the National Transportation Safety
A Board Investigator-In-Charge. On November 5, 6, and 7, they
3 participated in examination of the aircraft interior, decompres~
sion events, and equipment function and use, From November 8
through November 27, an intensive study was conducted to define
the decompression and other events that occurred. DC~10 main-
tenance manuals from the FAA Aeronautical Center were examined in
detail. The American Airlines Maintenance Facility, Tulsa, Okla~

homa, made its maintenance and parts library available to these
investigators.

11, Decompression.

The major penetrations into the aircraft fuselage were:
(1) a csbin window at seat location 17H, area 160 in¢; (ii) into
the center accessory compartment, area 160 inz; and (111) two
into the forward cargo and belly compartments--a forward pene-

tration, area 230 in‘, and an aft penetration, area 140 in2,
There were numerous small penetrations.

A rapid and severe decompression occurred in the forward
cargo compartment. This decompression was caused by large pene~
tratiors directly into a compartment having a small volume.

A rapld and severe decompression occurred in the lower
galley. There were no direct penetrations into this compartment.
The major source of decompression was through the perimeters of
the two cargo doors between the forward cargo compartment and the
lower galley. The openings arcund these doors were 1/8 in by
one-half to two-thirds of the door perimeter of 220 in, State~
nents by the two flight attendants stationed in this compartment
are in accordance with a rapid and severe decompression., The
observed incidents were: (i) a rapid reduction in air tempera=
ture; (ii) the opening of doors from modular units and lifts;
(111) the flow of paper articles in an aft direction; (iv) the

drop of the personnel 1ift; and (v) the loss of consciousness by
the two attendants.
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A slower and less severe decompression occurred in the
passenger cabin and flight compartment, The loss of the cabin
window at seat 17H was directly responsible for the passenger in
that seat being ejected from the aircraft. The area of penetra-
tion associated with the cabin window was temporarily and partly
blocked with the body of the ejected passenger. This passenger--
a male, 5 ft 11 in, 160 1lb-- had his seatbelt fastened loosely,
The window was slightly to the rear of the passenger, and the wind
blast exerted a force that caused the body to straighten and slip
under the belt (as opposed to a forward force that would have
doubled the body over the seatbelt), The actions of another male
passenger in attempting to hold the ejected passenger by the legs
and/or feet while he was partly out the window verify the tempo-
rary and partial obstruction of the area of window penetration,
The time from window penetration to complete passenger ejection
is not known. Four additional windows located from seats 16H
through 19H received damage but were not penetrated.

Because of the large areas of connecting ports, the penetra-

tion into the center accessory compartment should be considered
88 a direct penetration into the passenger cabin.

Warning lights and signs that are coupled to a 10,000-ft
Pressure switch were on., A cabin altitude rate indicator reading
of 5,000 ft/min was reported by the flight engineer; however,
naximum cabin altitude was not determined. Oxygen masks in the
passenger cabin were not automatically deployed, This indicates
that either the passenger cabin did not reach the 14,000-ft
equivalent altitude or the controlling electrical system, the
No. 3 DC-bus, was nonfunctional., Preliminary information indicates
the No. 3 DC-bus was inoperative. The cabin altitude warning horn
did not sound. This device is »lso powered by the No, 3 DC-bus,

Statements by the flight attendants and pilot are in accord-
ance with a mild deccmpression in the passenger cabin. One
female passenger is reported to have lost consciousness in a
forward lavatory. As this is the only reported case of loss of
consciousness in the passenger cabin, one must consider the
possibility of a lower pressure in the lavatory, related to the
lavatory ventilation and exhaust system, as compared to the main
cabin pressure, A second possibility 1s individual variation in
susceptibility to hypoxia, A third possibility is physiological
problems completely unrelated to the decompression or additive
to the effects of the decompression, The exact cause of this
passenger's loss of consciousness cannot be established from
available information. The lack of loss of consciousness (in
consideration of the number of persons iavolved), even when
several people performed considerable physical activity without
supplemental oxygen, support a mild decompre ;sion,
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The quick initiation of the emergency descent, 6,000 ft/min, 3
by the pilot helped control the severity of the decompression in

the passenger cabin. The multitude of actions taken by the flight f
engineer for damage control and to conserve pressure are not §
available. s

Two separate decompressions of the aircraft are identified, §
a rapid and severe decompression in the lower compartments and a §
slower and less severe loss of pressure in the passenger cabin, 1

Two separate decompressions of different profiles establish a
pressure differential between the upper and lower compartment
systems. The presence of such a pressure differential is confirmed
by the implosion of the upper deck door to the personnel 1lift and
the forced opening of the lower deck lift doors. Structural damage
to the upper portion of the lower deck personnel lift door con-
firms a pressure differential from the lift shaft to the lower
galley.

The upper deck cart 1ift door is approximately one-half the
area of the personnel door and is the stronger of the two,
Because the 1lift shafts are connected, the pressure differential
across the smaller door was relieved by the failure of the larger
personnel door. At the time of Jecompression, the cart 1lift was
in position in the lower galley and the personnel lift was reported
to be in position in the upper deck. During decompression, the
personnel 1lift was reported to have been forced to the down, or
lower galley, position. The capacity of this lift is rated at
250 1b and, with a surface area of approximately 20 x 37 in or
740 in2, a pressure differential of only 1/3 psi would load the
1ift to rated capacity. The forces required to override the drive
mechaniem and magnetic brakes are not available at this time.
While investigators were on site, physical attempts to raise the
personnel 1lift were not successful, It 1s reported that once
clectrical power was restored to the aircraft, the lift was
operable. No visible signs of failure in t