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PREFACE

This study stemmed from the clear need 1o estabiish the basic respiratory responses, such as respiratory frequency,
minute ventilation and peak flows of pilots during high performance flight; and preferably with as Jlittle encumbrance from
added external resistance as possible. Such information allows an assessment 1o be made of the effectiveness of systems in
current use in fulfilling these basic requirements, and gives direction to the design specifications of new systems. Measurement
of other respiratory variables, such as end-tidal PCO,, also allows the energy expenditure of pilots during flight to be derived;

and this, in turn, has important implications for the design and performance of aircraft and personal conditioning systems.

Finaily, thereis a need to establish the incidence,
PCO, provides the ideal means of achieving this.

if any, of hyperventilation in flight, and the continuous recording of end-tidal
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Respirstory Symboiogy & Explanation of Units

in this study, the foliowing standard symbois for respiratory physioiogy have been used throughout:

Symboi Definition
GQuantitative Variebies Gas pressure in general
Gas volume in generai
Ges volume per unit time (fiow)
Instantaneous gas fiow per unit time
Fractlonal concentration of gas
Respiratory Frequency
Resplratory Exchange Ratio
Surface Area
Temperature (amb - smbiant)
Biood volume per unit time (fiow)

OM-Aamm-=>® O~HB-Mg<<D

Qualifying Terms : Gas Barometric
(subcripts) Aiveclsr
insplred
Explred
Mixed expired
Tidsi
End-tidai
Dead space (s-subject; m-mask)
: Biood a Arterial
¢ Genersi ATPD Ambient tempersture and pressure,dry
ATPS Ambient tempersture and pressure,
saturated with water
BTPS Body temperature (37°C) and ambient
pressure, saturated with water
STPD Standard tempersture (0°C) and
pressure (760 mmHg), dry
NTP Normai termperature (15°C) and
pressure (760 mmHg).
Swvp Saturated Water Vapour Pressure

* a dash (-) sbove any symboi denotes a mean vaiue,

Trsditionally, avistion physiciogists have expressed measurements of pressure in 8 variety of units, such as
mitlimetres mercury, torr, pounds per squere inch, and miiiimetres, centimetres and inches water. in this study,
when quoting litareture, the units es originaily pubiished have been repeated but with conversion to the Si
unit of kiiopascais (kPa) enclosed in parentheses. The traditionsi units of miillmetres mercury and centimetres
water were empioyed In the study itself but again the Si conversion is inciuded,

Helght is the term used to denote the distance of an aircraft sbove ground ievei (AGL). Aititude is the term
used to denote the distance of an sircreft above (or below) mesn ses ievel (AMSL) and, in the worid of
ssrospace, is mandatorliy expressed either in feet or ss a fiight ievel (FL); for exsmpie, an sititude of 35,000
feet may aiso be stated ss FL350. This study obeys that convention, but the Si conversion to metres is aiso
given,

Finaily, where necessary, vaiues for numericai conversions from one unit to snother have been taken from the
revised standardization of units and symbols pubiished in 1984 in Avistion, Space and Environmental Medicine.}
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HUMAN RESPIRATORY RESPONSES
DURING HIGH PERFORMANCE FLIGHT (¢

by

Squadron Leader Richard Harding

Senior Specialist in Avlatlon Medicine
Royal Air Force Instltute of Avistion Medicine
Farnborough, Hampshire, GU14 657
United Kingdom

(c) Copyright (C) Controller HMSO London 1987

Summery

The respiratory responses of experienced miiitar, pllots have been studied during flight in @ high performance
jet alrcraft.

Tha importence and relevance of informstion about these responses have been reviewed, with particuler
emphasis on the difflcuitles of in-flight recording and the history of such experimentatio: in four specific
sreas of respiratory physiology: respirstory frequency snd flow, added external resistance, hyperventiistion and
the metaboilc cost of flying.

In the present study, resplratory verlables were measured continuously using an airborne system which recorded
the output from physlologicel and aircraft instrumentation. In order to approach normal respirstory behsviour
more closely, a speclally designed low resistance bresