Deviations requests for an ETSO approval for CS-ETSO C78 & C89
Applicable to MC10 Quick donning mask by Intertechnique
Consultation Paper

I. Introductory note

The hereby presented Deviations requests shall be subject to public consultation, in
accordance with EASA Management Board Decision n°7-2004" products certification
procedure dated 30 March 2004, Article 3 (2.) of which states:

“2. Deviations from the applicable airworthiness codes, environmental protection
certification specifications and/or acceptable means of compliance with Part 21, as
well important special conditions and equivalent safety findings, shall be submitted to
the panel of experts and be subject to a public consultation of at least 3 weeks, except
if they have been previously agreed and published in the Official Publication of the
Agency. The final decision shall be published in the Official Publication of the
Agency.”

I1. Background

Il.a. Identification of issue

Intertechnique submits to EASA several deviation requests against CS-ETSO C78&
C89 for MC10 Quick donning masks. The applicant also applies for a Letter of TSO
Design Approval (LODA)? to TSO C78 and TSO C89.

These quick donning mask-regulators for crewmembers already hold a LODA for
TSO C78 and C89 up to 40 000 ft, when they are equipped with:

. a demand oxygen-breathing regulator with automatic dilution and manually
selectable safety pressure.
. Or, a pressure-breathing regulator with dilution schedules in accordance with

TSO C89 dilution demand regulator (as above).

Intertechnique submits several deviations which will be further detailed in section
I1.b. In particular, Intertechnique asks an extension agreement up to 45 000 ft with a
deviation request for the dilution schedule of ETSO C89 FAA Standard associated
with ETSO-C89 84.2 (a)/TSO C89 §4.2 (a). Below 25 000 ft, the proposed dilution
schedule complies with the requirements of 8§4.2 (a) of ETSO C89 FAA Standard
associated with ETSO-C89/TSO C89 for “diluter demand” regulator, except for 0 ft,
5000 ft and 10 000 ft where 10% of added oxygen is proposed to guaranty a safety
level adapted to human physiology

IL.b. Deviations requests

The deviations requested can be summarized as follows:

1. The above articles meet the requirements of ETSO C78/TSO C78 and ETSO
C89/TSO C89, for altitude of 40 000 ft maximum, with Diluter Demand
Regulators, except for the deviations #1, #2, #3 and #4, stated in §(1), (2), (3)
and (4) below.

1 Cf. EASA Web: http://www.easa.europa.eu/doc/About EASA/Manag_Board/2004/mb_decision 0704.pdf
2 (FAA) Letter of Design Approval, see e.g. Order 8100.14A Chapter 3 3-1 h (1)

http://www.airweb.faa.gov/Requlatory and Guidance Library/rgOrders.nsf/0/9410d2112ffa26628625
707c00474b29/$FILE/Order8100.14a.pdf
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Intertechnique claims that these deviations have already been approved by the
FAA for LODA for mask-regulator MC10 series by letter MCB/11/26 dated
Nov. 26, 1973°.

2. The above articles meet the requirements of ETSO C78/TSO C78 and ETSO
C89/TSO C89, for altitude of 45000 ft maximum, with Diluter Demand
Pressure Breathing Regulators, except for the deviations #1, #2, #3, #4, #5 and
#6, stated in §(1), (2), (3), (4), (5) and (6) below.

Intertechnique claims that these deviations have already been approved by the
FAA for LODA for mask-regulator MC10 series by letter MCB/11/26 dated
Nov. 26, 1973. Deviations #5 and #6 constitute new deviations requests. The
substantiation for the acceptability of these deviations #5 and #6 is detailed in
the attached study (refer to Annex 1).

The details of these deviations are described below:

¢H)] Deviation #1: ETSO C78 84.1 General (Marking)/TSO C78 - (b)
marking

The regulator being mask-mounted to compose a single piece of equipment,
Intertechnique has added the markings required in ETSO C78 84.1/TSO C78 (b) to
the markings required in ETSO C89 84.1/TSO C89 (b) on plates attached to the
regulator.

Intertechnique claims that these deviations have already been approved by the FAA
for LODA for mask-regulator MC10 series by letter MCB/11/26 dated Nov. 26, 1973.

(2) Deviation #2 ETSO C78 FAA standard associated with ETSO-
C78 83.3(a)/TSO C78 83.3 (a)

The regulator being mask-mounted to compose a single piece of equipment,
Intertechnique has performed the inward leakage test on the mask-regulator assembly
and cumulated the maximum mask inward leakage (0.1 L/min STPD as in ETSO C78
FAA standard associated with ETSO-C78 83.3 (a)/TSO C78 83.3 (a)) and the
maximum regulator inward leakage (0.1 L/min STPD as in ETSO C89 FAA Standard
associated with ETSO-C89 84.4 (a)/TSO C89 §4.4 (a)).

Though, the maximum mask-regulator inward leakage considered for the tests was 0.2
L/min STPD.

Intertechniqueclaims that the deviation has already been accepted by the FAA in
LODA for mask-regulator MC10 series by letter MCB/11/26 dated Nov. 26, 1973.

(3) Deviation #3 ETSO C78 FAA standard associated with ETSO-
C78 83.4 (a)/TSO C78 83.4 (a) and ETSO C89 FAA Standard
associated with ETSO-C89 84.1 (a)/TSO C89 84.1 (a)

The regulator being mask-mounted and so integrating the whole inspiratory circuit,
Intertechnique has performed the inspiratory resistance test on the regulator only and
cumulated the maximum mask inspiratory resistance (ETSO C78 FAA standard
associated with ETSO-C78 83.4 (a)/TSO C78 83.4 (a)) and the maximum regulator
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Refer to:

http://www.airweb.faa.gov/Reqgulatory and Guidance Library/rgTSO.nsf/0/7234F8338AAFD229852
56E59005610D1?0penDocument
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inspiratory resistance (ETSO C89 FAA Standard associated with ETSO-C89 8§4.1
(@)/TSO C89 84.1 (a)).

The maximum mask-regulator inspiratory resistance considered for the test is defined
as follows:

Flow Suction pressure (inches H,0)
(L/min | as per TSO C78 | as per TS0 C89 maximum value
STPD) §3.4(a) §4.1(a) | considered for the test
20 0.6 0.4 1
70 15 0.8 2.3
100 2.5 1.0 3.5

Intertechnique claims that the deviation has already been accepted by the FAA in
LODA for mask-regulator MC10 series by letter MCB/11/26 dated Nov. 26, 1973.

4 Deviation #4 ETSO C89 FAA Standard associated with ETSO-
C89 84.4 (c)/TSO C89 §4.4 (c) and ETSO C89 FAA Standard
associated with ETSO-C89 §4.4 (d)/TSO C89 84.4 (d)

The exhalation valve being an integral part of the regulator, the regulator outlet
leakage (ETSO C89 FAA Standard associated with ETSO-C89 84.4 (c)/TSO C89 §
4.4. (c)) and the regulator overall leakage (ETSO C89 FAA Standard associated with
ETSO-C89 §4.4 (d)/TSO C89 84.4 (d)) cannot be measured separately.

Intertechnique has performed only one regulator leakage test and cumulated the
maximum outlet leakage (0.01 L/min STPD as per ETSO C89 FAA Standard
associated with ETSO-C89 84.4 (c)/TSO C89 84.4 (c)) and the maximum overall
leakage (0.01 L/min STPD as per ETSO C89 FAA Standard associated with ETSO-
C89 84.4 (d)/TSO C89 §4.4 (d)).

Though, the maximum regulator leakage considered for the test was 0.02 L/min
STPD.

Intertechnique claims that the deviation has already been accepted by the FAA in
LODA for mask-regulator MC10 series by letter MCB/11/26 dated Nov. 26, 1973.

(5) Deviation #5 ETSO C89 FAA Standard associated with ETSO-
C89 8§4.2 (a)/TSO C89 §4.2 (a)

As customers unanimously reject the excessive oxygen consumption below 25 000 ft,
for Diluter Demand Pressure Breathing Regulators, resulting from paragraph 4.2 (a),
Intertechnique proposes to apply, below 25 000 ft, the diluter schedule as requested
for Diluter Demand Regulator, except for 0 ft, 5 000 ft and 10 000 ft where 10% of
added oxygen is proposed to guaranty a safety level adapted to human physiology.



Minimum Percent Oxygen
Pressure | Altitude Diluter Diluter Demand | Diluter Demand
Mm Hg feet Demand Pressure Pressure
§4.2 (a) TSO Breathing Breathing
C89 §4.2 (3) TSO C89 | Deviation Proposal
760.0 0 0 40 10
632.4 5,000 0 40 10
522.8 10,000 6 40 10
429.1 15,000 14 40 14
349.5 20,000 25 40 25
282.4 25,000 40 40 40
226.1 30,000 61 61 61
179.3 35,000 91 91 91
178.5 35,100 98 98 98
141.2 40,000 98 98 98
111.1 45,000 N/A 08 98

This diluter schedule proposal results from a recent study analyzing the hypoxia
protection to 45000 ft according to the pre-breathing dilution schedule and the
altimetric pressure breathing. This study has been exposed to the SAE A10 (Aircraft
Oxygen Equipment Committee) group members in May 2006. This study is attached
as a complete file in Annex 1.

(6) Deviation #6 ETSO C89 FAA Standard associated with ETSO-
C89 8§4.3 (a)/TSO C89 §4.3 (a)

The pressure schedule proposed by Intertechnique deviates from ETSO/TSO
requirement:

Altitude Minimum Positive Maximum Positive
(ft) pressure (H2O Inch) pressure (HO Inch)
Per TSO Per IN Per TSO Per IN
C89 84.3 Pressure C89 84.3 Pressure
(@) schedule (@) schedule
30,000 0 0 3.5 3.5
40,000 0 1,8 5.0 12
42,000 4.5 5,6 7.5 12
44,000 9.0 8,6 11.0 12
45,000 11.0 10.0 12.0 12

The minimum pressure-breathing schedule results from a recent study (refer to Annex
1) analyzing the hypoxia protection to 45,000 ft according to the pre-breathing
dilution schedule and the altimetric pressure breathing. This study has been exposed
to the SAE A10 (Aircraft Oxygen Equipment Committee) group members in May
2006. This study is attached as a complete file in Annex 1.

As IN maximum pressure-breathing schedule is higher than the ETSO/TSO one,
Intertechnique claims that this is beneficial to the crew tracheal O2 partial pressure.
Thus, Intertechnique considers that the mask-regulators comply with the ETSO/TSO
requirements by providing an equivalent level of safety.



Il.c. EASA position

Intertechnique asks an extension agreement to 45 000 ft with a deviation request for
the dilution schedule of ETSO C89 FAA Standard associated with ETSO-C89 84.2
(a)/TSO C89 84.2 (a). Below 25 000 ft, the proposed dilution schedule complies with
the requirements of §4.2 a) of ETSO C89/TSO C89 for “diluter demand” regulator,
except for O ft, 5000 ft and 10 000 ft where 10% of added oxygen is proposed to
guaranty a safety level adapted to human physiology.

Intertechnique substantiates an equivalent level of safety by the following arguments:

a) The ETSO C89/TSO C89 45 000 ft dilution schedule shows 40% of added oxygen
from sea level to 25 000 ft. The result is excessive oxygen consumption during pre-
breathing at low cabin altitude. The aircraft manufacturers don't want to use a
regulator that would dramatically increase the number of oxygen cylinders on board.

b) Authorities have already approved aircraft, certified to fly above 40 000ft, with
pressure breathing oxygen masks having the *“40 000ft Diluter Demand schedule”.
Pressure breathing being used to meet the physiological needs..

¢) Intertechnique claims that some pressure demand masks having a similar dilution
schedule deviation have been TSO approved in the USA in the early 90's.”.

d) Intertechnique has prepared and supplied with the support of Professor Henri
Marotte, Professor at the Military Health Service and Teaching Director of Aviation
and Space Medicine, an analysis of the hypoxia protection to 45,000 ft with respect to
the pre-breathing dilution schedule and the altimetric pressure breathing (Refer to
complete file in Annex 1). The complete study has been exposed to the SAE A10
(Aircraft Oxygen Equipment Committee) group members in May 2006.
Intertechnique seeks a correction to the initial dilution schedule and a revision of the
altimetric pressure breathing schedule as proposed in their deviation request.

This hypoxia study (cf. Annex 1) concludes that the revised dilution schedule as
proposed by Intertechnique in their deviation request would he acceptable taking into
account a pre-oxygenation level of 10% (additional oxygen) up to 10 000 ft. This
dilution schedule (including pre-oxygenation level of 10% up to 10 000 ft) combined
with an optimised minimum pressure-breathing schedule (comfort versus safety),
would ensure an adequate level of safety adapted to human physiology requirements
when cruising above 40 000 ft up to 45 000 ft. This author of this study has been
referenced in the FAA Interim Policy on High Altitude Cabin Decompression”.

The study (cf. Annex 1) has assessed and compared two sets of pre-oxygenation
values (10% and 40% additional O2).

An estimation of the number of airplanes approved to fly above 40 000 feet and the
related certification basis for high-altitude operations is summarised in the FAA

* See example of tests assessment of mask for example in CAMI report DOT/FAA/AM-89-08,
http://amelia.db.erau.edu/reports/faa/am/AM89-08.pdf

® Reference 14 “Rapid Decompression of a Transport Aircraft Cabin”, Attachment 1 of ANM-03-112-
16, available from

http://www.airweb.faa.gov/Requlatory and Guidance Library/rgPolicy.nsf/0/90aa20c2f35901d98625
713f0056b1b8/$FILE/ANM-03-112-16.pdf
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Interim Policy on High Altitude Cabin Decompression®. For example, for Cessna 525
Series, the for flight up to FL450 the FAA imposed Special Condition 23-102-SC
Model 525A" which includes quick-don masks for the crew. New Zealand published
additional requirements in the Type Acceptance Report TAR3/21B/35- Revision 0,
Series for aircraft pressurisation (NZCAR 91.355)°.

EASA seeks public consultation regarding the acceptability of the requested
deviations as summarised below:

. Deviations #1, #2, #3 and #4 claimed by Intertechnique as having been
approved via an existing FAA LODA

. New deviations #5 and #6 substantiated by a new study (cf. Annex 1).

EASA has reviewed the requested deviations and has summarised its understanding of
the supporting study in Annex 2. This supporting study shows acceptable
compensating factors providing an equivalent level of safety for the intent of ETSO
C89 requirements. Therefore, EASA envisages granting the requested deviations to
ETSO. However, the TSO C89 requirements and/or legal requirements may contain
requirements that are not covered by this study. Moreover, some of the deviations are
not straightforward since their substantiation required a detailed study on hypoxia
protection (refer to Annex 1). Consequently, those deviations need to be scrutinised
and commented.

Note: If these deviations were accepted, they would than be published in the Official
Publication of the Agency. They would than be usable by other applicants.

I.d. Intertechnique position
The complete hypoxia study (cf. Annex 1) has been exposed to the SAE 10 (Aircraft
Oxygen Equipment Committee) group members in May 2006.

Intertechnique agrees that this consultation paper does not contain any proprietary
data.

6 Cf. Attachment 4 of ANM-03-112-16, available from

http://www.airweb.faa.gov/Requlatory and Guidance Library/rgPolicy.nsf/0/90aa20c2f35901d98625
713f0056b1b8/$FILE/ANM-03-112-16.pdf

" Cf. Type Acceptance Report TAR 3/21B/5 — Revision 1, Cessna 525 Series from New Zealand,
available from http://www.caa.govt.nz/aircraft/Type Acceptance Reps/Cessna 525-Revl.pdf

8 Cf. section 5 NZCAR Part 91 Subpart F of Type Acceptance Report TAR 3/21B/35, Rev. 0,
Gulfstream G-1V, available from
http://www.caa.govt.nz/aircraft/Type Acceptance Reps/Gulfstream GIV.pdf
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Annex 1

Protection against hypoxia up to 45 000 ft in case of accidental in-flight
decompression of a pressurized cabin

By Henri Marotte, Medical Doctor, Science Doctor, Professor at the Military
Health Service

Hypoxia study




Annex 2: EASA interpretation of hypoxia study (attached in Annex 1)

From a process perspective, the rationale to accept deviations can be based on the fact
that compliance to essential requirements is ensured and that there is no feature or
characteristic making the product unsafe for operations. The analysis submitted by
Intertechnique aims at showing compliance by other means for the deviations to
detailed requirements (equivalent safety finding): it proposes another dilution scheme
with a pre-oxygenation level up to 10 000 ft.

The study (cf. Annex 1) goes back to the original operational scenario and the
essential requirements aimed to be covered by the TSO: “decompression hazard when
an aircraft is flying at an altitude between 35,000 and 45,000 ft by a significant air
leak preventing the aircraft from descending before the pressure in the cabin has
reached a higher value”.

Than, the study (cf. Annex 1) establishes the analysis plan based both the detailed
hazard description (environment) and on the human body reaction (consequences that
have to be mitigated). It establishes the model (equation) linking the minimum
oxygen fraction required to the barometric pressure when the average alveolar partial
pressure in oxygen is known. Further, it explains how the assumptions for stable
physiological conditions must be modified in case of acute in-flight decompression.
The choice of PPB (Positive Pressure Breathing) is further explained as an
extrapolation on the theoretical results from experimental altitude chamber tests. The
PPB values for civil transportation aircraft were determined and published by the
laboratory in which this study has been performed. These values have been endorsed
by SAE.

Paragraph 3 of the study (cf. Annex 1) explains the hypoxic hazard during rapid
decompression of a pressurize cabin. Loss of consciousness may occur in 8 to 10
seconds. 3 minutes after decompression, there are irreversible neurological lesions.
All the computations are based on the fact that the oxygen mask is put on in less than
5 seconds. The value of 40% of additional oxygen from ETSO C89/TSO C89 is
substantiated. However, it is commented as being a very high value (refer to §3.2 on
page 14). The minimum value of pre-oxygenation function prior to rapid
decompression depends slightly on the pressure in the cabin before decompression. It
mainly depends on the altitude of the aircraft in flight as well as on the average
alveolar pressure in oxygen level prevailing after decompression. The theoretical
results have been observed in altitude chamber experiments. Paragraph 8§3.5b)
investigates the role of an inhaled volume of pure oxygen. There is a detailed analysis
of various schemes: pre-oxygenation/dilution, different % of pre-
oxygenation/100%02. The theoretical computations of these various scenarios show
that the “10%/100%” situation for 43 000 ft — 15s is better than the nominal TSO
situation (see page 38). For 45000 ft — 20 s, there is little a difference between the
central situations for all scenarios (ETSO C89/TSO C89, 10%/100% and without pre
breathing).

In its paragraph 4, the study (cf. Annex 1) makes proposals in terms of procedure and
equipment for an effective scheme. These proposals include a revision to the dilution
schedule.
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Protection against hypoxia up to 45,000 ft in case of accidental in-flight decompression
of a pressurized cabin

The fundamental principles related fo altitude hypoxia hazards in flight are assumed
known. This study concerns the specific case of accidental decompression of a pressurized
cabin and, more specifically, the decompression hazard when an aircraft is flying at an
altitude between 35,000 and 45,000 ft.

The high altitude decompression hazard scenario for a pressurized cabin is also assumed
to be known. This paper concerns decompression by a significant air leak from the
pressurized cabin that prohibits the aircraft from descending before the pressure in the cabin
has reached a higher value. Therefore, this is always in scenarios involving rapid variations to
the cabin pressure: decompression, of which the speed is given in seconds, holding of the
aircraft altitude for a duration of less than 1 minute before initiating the emergency descent
procedure at a rate possible according to the structural damage suffered by the aircraft.
Decompression speed increases when the aircraft is smaller, as its speed depends on the
leakage surface area/cabin volume ratio. This speed is around 1 second for the smallest
aircraft and around 20 seconds for the largest aircraft.

35,000 ft was chosen as the low limit of this study for two reasons:

a) in normal hypoxia protection mode, it is only up to 35,000 ft that it is possible
to maintain the arterial blood oxygenation level (P, O,) identical to that at sea
level,

b) in case of rapid decompression of the cabin, it is from the 35,000 ft flight
altitude that specific protection procedures against over-acute hypoxia hazards
must be envisaged in certain aircraft,

c) an intermediate key value is around 39,000 ft (in the theoretical calculation)
and corresponds to the protection ceiling of Human by the oxygen inhalation
technique alone at ambient pressure. Above 39,000 ft, protection is still
possible, but the positive pressure breathing technique must be used. This
technique may be used without an excessive number of constraints up to 45,000
ft.

Between 35,000 and 45,000 ft, the decompression hazard is broken down into two sub-
sets:

- the hypoxia hazard related to the pure oxygen usage ceiling, a hazard that is
partially overcome by positive pressure breathing,

- the so-called over acute hypoxia hazard related to the rapid nature of the
decompression and for which the protection technique is the preventive inhalation
of an over-oxygenated mixture prior to decompression (“oxygen-prebreathing™).

Therefore, protection against hypoxia up to 45,000 ft is described according to the following
plan:

- standard protection under stabilized conditions up to 39,000 ft,
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- protection by positive pressure breathing and its limits,

&

- , protection by oxygen-prebreathing.

International system units are used in this text. All pressure values are given in hPa.

Lastly, to enable an easy interpretation of the results, the approximate cross-reference
between P4 O, and Sa O; is given (respectively the average alveolar pressure in oxygen and
the arterial blood saturation in oxygen). This cross-reference is given with the assumption of
average values (and not necessarily the most predictable low values) and with the assumption
of an average hypocapnia after decompression (P, CO; of around 30 to 35 hPa). These are
approximate values, as there is no published data on the P O; and Sa O, digital relationship
in man at 37 °C.

- S, Oz = 50% for P4 O, included between 30 and 35 hPa (syncope hazard in a few

seconds)

- Sa 02 = 60% for Pa O, around 40 hPa — permissible for 10 seconds

- Sa Oy =70% for P4 O; around 60 hPa -- permissible for 1 to 2 minutes

- Sz Oz = 80% for P4 O, around 70 hPa - permissible

-  8: 02 =90% for P4 O, of around 90 hPa

- Sy Oz =95-100% for P4 O; greater than 110 hPa

1-  Hypoxia protection under stable physiological conditions up to 39,000 ft

Protection against altitude hypoxia is generally conceived around the analysis of an
equation called the "alveolar gas equation”; this equation describes the relationship (transfer
equation) between the inhaled gas and the composition of alveolar gas, assumed to be in a
partial pressure equilibrium with arterial blood (arterialization) under stabilized physiological
conditions. This equation is written as follows:

(1)

1-F, O
P, 0, =F, 0, (P; - P, H,0)-P, CO, (F; O, +,__i1__i)

with  Pa Oy: average alveolar partial pressure in oxygen
Pg: barometric pressure
P4 COy: average alveolar partial pressure in carbon dioxide
P HyO: average alveolar partial pressure in water vapor
Fy O, fraction of oxygen (percentage) in inhaled gasses
R: respiratory exchange ratio

Three of these terms are constant under physiological conditions:
P4 COg: value regulated by the organism around 53 hPa
P4 HyO: partial water vapor pressure at 37°C (alveolar air temperature), defined by the
physic, being 63 hPa
R: respiratory exchange ratio, defined as the ratio between the CO; flow rate output by
the organism and the consumed O, flow rate, physiologically close to 0.83 under
standard conditions.

This equation was defined at the end of the 1940s. A demonstration of this equation is
given in appendix A. This equation is used in different forms, depending on the targeted goal.
One of the goals used is the simplifications quoted above, and makes it possible to calculate

4/55

R






the percentage of oxygen required according to altitude. The form of equations is as follows
(pressures expressed in hPa):

P
P, 02+—A-_§&
F, 0, = 1 2)
Py -P, H,0-P, CO, .(1—E)

P4 CO,, Po HyO and R are replaced by their standard values (in hPa):

P, 0, +63,8
FI 02 =—‘——A 2 2
Py —52,1
Notice the major limitations to the use of this equation, being the basic hypotheses of
the reasoning:

- the physiological conditions are stable and close to the standard physiological state,

- the alveolar gas is conceived as a homogeneous and constant medium over time and
space. However, these are not natural conditions because the gaseous exchange
conditions vary locally from one alveolus to another and vary over time depending on
the breathing cycle. Under these conditions, the "average alveolar gas" concept is
substantiated by the fact that the analysis of the pulmonary venous blood does not
reveal any time fluctuations according to the cycle. The "average alveolar gas" is then
described as the gases of a single and homogeneous alveolus, of which the
composition is that balancing the blood at the value measured in the pulmonary
venous blood.

Note: in the pulmonary blood circulation, the blood (de-saturated in oxygen) arrives by the
pulmonary artery and after re-oxygenation, leaves the lung by the (4) pulmonary veins, which
carry blood called "arterialized".

The alveolar gas equation has been conceived around the physiological protection
dialectics of man in flight, but is not strictly applicable under all circumstances, especially
under rapid transient conditions, as well as extreme conditions. However, it may be used as a
guideline for a more sophisticated physiological reasoning.

In this sense, the organism may be considered as being in a stable situation when this
situation is steady for several minutes at a P O, level close to the physiological values.

After decompression, during the re-routing phase, personnel arc protected against
hypoxia at a P O, level comparable to the normal P O, level of Human. The stable state
hypothesis is therefore validated after the initial decompression phase.

Under these conditions, protection against hypoxia is based on the inhalation of an air
and oxygen mixture such that the total oxygen percentage in this mixture satisfies the
equation (3) above:

a) This equation links the m'i nimum oxygen fraction required (F1Op) to the barometric
pressure Py in a fully determined manner when the P4 O, value to observe (imposed) is
known: this value is included.
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- for flight crewmembers in the 138 hPa (normal value at sea level) to 80 hPa
interval, which is the minimum permissible value (approximately corresponding to
exposure to a 12,000 £t (3,500 m} altitude in normal atmosphere,

- for passengers in a 138 hPa (normal value at seal level) to 60 hPa' interval, which
is a minimum survival value, also implying that supplementary oxygen is available
for a certain percentage of them.

- Notice that the situation concerning flight attendants is not, from this standpoint,
very satisfactory: during the emergency phase they are considered as passengers.
However, once the initial emergency phase has passed, they are responsible for
looking after the passengers and, in particular, distributing supplementary oxygen,
scheduled in the previous paragraph. However, it does not seem that there an
oxygen equipment standard enabling them to assume this mission and,
Jurthermore, any corresponding equipment.

b) This equation reveals the limits of use of the oxygen inhalator systems at altitude. In fact,
by principle, the fraction of oxygen (F;O;) cannot be greater than 1. Consequently, the
equation above makes it possible to calculate the protection limits against altitude hypoxia:

- For Pp O; = 138 hPa: F1 Oy = (138+63.8)/(Ps-52.1) < 1 is resolved in Pp > 254
hPa, corresponding to the 33,700 ft altitude.

- For P4 Oy = 80 hPa: I'; O, = (80+63.8)/(Ps-52.1) < 1 is resolved in Pg > 196 hPa,
corresponding to the 39,150 ft altitude.

- For P4 Oz = 60 hPa: F; O, = (60+63.8)/(Pp-52.1) < 1 is resolved in Py > 176 hPa,
corresponding to the 41,400 ft altitude.

Under these conditions, protection against hypoxia is provided up to the 33,700 ft
altitude by maintaining P» O, at 138 hPa, an altitude from which the oxygen system delivers
pure oxygen, up to the 39,000 ft altitude, still with pure oxygen but accepting at this interval
that the P4 O, gradually decreases to its lowest permissible limit of 80 hPa. For passengers,
this limit is approximately 41,500 ft.

This said, this calculation is not very flexible for two reasons. The first is that there is
always a "small amount" of nitrogen in the alveoli, which decreases the PA O,
correspondingly. In the other direction, at this Pa O, level, the subject is in a moderate
hypoxia situation, making him or her slightly hypocapnic (P4 CO, decreased in relation to the
normal value), which is, on the contrary, a factor increasing P, O, Taking these
approximations into account, we consider that the previous result obtained is valid but
incorporates a small area of uncertainty around the previously indicated values.

¢) The question is often asked about the "right" oxygen enrichment law applicable to flight
crews. Some texts may be incorrectly interpreted or misunderstood. This concerns the NATO
text 3198 AMD, paragraph 4.b(2)(a): "The oxygen supply must be sufficient to maintain the
average alveolar pressure in oxygen at a value greater than or equal to 13.3 kPa (100 mm Hg)
up to a 30,000 1t cabin altitude (9,150 m). Above this altitude, the average alveolar pressure in

' This value appears explicitly in STANAG 3198 AMD.
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oxygen may be less than 13.3 kPa (100 mm Hg) but must remain greater than 8 kPa (60 mm
Hg)". This text must preferably be understood as follows: assume that it is possible to obtain
physiological protection up to a 133 hPa P, O, level, i.c. up to around 33,500 ft, then accept
protection by pure oxygen alone up to 39,000 ft, i.e. by gradually decreasing values of P4 O,
without accepting values less than 80 hPa.
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2 — Positive pressure breathing protection ‘
Positive pressure breathing is often designated using its English logo PPB (Positive
Pressure Breathing). In the remainder of this document, this logo will be used.

Originally, the PPB was intended to be a method of hypoxia protection at an altitude >
39,000 ft. The PPB is based on several simple ideas:

- the PPB, used above 39,000 fi, consists of maintaining the pulmonary alveoli at a
pressure greater than environmental pressure, so as to maintain the partial oxygen
alveolar pressure at a minimum value, to be defined;

- the PPB is an efficient technique, but the physiological tolerance is mediocre (refer
{0 appendix B);

- the judicious PPB value depends on the time factor.

The "founding fathers" of this technique clearly explained that the purpose of the PPB is
to convert what could be over-acute hypoxia in case of exposure of an altitude of > 39,000 ft
into "simply” acute hypoxia, thus giving the pilot time to accomplish the essential survival
maneuvers. Therefore, this definition very clearly includes the exposure time and therefore
the decompression time aspect, as well as the maneuvering qualities of the aircraft after
decompression (descent profile) and the psychomotor performance expected from the pilot
(pilot aptitude required to maneuver the aircraft).

2.1 - PPB for unlimited exposure at altitude

This is the extreme case. "Unlimited" means a duration of exposure greater than several
minutes. The PPB value must compensate, as exactly as possible, for the decrease to
barometric pressure above 39,000 ft (197 hPa).

- at 45,000 ft: Pp = 148 hPa, PPB =48 hPa
- at 50,000 ft: P =117 hPa, PPB =79 hPa
- at 60,000 fi: Pg =72 hPa, PPB = 124 hPa

Historically, in France this last hypothesis was used for the design of altitude
protection equipment for the Mirage 4 (EFA pressurized suit, type 30 and EFA
helmet, type 12 then type 23). The goal was then to ensure the security of the
strategic dissuasion mission even in the case of loss of aircraft pressurization
which, in its original configuration, performed its mission at 50,000 ft. The
stratospheric equipment was then designed so that the pilot could be fed the
necessary over-pressure for more than one hour, being approximately 100 hPa.

These are extremely high PPB values and require the wearing of high performance
pressurized equipment.

2.2 - PPB for short exposure at altitnde

The previous PPB values are calculated according to the alveolar gas equation, obtained
under stable physiological conditions. From this standpoint, the acute in-flight decompression
conditions cannot be assimilated with stable conditions. The differences are as follows:
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- if prior to decompression, the subject breathes air,.the partial nitrogen pressure
cannot be considered as being nil (which reduces P4 O2) nor as being balanced
(hypothesis Vi Ny = Vg N, — refer to appendix 1),

- the partial arterial and alveolar CQO, pressures (PoCO, and P, CO,) are
significantly less than 53 hPa, which increases P4 O,,

- the respiratory exchange ratio R is higher in the initial altifude exposure phase,
which is also a factor increasing P4 Oa.

Other hypothesis for PPB calculation must therefore be applied. They are exposed
below.

2.3 - Transform over-acute hypoxia into acute hypoxia

The hypothesis of the "founding fathers" was as follows, remembering that it was
established before the calculation of the alveolar gas equations: under stable conditions, the
maximum permissible altitude is 12,000 ft breathing air, equivalent to 39,000 ft breathing
pure oxygen; this is the basis of the previous calculation. On the other hand, for a life-saving
operation which only exposes the organism to altitude for a few minutes, the altitude of
15,000 to 16,000 ft is permissible, corresponding to a P4 O; value of 50 to 60 hPa, authorizing
a decrease to the PPB of an equivalent value. These are the concepts that are employed in
STANAG 3198 AMD, authorizing 40 to 45 hPa for a 50,000 ft PPB (instead of 80 hPa under
stabilized conditions). The STANAG does not give any explanations on intermediary values
between 38,000 ft and 50,000 ft.

However: 40 to 45 hPa is a very high PPB value, to which the physiological tolerance is not
good, unless appropriate instructions have been given and serious training undertaken. Notice
here that the STANAG is a military text related to another text concerning the aero-medical
instruction of flight personnel, STANAG 3114AMD. In the NATO regulatory corpus, all
personnel with PPB protection must have been appropriately instructed and trained.

2.4 - Civil transportation aircraft PPB

The choice of the PPB value is a compromise between the theoretical high values and
those resulting from the previous considerations. In general, they are determined
experimentally during altitude chamber tests. Generally speaking, the values found are:

- decreased by a half for low PPB values,
- and decreased by approx. 30 hPa for high PPB values.

Therefore, these values are as follows:

Altitude Py Theoretical PPB Recommended PPB
40,000 ft 188 hPa 8 hPa 5 hPa
43,000 ft 163 hPa 33 hPa 18 hPa
45,000 ft 148 hPa 48 hPa 25 hPa
50,000 ft 116 hPa 80 hPa 50 hPa
60,000 fi 72 hPa 124 hPa 95-100 hPa

The LAMAS (French Aerospace Medical Laboratory), working conjointly with
Tntertechnique and SPA¢€ (Technical Services of French MoD), worked on this subject in the
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1980s. This work gave rise to a publication in 1990 in the Aviation, Space, and
Environmental Medicine® review. ;

Incidentally, practically 3 years were needed for this publication to be accepted after
numerous round trips. We met the different "reviewers" during the A-10 committee meetings
of the SAE. Acceptance of this publication with the PPB values we had established and
recommended had clearly become a consensus.

Therefore, our figures are as follows:

For decompression in several seconds followed by one minute at a given altitude level, then
descent at standard rates, we propose:

PPB =18 hPa at 43,000 ft
PPB =25 hPa at 45,000 ft

Naturally, these figures are to be considered with the tolerances that are normal in this
subject. The physiologist will not find in any manner whatever any precision around the hPa.

Also notice that there is no known text on any training program for civil flight crew on the use
of the PPB and/or training corresponding to the PPB.

Marotte H, Touré C, Florence G, Lejeune D, Kerguélen M. Transport aircraft crew and decompression
hazards: study of a positive pressure schedule. Aviat Space Environ Med 1990, 61 (8):690-694
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3 — The hypoxic hazard during rapid decompression of a pressurized cabin and how to
prevent it }

3.1 - Specific method of prevention of the over-acute hypoxia hazard: physiological
consequences following abrupt interruption to oxygen intake at high altitude

The physiological consequences following abrupt interruption to oxygen intake at high
altitude are presented using the diagram of rapid depressurization of a passenger
transportation aircraft (Figure 1).

The calculation hypothesis is that for an aircraft flying at an altitude of 39,000 ft (Pg =
197 hPa), with the cabin pressurized at 8,000 ft (Pg = 753 hPa). At 8,000 ft, in a normal
individual the partial oxygen pressure in the alveolar gases (P4 O2) is close to 96 hPa. In
venous blood (Py Oy), it is close to 40 hPa. The partial carbon dioxide pressure in the alveolar
gases (P4 COy) is close to 49 hPa. The partial water vapor pressure is 63 hPa (constant
physical data: saturating tension in water vapor at the alveolar temperature, being 37°C). The
gas distribution in the pulmonary alveoli complies with the following diagram:

Po CO; =49 hPa =6.5%
P4 H,O =63 hPa =8.4%
Po0O, =96hPa =12.7%
PAN, =545hPa = 72.4%

Pg =753 hPa =100%
Pa O2/Ps Ny =96/545 = 0.176

At the time of decompression, the barometric pressure drops from 753 to 197 hPa, i.e.
approximately a 3.85 ratio. The partial pressure of each of the alveolar gases decreases to the
same extent, except for water vapor and carbon dioxide. P4, H>O depends exclusively on the
temperature (37°C) and remains at 63 hPa. P, CO; is determined by the balance between the
quantity of this gas from the venous blood and its exhalatory output. Under the described
conditions, its value is balanced between 25-30 hPa (data from experimentation). The sum
(Pa Oy + P4 Ny) is calculated by the difference between the three known terms, being Ps,
P4 H,O and P4 CO,. After decompression, gasses are distributed in the pulmonary alveoli as
follows:

=197hPa  =100%
=30 hPa =15.2%
=63 hPa =32.0%

11/55






PA 02 A
hPa

mm Hg
96
72
30 i
60

P, O,
40 N P, O, at 8,000 ft
30
__ |30 seconds >
22+ Possible ] f
16,5 ossible loss o
consciousness
15 T
12
IP, 0, <P, O,
time
A — 7
Eut on the oxygen mask |
[Decompression from 8,000 to 39.000 ft (753 to 197 hPa) |
Figure I: P4 Oy variations during 2 second decompression. The oxygen mask is put on in less

than 5 seconds.

Py drops from 753 to 197 hPa. P4 H,O remains constant (63 hPa), P, CO,
decreases by the same ratio as Py, then quickly re-increases to 30 hPa. At the
beginning of decompression, Py N, and P4 Oy decrease (only Py Qs is shown on
this figure). Use of the oxygen system entails inhalation of pure oxygen, which
causes gradual expiratory elimination of N2; P4 O, re-increases therefore to a
target value of 80 to 90 hPa.

Altitude chamber tests have shown that the nitrogen elimination kinetics is as
Jollows: on average 50% N, is eliminated in 15 to 20 seconds and 90% in I minute.
For 10 to 15 seconds, P, O; is less than P, Oy P, O; decreases catgsirophicaily.
The circulation time between the lungs and the brain is 4 to 5 seconds. T, his is the
time delay after which, during decompression, the venous blood, entirely de-
saturated in oxygen, reaches the brain. This mechanism explains why loss of
consciousness may occur in 8 to 10 seconds.
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The calculation then makes the assumption that the P4 O»/P4 N, ratio remains identical
during decompression. It is known by its value before decompression, being 0.176. The
previous approach therefore made it possible to set down two equations with two unknowns:

Pa Oz +P4N;=104 hPa and
PA Oz/PANz =0.176
which is solved as:

PA 02= 16 hPa and
PAN2=88 hPa.

We can therefore complete the last diagram as follows:

PAoCOy; =30hPa =152%
PoH,O =63 hPa =32.0%
PA 02 =16 hPa =8.1%

PA Nz =88 hPa =44 7%

Py =197hPa  =100%

These calculations show that during rapid decompression, P4 O, decreases to a ratio of
around 6 (96 — 16 hPa), towards a value much less than Py O, (40 hPa). However, as of the
moment that P4 Oz becomes less than Py, O, the blood leaving the lungs is totally de-saturated
in oxygen. Ultimately, the venous blood achieves desaturation in the pulmonary alveoli (retro-
diffusion of oxygen®). 4 seconds after decompression, the de-saturated blood reaches the
central nervous system. From this moment, when the nerve cells are deprived of oxygen, the
most sensitive ones stop working after 5 seconds (loss of consciousness) and die after 3
minutes (irreversible neurological lesions).

3.2 - Historical rule for over-acute hypozxia hazard prevention after rapid
decompression

Prevention of the rapid decompression hazard is calculated using the previous
reasoning, represented in the model in Figure 1. This hazard is canceled out if the difference
P4 Oy — Py O, is never canceled out. In the assumptions of that time, the minimum value of 45
hPa was probably selected.

A homotheticy of the curve describing the P4 O, change according to time is plotted
(Figure 2), so that the minimum value remains at > 45 hPa. On the presented model, it is
around 14 hPa. Therefore, the hazard disappears if P, O, before decompression is at least
equal to 96/14%45 = 308 hPa (at 8,000 ft). This P, O, value is obtained for a F; O, value of
0.52, corresponding to 40% of additional oxygen in the inhaled gas. This is the value

* Luft U.C., Clamann H.G., Opitz E. - The latency of hypoxia on exposure to altitude above 50,000 ft. J. Aviat.
Med., 1951, 22 (2):117—122
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specified in TSO C89. Preventive wearing
additional O, provides protection against the
is a safe, but very high, value. Are there other protection rules?

of an oxygen inhalator delivering at least 40%
hazard of rapid decompression of the cabin. This

P, O, F 0, % O,
hPa 4 A A add.
308 iy e e L — .52 == .40
96 T 021 T 0
40 T T
time N
,
Ill)n the oxygen mask j
ecompression from 8,000 to 39,000 ft {753 to 197 hPa)
Figure 2: Calculation of the Pre-oxygenation value before rapid decompression (TSO C89).

3.3 - Specific method of prevention of the over-acute hypoxia hazard: pre-

oxygenation prior to rapid decompression in 2
aircraft)

to 5 seconds (concerns small-sized

Pre-oxygenation is the preventive breathing of an oxygen-rich mixture to prevent the
hazard of over-acute hypoxia following decompression in less than 5 seconds. Calculations
are made in relation to Figure 1. They endeavor to determine the minimum value of

F; O, prior to decompression, to maintain a minimum P, O, value.
using the following hypothesis and data:

This calculation is made
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1)  physical data: the partial alveolar pressure in water vapor (Pa HyO) remains
constant, equal to the saturating water vapor pressure at 37 °C, i.e. 63 hPa;

2)  observed data: the partial carbon dioxide pressure (P4 CO;) is approximately
equal to 53 hPa under the initial conditions close to sea level and at 48-50 hPa
under initial conditions from 5,000 to 8,000 ft, then quickly reaches a value close

to 30 hPa, for rapid decompression at an altitude of = 35,000 ft;

3)  hypothesis: the ratio between the partial nitrogen and oxygen alveolar pressures
remains constant before and immediately after decompression.

Dalton's Law applies to alveolar gases and is written P4 =) Pa;, i.e. PA=Po 02 + PA N,
+ Py COy +Po HoO.

If (1) and (f) respectively represent the initial and final conditions, the calculation may
be expressed by the two following equations (application of Dalton's Law and condition 3)
above, then by replacing P4 CO; (f) and Po H,O by their respective digital values (30 and 63
hPa):

P, 0,(i)+P, N,(i)+P, H,0+P,CO,(i) _ P,(i)
P, O,(f)+P, N,(f)+P, H,0 +P,CO,(f) P, (f)
P,N,(i) _P,N,(f) _P,N,
P,0,(i) P,0,(f) PO,

P {PAOZ(f).(1+Ef?)+93}—63—PAC02(i)

P,0,()=— PN,

P, 0,

1+

It is necessary to determine what is the minimum permissible value of P, O, at the end
of decompression. Several hypotheses can be envisaged:

- P4 O, always greater than or equal to the venous oxygen pressure (around 40 hPa for
a cabin-altitude between 5,000 to 8,000 ft): theoretically no risk of loss of
consciousness;

- P4 O greater than Psy (0Xygen pressure at which S, O, is equal to 50%, i.e. 36 hPa,
with P CO; = 53 hPa), corresponding to the value observed at the critical 18,000
to 20,000 fi threshold. For several seconds, this value remains permissible even
though the very quick decrease of S, O, can be badly supported.

- lowest P4 O» hypothesis: for a duration of exposure to hypoxia of less than 5
seconds, the main factor is the time delay in setting up the oxygen system. This
factor is more important than the exact minimum value of P4 Q. Consequently, if
protection against hypoxia is provided immediately, the P4 O, can be dropped
slightly to around 30 hPa (S, O; around 40 to 45%, which is the limit for
practically immediate loss of consciousness).

Note: this latter indicated hypothesis may also be discussed according to the interaction

between P CO; and the her}log}obin disso_ciation curve. From P, O, the S, O3 is a little higher
when P CO, decreases, which is the case in this situation and can be interpreted as a favorable
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effect. However, the tissular extraction of oxygen can also be decreased under these
conditions. The exact assessment of these different interactions is not known.

3.4 - Calculation of the pre-oxygenation function prior to rapid decompression

The P4 O, target value under final conditions shall therefore be fixed in the following
calculations at the 40 and 30 hPa hypothesis. Fach value is calculated by the following
procedure for each decompression hypothesis between the two altitude values:

a) a fixed target value for P4 O,

b) calculate P N; after decompression (PAN;=Pp~Pa 0y —Po CQy —Py4 H,0),

c) calculate Pao Np/Py O,

d) calculate Po N>+ P, Oy before decompression, then knowing Ps N, /P4 0O,,
calculate P O, before decompression,

e) convert the value of P O, into F; O, then as a percentage of additional O,.

These different calculations make it possible to determine the percentage of oxygen
required before rapid decompression (Table 1). They show that the minimum P, 0, value
before decompression depends slightly on the pressure in the cabin before decompression.
Essentially, it depends on the altitude of the aircraft in flight as well as the Py O, level
prevailing after decompression. However, in the measurement where this calculation concerns
preventive pre-oxygenation, the hypothesis made is that an oxygen system is pre-positioned
on the face and that delivery of pure oxygen is immediate after decompression. In this case,
the low P4 O, hypothesis may be substantiated, as the 40 hPa hypothesis is a little more
"reassuring" than the 30 hPa hypothesis.

Therefore Table 1 can be simplified (Table 2)
- by abandoning the distinction according to initial altitude,

- by using the cabin altitude before decompression: 6,000 ft {Pp = 812 hPa and P, COx(i) =
49 hPa),

- by abandoning the "high" hypothesis of P4 O, after decompression, only keeping the 30
hPa target value,

- by considering that above 39,000 f;, the oxygen system delivers a positive pressure in the
mask as defined above (10, 17 and 25 hPa at 41,000, 43,000 and 45,000 f1).

In the assumption that the aircraft is limited to 43,000 ft, it would be possible to adopt a high

altimetric over-pressure law (25 hPa). In this case, the pre-oxygenation requirement will be

exactly the same as that calculated in the table above for 41,000 ft.

From an experimental standpoint, comparable results have been obtained in an altitude
chamber and represented in the form of a minimum Sa O2 curve according to F; O, before
decompression”.

Operational application of these calculations: for the preventive pre-oxygenation function,
supply of oxygen (% of additional oxygen) at the flight altitude (at cabin altitude < 8,000 ft
under normal flight conditions).

* Marotte H., Touré C., Clére J.M., Vieillefond H. (1990) - Rapid decompression of a transport aircraft cabin:
protection against hypoxia. - Aviation, Space and Environmental Medicine, 61(1):21-27
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Percentage of additional oxygen before decompression:
Initial altitude (ft): ¢
Around: | P, O, target afier 0 1,500 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000
ecompression (hPa)
30,000 f 0 N T T T W S
31,000 f R T I W W B WS
S e e I I .
33,000 ft ;g 140 140 150 150 151 151 151 161
e e B B
35,000 ft :g 1: 184 185 195 195 195 195 196
36,000 ft :g 1 ;1 184 185 195 1 95 195 195 196
mwn| & % s @ pa e
T e e
39,000 ft 0 5 a0 a0 T a0 a0 T a0
e e T
43,000 50 I T TR TR B WS
45,000 £t 0 T 0
Table I: Cabin decompression in 2 seconds. Percentage of additional oxygen (before

decompression} required to efficiently protect personnel against the over-acute
hypoxia hazard after decompression. For 41,000, 43,000 and 45,000 fi altitude
values, the calculations were made with a respectively 10, 18 and 25 hPa PPB
value, i.e. using a hypothesis with P4 larget values of 189, 181 and 173 hPa qafier

decompression.
Adircraft altitude (ft) Additional O,% Alrcraft altitude (ft) Additional O,%
25,000 0 36,000 9
30,000 I 37,000 14
31,000 3 38,000 17
32,000 4 39,000 20
33,000 5 41,000 24
34,000 7 43,000 28
35,000 9 45,000 33
Table 2: Additional oxygen perceniage to deliver to the mask to prevent the over-acule

hypoxia hazard after rapid decompression (assumption: minimum Ps O, > 30
hPa). These results show that pre-oxygenation seems necessary as of a 35 flight
altitude (10,750 m) and the additional oxygen percentage should then be around
10 p. cent.
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3.5 - Pre-oxygenation before decompression in > 5 seconds (concerns large aircraft)

Other abrupt decompression scenarios of the cabin are assessed between 5 and 40
seconds, using the hypothesis that the oxygen mask is installed effectively in 5 seconds (FAR
121.333). Calculations are only made for decompression at altitudes > 35,000 ft. The
following hypotheses shall be tested:

- decompression in 5 seconds (reference situation), 10, 15, 20, 25, 30 and 40 seconds;
- flight altitude: FL. 350, 390, 410, 430 and 450;

. the results given in Tables 3 and 4 show that the physiological consequences of the
decompression are only slightly affected by the altitude restored in the cabin prior to
decompression, at least between 5,000 and 8,000 ft. Consequently, all calculations
shall be made on the basis of a 6,000 ft cabin altitude before decompression (Ps =
812 hPa).

- whether or not a preventive pre-oxygenation existed before decompression, two pre-
oxygenation values are chosen:

- the "TSOCS89", scheduling, when pre-oxygenation 1is applied, that the
inhaled mixture contains at least 40% additional 05 (F; 02 =0,32),

. 10% additional O, under the same conditions (F1 0z = 0,29) - (Airbus
proposal).

. with these two latest hypotheses, a complementary assessment is made according to
whether or not the oxygen regulator is immediately switched to "100% 02". To my
knowledge, there are no instructions of this type in case of decompression. However,
if the pilot wears his oxygen mask with prebreathing, it is necessarily in "dilution"
position. The question is not inoffensive. The goal is to compare the two possible
situations: without pre-oxygenation but with the installation of a 100% oxygen
inhalator in less than 5 seconds versus use of the pre-oxygenation function, with the
oxygen inhalator in the "dilution” position during decompression, up to the automatic
closing altitude of the dilution port.

- finally, a last assessment is the complement to the dilution calculation during the
prebreathing function slaved to altitude, completed according to the decompression
speed.

a) The calculation formulae are the same as those presented above.

These formulae use the hypothesis that the subject does not breathe during
decompression. The calculations below use the hypothesis that respiration is maintained.
Therefore, these formulae are applied like those with successive decompressions
corresponding to each breathing cycle, with oxygen enrichment of the pulmonary gas each
time pure oxygen is inhaled. This is what now has to be assessed.

b) Calculation of the role of an inhaled volume of pure oxygen on P, O;

FAR 25.§1443(b) specifies that when the pilot is fed with oxygen by an on-request
system, the breathing rate is 20 1/min BTPS when the altitude reaches or exceeds 35,000 ft.
This text does not specify the breathing frequency values and the standard volume to take into
account. Based on our own observations, we accept an average 16.min" value for the
breathing frequency, and 1.25 dm® for the standard volume.
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The calculations are based on the following imposed values:

at the end of normal breathing out, the average pulmonary volume is around 3.8 dm°.

the standard volume (volume of oxygen inhaled) is 1.25 dm’. Therefore, the
pulmonary at the end of inhalation is 6 dm’®. The volume of the dead space is around
150 ml. Therefore standard alveolar volume is 1.1 dm”.

the volume of inhaled oxygen is not identical to the increase of the alveolar volume.
In fact, the inhaled volume obligatorily contains water vapor (63 hPa) and CO,. The
CO, diffuses from the venous blood at a previously described partial pressure.

from this standpoint, the oxygen let into to the lungs during a breathing movement
decreases with altitude.

- Atsea level, a 1.1 dm’ inhalation of pure O, in reality provides, in the pulmonary

alveoli, after humidification and addition of 53 hPa of CO, a quantity of
1.1*(1013-63-53)/1013 = 0.974 dm® O, (BTPD), i.e. 0.974 *273/310 = 0.858 dm’
STPD.

As a comparison, at 39,000 ft (P = 197 hPa), the same calculation, with 30 hPa of
CO,, provides 1.1¥(197-63-30)/197 = 0.581 dm’ O, (BTPD), i.e.
0.581%197/1013*273/310 = 0.099 dm> STPD.

The last calculation element is the oxygen sampling made by the metabolism. We
accept that decompression occurs in a period of calm metabolism for the pilot. Even if the
metabolism increases during this violent event, it is not instantaneous and we accept that,
during decompression itself, the metabolism remains relatively "standard". Under these
conditions, a reasonable assessment is a 0.35 dm’ min’ (STPD) oxygen sample, ie. 0.022
dm’ per breathing cycle.

The calculations are as follows:

()

@)

€)

Q)

the quantity of oxygen (V O,) in the lungs before O, inhalation is assessed as being
the product of the pulmonary volume multiplied by the oxygen fraction, i.c. in the
present conditions: V Oy =F, O, * 3.8;

the oxygen volume and the total volume added in the alveolar space are assessed
conjointly;

at the end of oxygen inhalation, V O, is the sum of the calculated value in (1) and
the inhaled oxygen volume calculated in (2), less the metabolic sampling of oxygen
at this point (half the consumption, i.e. 11 ml STPD).

after oxygen inhalation, the total quantity of oxygen in the Tungs (V O,), calculated
in (3) and the total alveolar volume (V) are known; Fy O3 (= V 03/V,) and P, O
(= Fa0y*Pa) are calculated. The reasoning is reiterated for the following
inhalations by calculating the quantity of residual nitrogen using Dalton's Law
(PANQ =PB —PA 02 —-P ACOz— 63)

Calculations are made, usipg as the alveolar pressure value, the sum of the barometric
pressure (Pp) and the positive pressure (PPB) and by estimating the value of P4 CO,
according to previous results.
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Altitude SL 6,000 35,000 [39,000 !|41,000 | 43,000 45,000

P,=Ps+PPB 1013 812 239 197 - 189 180 173
P, CO, (hPa) 53 49 40 35 30 30 30

¢) Evolution of the cabin altitude according to time (number of respiratory
movements)

Calculation base:

9! During a decompression lasting > 5 seconds, the subject has breathing movements at a
frequency of 16.min™.

2) The cabin pressure is assumed to follow an asymptotic law towards the flight altitude
pressure. The intermediate pressurc values therefore observe a same relative value of the
pressure variation. Supplementary accuracy does not seem useful.

3) The pressure to take into account to describe the physiological consequences of
exposure to the altitude is the alveolar pressure, taking the altimetric over-pressure into
account, applicable above 39,000 ft for flight crew equipment). The selected over-pressure
law is the one that gives 25 hPa at 45,000 ft, considered as linear between 39,000 and
45,000 ft. In practice, this law compensates half of the pressure difference between the flight
altitude and 39,000 ft.

4) A special point is that of the aircraft limited to 43,000 ft and for which the choice will
be made by a more efficient over-pressure law, i.c. 25 hPa at 43,000 ft. In this case, the
situation is very similar to that described for 41,000 ft, and will not be detailed any further.

Therefore, we apply the following values during decompression:
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Table 3: Altitude values at which breathing movements are assumed to fake place, rounded
off reasonably with the corresponding alveolar pressure values (including the PPB — these

values are printed in red).

6,000 — 35,000 {t altitude variation (Pg = 239 hPa)

58 10s i6s 20s 25s 30s 40s
23S | 35000 | 434 | 21700 | 468 [ 19900 | 526 | 17100 | 548 | 16000 | 606 | 13600 | 657 | 11500
305 | 29700 | 331 | 27500 | 382 | 24700 | 406 | 23200 [ 474 | 19600 | 544 | 16200
239 | 35000 | 276 | 32000 | 311 [ 29300 | 329 | 28000 | 382 | 24200 | 462 | 20200
239 { 35000 | 275 | 32000 288 | 31000 | 335 [ 27600 | 402 | 23500
238 | 35000 | 265 | 32800 | 301 130100 358 | 26200
239 | 35000 | 278 | 31700 | 326 [ 28300
264 | 32800 | 302 | 29900
239 | 35000 | 285 | 31200
273 | 32200
264 | 33000
239 | 35000
6,000 — 39,000 ft altitude variation (Pg = 197 hPa)
5s 10s 158 20s 25s 30s 40 s
197 [ 39000 | 406 [ 23200 | 443 | 21200 | 505 | 18100 | 528 | 16900 | 591 | 14200 | 646 | 12000
268 | 32600 | 295 | 30400 [ 351 | 26600 | 376 | 25000 | 449 | 200001 525 { 17100
197 | 390004 236 | 353001 274 | 32100 | 294 | 30600 | 358 ; 26100 ; 436 | 21600
197 | 39000 ; 235 | 35300 | 249 | 34100 | 300 | 30100 | 372 | 25300
197 | 38000 | 225 | 36300 | 263 | 33000 | 324 | 28400
197 | 38000 | 239 | 35000 | 200 | 30900
224 | 36400 | 265 | 32800
197 | 39000 | 247 | 34300
233 | 35500
223 | 36400
187 | 38000

6,000 — 41,000 ft altitude variation (Pg =179 hPa, P, = Pg + PPB = 189 hPa)

5s 10s 158 20s 258 30s 40s
189 § 41000 | 374 | 24000 | 432 | 21800 | 496 | 18500 [ 521 | 17300 | 584 | 14500 | 841 12100
252 | 33900 ) 280 | 31600 | 337 | 27500 | 364 | 25800 | 438 | 21500 | 518 [ 17500
189 [ 41000 ¢ 220 | 36800 | 258 | 33400 | 279 | 31700 | 345 | 27000 | 425 |22200
189 | 41000 ; 219 | 36500 1 233 | 35600 | 385 31200 359 26100
188 | 41000 | 208 | 37900 | 247 | 34300 | 310 |29400
189 { 41000 | 222 | 36500 | 275 {32000
207 | 38000 [ 249 |34100
189 | 41000 | 230 | 35800
216 [ 37100
206 [ 38100
189 {41000
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6,000 — 43,000 ft altitude variation (Pg = 163 hPa, P, =.180Pa)

5s i0s 15 s 20 s 258 30s 40 5

181 {43000 | 384 | 24600 | 423 | 22300 | 488 | 18800 | 513 | 17700 [ 578 | 14700 | 537 | 12300

238 | 35100 | 267 | 32700 | 325 | 28300 ;| 352 | 26500 | 429 {22000 [ 508 | 17900

181 143000 | 205 | 38300 | 244 | 3460C [ 265 | 32800 | 333 | 27800 | 415 | 22700

181 | 43000 | 204 | 38400 | 218 136300 | 272 | 32300 | 347 { 26800

181 | 43000 | 195 | 39500 | 233 | 35600 | 298 | 30300

181 | 43000 | 208 | 3800C ; 261 [ 33100

194 [ 39600 | 235 | 35400

181 1 43000 [ 215 | 37200

201 | 38600

192 140060

181 | 43000

6,000 - 45,000 fi altitude variation (Pg = 148 hPa, P, = 173 hPa)

5s 10s 158 20s 255 30s 40s

173 | 45000 | 374 § 25200 | 414 | 22800 | 480 | 19300 | 507 { 18000 | 573 | 15000 | 633 | 12500

225 | 36300 | 254 | 33700 | 314 | 20100 | 342 [ 27200 | 420 | 22500 § 502 | 18200

173 | 45000 | 193 [ 39703 [ 231 | 35700 | 253 | 33800 | 322 [ 28500 | 406 | 23200

173 [ 45000 | 193 | 32900 | 204 | 38300 | 259 [ 33300 | 337 | 27500

173 | 45000 187 [ 41100 | 219 { 36800 | 286 | 31200

173 [ 45000 | 195 | 39400 | 248 | 34200

187 | 41500 | 221 | 36600

173 | 45000 § 202 | 3860C

182 | 40100

187 [ 41300

173 | 45000

6,000 — 43,000 ft altitude variation, with a 25 hPa PPB (P = 163 hPa, P, = 188hPa)

5s 10s 158 20s 258 30s 40s

188 | 43000 | 384 | 24600 | 423 | 22300 | 488 | 18900 | 513 [ 17700 | 578 | 14700 | 637 | 12300

238 | 35100 | 267 | 32700 | 325 | 28300 | 352 | 26500 | 429 | 22000 | 509 | 17500

188 | 43000 | 205 | 38300 ; 244 | 34600 | 265 | 32800 ] 333 | 27800 | 415 | 22700

188 | 43000 | 204 | 38400 | 218 | 36900 | 272 | 32300 | 347 [ 26800

188 | 43000 ) 196 | 39500 | 233 | 35600 | 298 | 30300

188 [ 43000 | 208 | 38000 | 281 | 33100

185 | 39600 | 235 | 35400

188 | 43000 ; 215 ; 37200

201 | 38600

194 [ 40000

188 | 43000
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3.6 - Results

Following decompression, the P, O» is estimated at:

Block diagram A: results expressed as 2 function of the O, system use conditions

Al - Decompression with O, system pre-set, 100%O,, without PPB

[This result does not correspond to a certification condition, but is used as a reference]

Flight altitude 35,000 ft | 39,000 ft | 41,000 ft | 43,000 ft | 45,000 ft
Decompressionin 5 s 39 28 24 19 14
Decompression in 10 s 74 51 43 35 27
Decompression in 15 s 83 59 50 41 31
Decompression in 20 s 98 71 59 46 35
Decompression in 25 s 104 71 61 49 37
Decompression in 30 s 116 79 69 55 42
Decompression in 40 s 127 86 75 59 45
A2 - Decompression with O set up in < 5 s, 100%0,, with PPB
Flight altitude 35,000 £t | 39,000 ft | 41,000 ft | 43,000 ft | 43,000 ft* | 45,000 fi
Decompression in 5 s 39 28 27 24 27 22
Decompression in 10 s 74 51 49 45 49 40
Decompressionin 15 s 83 59 57 52 56 46
Decompression in 20 s 98 71 65 59 64 53
Decompression in 25 s 104 71 69 62 68 56
Decompression in 30 s 116 79 77 69 75 62
Decompression in 40 s 127 86 84 76 82 68

43,000 ft* : 43,000 ft with PPB =25 hPa
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A3 - Decompression with 40%0, pre-oxygenation, 100%0; during decompression, PPB
Hypothesis: the O, mask is switched to "100% 02" as of the decompression alarm
P4 O before the event (P = 6000 ft and Iy O, =0.52): 331 hPa then transfer to 100% O2

1

Flight altitude 35,000 ft | 39,000 ft | 41,000 &t | 43,000 ft | 43.000 i+ 45,000 fi
Decompression in 5 s 76 ; 55 53 48 53 44
Decompressionin 10s | 100 69 67 61 66 55
Decompressionin 15s | 103 | 74 71 65 70 58
Decompressionin20s | 115 | 84 77 70 75 63
Decompression in 25 s | 118 . 81 78 71 77 64
Decompression in 30 s ‘| 126 f 86 83 75 82 68
| Decompressionin40s | 132 | 90 87 79 85 71

43,000 ft* : 43,000 ft with PPB = 25 hPa

A4 - Decompression with 40%O0;pre-oxygenation, dilution during decompression, PPB
Hypothesis: the O, mask remains in the "dilution" position during decompression and is only
switched to "100% 02" at the dilution altimetric closing altitude (30,000 ft on Intertechnique
oxygen regulators). Dilution is as follows: F1 02 = 0.52 up to 20,000 f (460 hPa, P, O; = 148
hPa) then interpolated depending on Pp from 0.52 to 1 from 20,000 to 30,000 ft:
| 20,000 [ 21,000 | 22,000 | 23,000 24.000 | 25,000 | 26,000 [ 27,000 | 28,000 | 29,000 | 30,000 |
1052 1055 (060 1065 |070 |075 10.80 [0.85 1090 095 | 1 ]

iA O; before the event {Ps = 6000 ft and F; O, = 0.52): 331 hPa.

Flightaltitude | 35,000 ft | 39,000 ft | 41,000 43,000 ft | 43,000 fi* | 45,000 f |
Decompressionin5s | 76 55 53 48 53 44
Decompression in 10 s \’ 78 : 55 54 50 54 45
Decompressionin 155 | 82 | 6] 59 54 58 49
Decompressionin20s | 93 | 69 | g3 58 62 53
Decompressionin25s | 97 | 49 &7 61 66 55
Decompression in 30 s i‘ 112 ; 78 J 76 70 75 63
Decompression in 40 s jl 114 i 80 1 78 71 77 64

43,000 ft* : 43,000 ft with PPB = 25 hPa
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AS - Decompression with 10%0; pre-oxygenation, 100%0O; during decompression, PPB
Hypothesis: the Oy mask is switched to "100% 02" as of the decompression alarm
Pa O before the event (Pg = 6000 ft and F; O, = 0.279): 148 hPa then transfer to 100% O2

Flight altitude 35,000 ft | 39,000 ft | 41,000 ft | 43,000 ft | 43,000 ft* | 45,000 ft
Decompression in 5 s 47 33 33 29 32 27
Decompression in 10 s 80 55 53 48 52 43
Decompression in 15 s 87 62 60 55 59 49
Decompression in 20 s 101 73 67 61 66 55
Decompression in 25 s 107 73 71 64 70 58
Decompression in 30 s 118 81 78 71 77 63
Decompression in 40 s 128 87 84 76 83 68

43,000 ft* : 43,000 ft with PPB =25 hPa

A6 - Decompression with 10%0O; pre-oxygenation, dilution during decompression, PPB

Hypothesis: the O, mask remains in "dilution" position during decompression and is only
switched to "100% O2" at the dilution altimetric closing altitude (30,000 ft on Intertechnique
oxygen regulators). The dilution is as follows: F1 O = 0.289 up to 8,000 ft (750 hPa, Py O, =

140 hPa) then interpolated dependin

on Py from 0.29 to 1 from 8,000 to 30,000 fi:

8,000 9,000 [10,000 | 11,000 | 12,000 | 13,000 | 14,000 | 15,000 | 16,000 | 17,000 | 18,000 [ 19,000
029 1032 (035 |039 |042 |[045 |048 [0.52 |055 (058 |0.61 1065
20,000 | 21,000 | 22,000 | 23,000 | 24,000 | 25,000 | 26,000 | 27,000 | 28,000 | 29,000 [ 30,000
068 [0.71 (075 |0.78 |0.81 |[084 |088 [091 (0594 057 |1
Pa O3 before the event (Pp = 6,000 ft and F;r O, = 0.279): 148 hPa then transfer to 100% 02
Flight altitude 35,000 ft | 39,000 ft | 41,000 ft | 43,000 ft | 43,000 ft* | 45,000 ft
Decompression in 5 s 47 33 33 29 32 27
Decompression in 10 s 57 39 39 36 39 32
Decompressionin 15 s 66 48 48 43 47 39
Decompression in 20 s 79 58 54 49 53 44
Decompression in 25 s 87 61 39 54 59 48
Decompression in 30 s 9% 69 68 62 67 55
Decompression in 40 s 114 79 77 70 75 62

43,000 ft* ; 43,000 ft with PPB = 25 hPa
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Block diagram B: results expressed as a function of the flight altitude

B1 - Decompression at 35,000 ft

Condition: Duration of decompression
55 | 10s | 15s | 20s | 255 | 30s | 40s
without PPB 39 74 83 98 | 104 | 116 | 127 |
with PPB, "100%0," 39 74 83 98 | 104 | 116 | 127
40% pre-oxygenation 0,/100%0, 76 | 100 | 103 | 115 | 118 | 126 | 132
40% pre-oxygenation O./dilution 76 78 82 93 07 | 112 | 114
10% pre-oxygenation 0,/100%0, 47 80 87 | 101 | 107 | 118 | 128
10% pre-oxygenation Os/dilution 47 57 66 79 87 99 | 114

In blue: for reference purposes

The keys in all the following diagrams mean:

- "without PPB" and "with PPB™: mask put on at decompression time, with or without the
PPB function,

- "40%/100%": mask put on in prebreathing TSO C89 (40% additional 02), switched to
"100% 02" as of the beginning of decompression

- "40%/dilution": mask put on in prebreathing, remains in "dilution” position

- "10%/100%": mask put on in prebreathing at 10% additional Q2, switched to "100%
02" as of the beginning of decompression

- "10%/dilution": mask put on in prebreathing at 10% additional O2, remains in "dilution”

position
350001t
140
120
—e— duration W

100 —a—without PPB
8 80 with PPB
< —3¢—40%/100%
o 60 —x—40%/dilution

40 —o— 10%/100%

20 - 10%/dilution

5 10 15 20 25 30 40

duration of decompression
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Comments:

The "35,000 ft" points have a start value for the reason that there is no operational condition
imposing use of oxygen "at" 35,000 ft.

Therefore, the normal situation is to put on the oxygen system immediately, with or without
PPB (which is not enabled at this altitude).

According to the calculations above, in the worst case (decompression in < 5 seconds) the
change to P4 O, can be tracked as follows: immediate decrease of P4 O, towards 39-40 hPa
(Sa O around 55-60%), then 50% rinsing of the nitrogen in 15 to 20 s and 90% of the
nitrogen in 1 minute.

Calculation of associated Ps O,: based on P, CO; = 35 hPa, at the initial phase, Po N> = Pp —
(sum of Pas known), i.e. 238 — 39 — 35 — 63 = 101 hPa. 15 to 20 s later, 50% of the nitrogen,
i.e. 50 hPa, has been replaced by oxygen, of which the pressure is then around 39+50 = 90
hPa. After I minute, using the same reasoning, P4 O, = 130 hPa.

The correlation of this estimation with tests carried out in a chamber in the 1980s under
comparable conditions validates this hypothesis.

Therefore, this uncontested situation seems compatible with safety.
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B2 - Decompression at 39,000 ft

- Duration of decompression
Condition:
5s | 10s | 15s | 20s | 25s | 30s | 40s
without PPB 28 51 59 71 71 79 86
with PPB, "100%0," 28 51 59 71 71 79 86
40% pre-oxygenation O5/100%0, 55 69 74 84 81 86 90
40% pre-oxygenation O,/dilution 55 55 61 69 69 78 80
10% pre-oxygenation O,/100%0; 33 55 62 73 73 81 87
10% pre-oxygenation O,/dilution 33 39 48 58 61 69 79
‘1
39 000 ft
100
80
80
70 —e—without PPB
80 —&— with PPB
8 50 40%/100%
< —— 40%/dilution
8 40
30 —x—10%/100%
20 —.— 10%/dilution
10
0k
5 10 15 20 25 30 40
duration of decompression
L
Comments:

The 39,000 ft situation in 5 seconds is close to limits: 28 hPa. This is a value similar to what
was described above as the pre-oxygenation calculation base.

Slowing down decompression to 10 seconds considerably improves the situation.

Notice that 10% pre-oxygenation without immediate switch-over to 100% O, causes a 10 hPa
loss on the P, O, in relation to simply putting on the O, mask.
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B3 - Decompression at 41,000 ft

4

. Duration of decompression
Condition:
58 | 10s | 15s | 20s | 25s | 30s | 405
without PPB 24 43 50 59 61 69 75
with PPB, "100%0," 27 49 57 65 69 77 84
40% pre-oxygenation O»/100%0, 53 67 71 77 78 83 87
40% pre-oxygenation O»/dilution 33 54 59 63 67 76 78
10% pre-oxygenation 02/100%0; 33 53 60 67 71 78 84
10% pre-oxygenation Os/dilution 33 39 48 54 59 68 77
41 000 ft
100
80
80
70 —e—without PPB
50 —a—with PPB
8 50 40%/100%
S —s¢— 40%/dilution
—%—10%/100%
30 —e— 10%/dilution
20
10
0
5 10 15 20 25 30 40
duration of decompression
Comments:

The 41,000 ft situation in 5 seconds without pre-oxygenation is at the limits of FAR 121
regulations (pre-oxygenation at flight altitude > 41,000 ft), for "large" aircraft (> 30 passenger
seats, which is not sufficient to exclude the decompression hazard in less than 5 seconds).

If the normal condition is considered "with PPB", the P, O, drops to 27 hPa. The calculation
at t+ 20 s gives 62 hPa, and 80 hPa at t + 1 minute,

If the equivalent point is considered for 10s decompression, the same figures are 49 hPa after
decompression, 70 hPa - 15 to 20 seconds later, and a little more than 80 hPa at 1 minute.
This result is acceptable.

However, once again notice that as of 15 seconds decompression time, the "10% pre-
oxygenation, dilution during climb" situation is the worst situation possible. As of the "15" to
"20" second time delay points, pre-oxygenation can only be conceived accompanied by
immediate switch-over to pure oxygen as of the beginning of decompression.
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B4 — Decompression at 43,000 ft

4

Condition: Duration of decompression
5s | 10s | 15s | 20s | 255 | 30s | 40s
without PPB 19 35 41 46 49 55 59
with PPB, "100%0;" 24 45 52 59 62 69 76
40% pre-oxygenation 02/100%0; 48 | 61 | 65 | 70 | 71 | 75 | 79
40% pre-oxygenation O,/dilution 48 50 54 58 61 70 71
10% pre-oxygenation O,/100%0, 29 48 55 61 64 71 76
10% pre-oxygenation Oy/dilution 29 36 43 49 54 62 70
43 000 ft

PA O2

5 10 15 20

duration of decompression

40

—e—without PPB
—a—with PPB
40%/100%
—x—40%/dilution
——10%/100%
—e— 10%/dilution

Comments:

All the regulatory hypotheses impose wearing of the oxygen mask as a preventive step.
Notice that as of the 10 s decompression time delay, this requirement does not provide any
significant protection in relation to simply wearing the mask, if preventive wearing is not
accompanied by immediate transfer to 100% O, as of the beginning of decompression.
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BS — Decompression at 43,000 ft, PPB =25 hPa

Condition: Duration of decompression

5s | 10s |{ 15s [ 20s | 2558 | 30s { 40s
without PPB 19 35 41 46 49 55 59
with PPB, "100%0," 27 | 49 56 64 68 75 82
40% pre-oxygenation 0,/100%0, 53 66 70 75 77 82 85
40% pre-oxygenation O,/dilution 53 54 58 62 66 75 77
10% pre-oxygenation O,/100%0, 32 52 59 66 70 77 83
10% pre-oxygenation O/dilution 32 39 47 53 59 67 75

43 000 ft*

PA 02

5 10 15 20 25

30

duration of decompression

40

—e—without PPB
—=—with PPB

40%/100%

—— 40%/dilution
—— 10%/100%
—e— 10%/dilution

Comments:

Identical to the previous situation. Due to a slightly higher PPB law, 4 to 5 hPa is saved, on

average, of P5 O,. In these P O, values, this is not insignificant.

Let's recommend this hypothesis.
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B6 - Decompression at 45,000 ft

Condition:

without PPRB
with PPB, "100%0,"

—e—without PPB
—a—with PPB
40%/100%
——-40%/dilution
—%— 10%/100%
—e— 10%/dilution

PA Q2

10 15 20 25 30 40
duration of decom pression

Comments:
It is obvious that for a decompression in less than 5 s, without prebreathing, the P, O,

calculated for 41,000 fi, without prebreathing.

Notice that as of 10 seconds of decompression time, the % of prebreathing O, (with the O,
remaining in dilution) does not affect the result.

Let's seriously consider the hypothesis of 10% prebreathing accompanied by a transfer
to 100% as of the beginning of decompression.
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Block diagram C: results expressed as a function of the duration of decompression

C1 — Decompression in S seconds

FL 350 390 410 430 | 430* | 450
without PPB 39 28 24 19 19 14
with PPB, "100%0," 39 28 27 24 27 22
40% pre-oxygenation 0,/100%0, 76 55 53 48 53 44
40% pre-oxygenation Op/dilution 76 55 53 48 53 44
10% pre-oxygenation 0,/100%0- 47 33 33 29 32 27
10% pre-oxygenation O,/dilution 47 33 33 29 32 27
Pre-oxygenation (f(Z)) 47 41 43 414 1 41 40

430 ft* : 43,000 ft with PPB =25 hPa
" with 28% additional 02
* with 21% additional 02

decompression in 5 seconds

FAR 121.333

[ —e— without PPB
—a—with PPB
40%/100%
—— 40%/dilution
—x— 10%/100%
—eo— 10%/dilution

PA 02

—+—dilution f(Z)

FL 350 FL 380 FL 410 FL 430 FL 430* FL 450
Final altitude

For decompression in 5 seconds, the configurations "with" or "without" oxygen regulator
dilution have no affect as no inhalation takes place during the process. The "40%/100%" and
"40%/dilution" curves are therefore superimposed, as well as the identical curves for 10%
pre-oxygenation. The distribution of results is in compliance with what was expected: in an
incremental order of efficiency there is "without PPB", "with PPB", "with 10% pre-
oxygenation" and "with 40% pre-oxygenation".

Comparison with situations accepted by current regulations (FAR121.333 and TSOCS89):
35,000 ft without prebreathing: P4 O; after decompression around 40 hPa
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41,000 ft without prebreathing with PPB: P4 O, after decompression around 27 hPa
43,000 ft with prebreathing (40%) and PPB: P4 O, after decompression around 50 hPa
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C2 — Decompression in 10 seconds

FL 350 390 410 430 | 430% | 450
without PPB 74 51 43 35 35 27
with PPB, "100%0," 74 51 49 45 49 40
40% pre-oxygenation 0»/100%0, 100 69 67 61 66 55
40% pre-oxygenation O»/dilution 78 55 54 50 54 45
10% pre-oxygenation 02/100%0; 80 55 53 48 52 43
10% pre-oxygenation Q»/dilution 57 39 39 36 39 32

430 ft* : 43,000 ft with PPB = 25 hPa

decompression in 10 seconds

120
100
—e— without PPB
80 —a—with PPB
8 &0 40%/100%
g —se40%/dilution
40 —3e— 10%/100%
20 —g— 10%/dilution
O R

FL350 FL 380 FL 410 FL430 FL FL450
4307

Final altitude

In relation to the situation without pre-oxygenation, the two configurations "40% dilution"
and "10%/100%02" provide an advantage of 3 to 5 hPa in relation to immediate wearing of
the oxygen mask, with pure oxygen. The P4 O, level reached is around 50 hPa.

The worst situation is the 10% pre-oxygenation situation while remaining in dilution mode.
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(3 — Decompression in 15 seconds

FL 350 390 410 430 | 430% | 450
without PPB 83 59 50 41 41 31
with PPB, "100%0," 83 59 57 52 56 46
40% pre-oxygenation O,/100%0; 103 74 71 65 70 58
40% pre-oxygenation O»/dilution 82 61 | 59 54 58 49
10% pre-oxygenation O,/100%0; 87 62 | 60 55 59 49
10% pre-oxygenation Oy/dilution 66 48 48 43 47 39

430 ft* : 43,000 ft with PPB = 25 hPa

decompression in 15 seconds

120
100 _
—e—without PPB
80 —a—with PPB
S &0 40%/100%
& e 40%/dilution
40 —%—10%/100%
0 v . |
20 —e— 10%/dilution
0

FL.350 FL390 FL 410 FL430 FL FL 4580
430*

Final altitude

Decompression in 15 seconds, in the 3 central situations makes it possible to limit the
decrease of P O, between 50 and 55 hPa at 43000 ft, 55 to 60 hPa with 25 hPa of PPB. At
45,000 ft, the 45-50 hPa level is reached.

As of this duration of decompression, the relevant question is that of the exposure time to one
low level Py O, during/after decompression, presented in graphic form with the same
hypothesis as previously with regard to pulmonary nitrogen rinsing:
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Ui

39000 ft-15 s &
250
200 —e—without PPB
—=— with PPB
P 40%/100%
< —se— 40%/dilution
SEa EN N
GhaNer ——10%/100%
50 tR N L R 0L 1l b
b A A J —e— 10%/dilution
R e R |
0
2 4 6 8 101214 16 30 45 75
time
41000 ft-15s
250
200 —e—without PPB
—s—with PPB
§ 150 40%/100%
= 400 —se— 40%/dilution
—s— 10%/100%
50 —e— 10%/dilution
0
2 4 6 8 10121416 30 45 75
time
43000 ft-15s
—s—without PPB
—&— with PPB
3 40%/100%
" —x— 40%/dilution
—— 10%/100%

—e— 10%/dilution

2 4 6 8 10 12 14 18 30 45 75
time
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Same figure as previously, with the interesting part enlarged:

—e—without PPB
—s—Wwith PPB |
40%/100%
—— 40%/dilution
—x— 10%/100%
—a— 10%/dilution

246 810021416 NH T

The "10%/dilution" curve maintains the P4 O, between 30 and 50 hPa for at least 20 s -

unacceptable.
From the "10%/100%" situation, the subject remains for 10 to 15 s between 55 and 65 hPa:

this is acceptable — and better than the nominal TSO situation!

43000 ft*-15s

—e—without PPB —i
—a—with PPB
40%/100%
—se- 40%/dilution
—x—10%/100%
—e— 10%/dilution

PA Q2

2 4 6 8 1012 14 16 30 45 75

time

There is an increase of several hPas in relation to the previous situation.
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PA O2

200

150

100

50

45000 ft-15s ‘

—o—without PPB
—=—with PPB
40%/100%
-3— 40%/dilution
—%— 10%/100%
—e 10%/dilution

2 4 6 8 10 12 14 16 30 45 75
time
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C4 — Decompression in 20 seconds

&

| FL 1350 [ 39 | 410 [ 430 | 230 | 450

without PPB 98 | 71 | 59 | 46 | 46 | 35 5
| with PPB, "100%0," 98 | 71 | 65 | 350 | 61 | 33
40% pre-oxygenation 0,/1 00%0, 115 84 77 70 75 63
40% pre-oxygenation O,/dilution 93 69 63 38 62 53
10% pre-oxygenation O,/1 00%0, 101 73 67 61 66 55
10% pre-oxygenation O,/dilution 79 58 54 49 53 44

430 1t* : 43,000 ft with PPB = 25 hPa

decompression in 20 seconds

Jl 140

120

—e— without PPB

100 —a—with PPB
o 8o 40%/100%
X 60 —3¢— 40%/dilution

40 —x— 10%/100%

—s— 10%/dilution

20

0

FL 350 FL 390 FL 410 FL 430 FL FL 450
430

Final altitude

At 43,000 fi, the 3 reference situations are around 60 hPa (58-6 hPa), and 53-55 hPa at 45,000
ft.
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| Lo L

39,000 ft 20 s

246 810121416182

41,000 £t 20 s

2 468101214161820

Without the O2 mask being worn as a preventive step, the P4 O does not drop under 60 hPa.
It remains at < 70 hPa for approximately 15s. Acceptable.

—e—without PPB
—a—with PPB
40%/100%
—— 40%/dilution
—x— 10%/100%
—e— 10%/dilution

G

30 &

—e—without PPB
—m—with PPB
40%/100%
—e—40%/dilution
—sk— 10%/100%
—a— 10%/dilution
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43,000 ft 20 s

246 8101214161820 350 80

All situations acceptable, except "10%/dilution".

—e—without PPB

—a—with PPB
40%/100%
—-40%/dilution
—%— 10%/100%
[—o—1 O%Idiluticm

—e—Wwithout PPB

—a—with PPB
40%/100%

—e—40%/dilution

—%— 10%/100%

| —o— 10%Idiluti3nJ
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45,000 £t 20

| —e—without PPB
—a—with PPB
40%/100%
—— 40%/dilution
—— 10%/100%
—a— 10%/dilution

2468101214161820 %5 80

Little difference between central situations (TSO €99, 10%/100% and without prebreathing).
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CS - Decompression in 25 seconds

| FI, 350 | 390 | 410 | 430 [ 430+ | 450 |
without PPB 104 | 71 | 61 | 49 | 49 | 37 ‘
with PPB, "100%0," 14 | 71 | 69 | 62 | 68 | 56 |
| 40% pre-oxygenation 0»/100%0, us | 81 | ® g 71| 7 | e |
L40% pre-oxygenation O,/dilution 97 69 67 61 66 55
10% pre-oxygenation O/ 100%0, 107 73 71 64 70 58
10% pre-oxygenation Os/dilution 87 | 61 | 59 | s4 | 59 48 |

430 ft* : 43,000 ft with PPB = 25 hPa

decompression in 25 seconds

140
120
—e— without PPB
100 —&— with PPB
o 8o 40%/100%
= 60 - 40%/dilution
40 —%— 10%/100%
20 —e— 10%/dilution
0

FL 350 FL 390 FL 410 FL 430 FL FL 450
430*

Final altitude

As of 25 seconds, the situation without pre-oxygenation is sufficient to maintain Pa0O; > 68

hPa at 43,000 ft, which complies with the usual protection figures.
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C6 — Decompression in 30 seconds

FL 350 390 410 430 | 430* | 450
without PPB 116 79 69 55 55 42
with PPB, "100%0," 116 79 77 69 75 62
40% pre-oxygenation 02/100%0; 126 86 83 75 82 68
40% pre-oxygenation O,/dilution 112 78 76 70 75 63
10% pre-oxygenation 0,/100%0; 118 81 78 71 77 63
10% pre-oxygenation O,/dilution 99 69 68 62 67 55

430 ft* : 43,000 ft with PPB =25 hPa

decompression in 30 seconds

140
120
100
80
60

PA O2

40

20

FL 350 FL 390 Fl 410 FL430 FL FL450
430*

Final altitude

—e— Without PPB

—a— with PPB
40%/100%

—¢— 40%/dilution

e 10%/100%

—o— 10%/dilution
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39,000 f£ 30 s
LW
LN e W 3 —e—without PPB
B ,
100 Eﬁy&g —=—with PPB
40%/100%
—e— 40%/dilution
: —x— 10%/100%
0 : —e— 10%/ditution

—e—without PPB
—s—with PPB
40%/100%
-3 40%/dilution
—— 10%/100%
—a— 10%/diiution
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43,000 £t 30 s

—e—without PFPB

—=— with PPB
40%/100%

—x— 40%/dilution

-x%— 10%/100%

| —e— 10%/dilution

43,000 ft* 30 s

—e—without PPB
—a-— with PPB
40%/100%
—+—40%/dilution
—— 10%/100%
—e— 10%/dilution
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45,000 ft 30 s

| —e—without PPB
—a—with PPB
40%/100%
—x— 40%/dilution
—x— 10%/100%
—eo— 10%/dilution

Decompression in 30 seconds makes all hypotheses practically acceptable.
In addition, this validates the border commonly established between "slow" and "rapid"
decompression.
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C7 — Decompression in 40 seconds

FL 350 390 410 430 | 430% ; 450
without PPB 127 86 75 59 59 45
with PPB, "100%0," 127 86 84 76 82 68
40% pre-oxygenation 0,/100%0, 132 90 87 79 85 71
40% pre-oxygenation O,/dilution 114 80 78 71 77 64
10% pre-oxygenation O,/100%0, 128 87 84 76 83 68
10% pre-oxygenation Oy/dilution 114 79 77 70 75 62

430 ft* : 43,000 ft with PPB =25 hPa

decompression in 40 seconds

140
120
—e— without PPB
100 .
—a—— with PPB
8 8o 40%/100%
= 60 —x— 40%/dilution
—%— 10%/100%

40
20

—e— 10%/dilution

FL 350 FL 390 FL410 FL430 FL FL 450
430*

Final altitude
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4 - Proposals

We remark that as of a 25 second decompression time delay, even without pre-oxygenation,
simply wearing the mask at "100% 0,", as of the beginning of decompression, is sufficient to
maintain P, O, > 68 hPa at 45,000 ft, which complies with the usual protection figures.

Therefore, we make the following proposals:

1) Use an altimetric over-pressure law proportional to the altitude between 39,000 and 45,000
ft (Law 1 below), with:

- at 41,000 ft: 10 hPa,

- at43,000 ft: 18 hPa,

- at 45,000 ft: 25 hPa.

2) Nonetheleés, it would be relevant to replace this law by a non-linear law attaining 25 hPa
as of 43,000 ft and restricted to this value between 43,000 and 45,000 fi (Law 2 below).

PPB Schedules

N W
o O

N
[

i SChedule 1
—F— Schedule 2

PPB (hPa)
o o

[#)]

<

39000 41000 43000 45000
Altitude

3) Preventive wearing of an oxygen mask is necessary for as long as the decompression speed
is < 10 seconds. Above this value, the wearing of an oxygen mask as a preventive step is
hardly justified — except that the pilot would not forget to put it on if confronted with a
decompression.
The affirmation 3) is justified in the case where it is advisable to return to the 40%
additional O2 "dogma" for pre-oxygenation. In fact, it is unquestionable that the "#0% #
pre-oxygenation / 100% 02 situation as of the beginning of decompression” offers a -
much greater degree of protection. However, with lower oxygen percentage hypotheses,
for a duration of decompression greater than 10-15 seconds, the advaniage of wearing
the mask preventively — strictly in terms of P Oz — seem very low.
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4) Slave prebreathing dilution to the aircraft altitude in the hypothesis of a decompression in
less than 5 seconds. The calculations below are from Table 8 above, slightly modified by the
realistic P CO, and R digital values for this altitude (Pa CO, = 47 hPa and R= 0.85). They are
prepared based on a 6,000 ft cabin altitude and are completed with the double altimetric over-
pressure law as above:

Aircrafi altitude (ff) | Additional 02% |  Aircraft altitade (ft) | Additional 02%
25,000 0 40,000 (PPB = 5 hPa) 20
30,000 0 40,000 (PPB = 7 hPa) 19
31,000 1 41,000 (PPB = 9 hPa) 22
32,000 3 41,000 (PPB = 13 hPa) 20
33,000 4 42,000 (PPB = 13 hPa) 24
34,000 6 42,000 (PPB = 19 hPa) 21
35,000 8 43,000 (PPB = 17 hPa) 26
36,000 10 43,000 (PPB = 25 hPa) 22
37,000 12 44,000 (PPB = 21 hPa) 28
38,000 15 44,000 (PPB = 25 hPa) 26
39,000 18 45,000 (PPB = 25 hPa) 30

Table 4. pre-oxygenation according to the altitude and the PPB.
5) Slave prebreathing dilution to the aircraft altitude AND the decompression speed, as:

6) All calculations show the considerable beneficial effect provided by immediate switch-over
of the oxygen regulator to the 100% O2 position as of the decompression alarm.

Proposals 5) and 6) consist of neutralizing the dilution state as of the detection of
decompression. This function may be incorporated either by a procedure (the pilot knows that
he must switch to "100% 02" as of the decompression alarm), or by a physical configuration
(the decompression enables this function at the oxygen regulator), or by a specific oxygen
regulator function closing the dilution port as soon as the variometer exceeds a certain value.
The future reopening logic of the dilution port remains to be discussed.
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Appendix A: alveolar gas equations

Referénce: Otis AB. Quantitative relationships in steady-state gas exchange. Handbook of
Physiology (sect 3, Respiration), 1965; 1.1, 27:681-698

Under stable conditions, alveolar gases and inhaled gases are joined by a series of
relationships. The respiratory quotient R is defined as being the relationship between the
rejected quantity of carbon dioxide and the oxygen consumption, i.e.

0
VC
R= 0,

0
VO,

The respiratory quotient is rarely equal to 1. Consequently, the volume of exhaled gas is
practically always different from the volume of gas inhaled. In practice, the respiratory
quotient is generally quite less than 1.

Ie. Vr the standard volume (volume at each breathing cycle), Vp the dead volume, f the
breathing frequency. The exhalation rate per minute Vg is defined by the standard average
volume Vy multiplied by the breathing frequency f, and is written as follows:

0
Ve=Ff.V;

The alveolar rate, defined as the difference between the standard volume and the dead space is
written:

(3] 0 4]

Va=f.(Vr-Vbp)
The alveolar rate is not identical during inhalation and exhalation as V O; and V CO; are not
equal (R # 1), being respectively Var and Vg the notations corresponding to these two rates.

The consumption of oxygen can be represented as the difference between the quantity of
oxygen entering the lung and the quantity leaving it:

i (] 0
VO,=(Va .F1 03)-(Vag . Fp 03)

The rejected quantity of carbon dioxide is expressed in a similar manner, knowing that the
inhaled fraction of this gas in normally close to zero in a normal atmosphere:

0 L]
V C02 = (VAE . FA C02)
Therefore the respiratory quotient can be written by combining the two latest equations:

0 1]
R__VCOZ . VAE'FA COZ

L] ¢ o
VOZ VAI'FI OZ_VAE‘FA 02

or by dividing the two terms of the fraction by Vag:
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F, CO,

R=
0

VAI
0

VAE

The problem then is to estimate the Vo/Vag ratio. This estimation may be made by

considering that, in a stable state, the metabolically inert gas respiratory report (here reduced
to nitrogen alone) is zero, i.c. that :

o o
ViN,=Vg N,

However, it is possible to assess separately VN> and Vg N, by simply estimating these

values as the difference between the total volume and the volume of the two other gasses,
oxygen and nitrogen:

[+] 4]

VI Nz =VAI .(I—FI 02)

[H] 0

VE Ny =V4, .(1-F4 O, -F, CO,)
These two equations can be combined to make:

o 0 0 (1]

ViNy; =Va, .(1-F; 0,)=VgN, =Va; .(1-F4 0, -F, CO,)
ie.

[4]
VAI _ I—FA 02_FA C02
1-F, 0,

(1]
Va,

Therefore, the equation for R can be rewritten taking the latter into account:

R = F, CO,

" 1-F, O,-F
Fs O, ACOZ.FIOZ—FAOZ
1-F 0,

A simple algebraic calculation makes it possible to recombine this equation to:

1-F
Fy O;=F; 0, -F, CO, (F; 0, +-—L -2 02)
In the pulmonary alveoli, the inhaled gascs are at 37°C, saturated with humidity:
P4 H,0 = 63 hPa = 47 mm Hg
The total alveolar pressure is very close to the barometric pressure. The pressure of dry
alveolar gases can therefore be written as:

PA :PB_PA Hzo
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Knowing that the product of the pressure multiplied by the fraction is equal to the partial
pressure, each term of the equation describing Fo‘O, can be multiplied by P, making it
possible to write:

1-F; O
P, 0, =F; O, (Pg -P, H,0)-P, CO, (F; 0, +—1-2)

This latter equation can be reorganized in various manners. First of all, it may be simplified in
symbolic form. Without significant hypoxia, i.c. if P4 O, is maintained at a sufficient value
P4 CO; and R may be considered as being practically constant, respectively equal to 53 hPa
(40 mm Hg) and at 0.83. P4 H,0 is constant. The equation can then be written in the
following symbolic form:

Py O2=f(Pg, F1 Oy)

This symbolic equation expresses the fact that a sufficient P4 O, value can only be
assured by two techniques: maintain Py at a sufficient value (cabin air-conditioning
systems ) or maintain F; O; at a sufficient value (inhalation of oxygen rich mixtures).

The equation can also be rearranged to calculate F; Q,:
P, O, +FaC0y
FI 02 =

Py -P, H,0-P, CO, .(1—%)

In this format, the equation can be written with digital values of P4 H,0, P, CO, and R
previously described. If pressures are given in hPa, the equation is written:
_P,0,+638

F, O
PP 521

If pressures are given in mmHg, it becomes:

These equations describe the values that F; O, must have depending on the altitude and a
given P» O, value They constitute one of the theoretical bases for the design of aeronautical
oxygen inhalators.
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Appendix B: limitations to positive pressure breathing

Adverse consequences and limits to the tolerance to respiratory over-pressure

The application of positive pressure breathing is responsible for various disorders. They are
shown in Figure 1 and can be classified in 4 categories:

a) facial disorders: oxygen leaks from the mask at an exceptionally high leakage
frequency at the top part of the ridge of the nose;

b)  disorders at head and neck level: distension of the floor of the mouth and
tightness due to difference of pressure on either side of these anatomic structures;

¢)  breathing mechanical disorders: internal over-pressure in the thorax causes
significant disturbance to the breathing mechanical conditions and consequently a
strong effect on breathing regulation. This generally results in hypoventilation.

d)  Circulatory disorders: intra-thoracic over-pressure compresses the blood vessels
of the pulmonary functional circulation (pulmonary arteries and veins), as well as
the inferior and superior vena cava.

Disorders in the head
Tympanic distension

Disorders of neck
(floor of mouth,
baroreceivers)

Ventilation
mechanical disorders
Thoracic distension

Circulatory disorders
(vein return,
pulmonary circulation)

Hlustration of disorders due to positive pressure breathing.
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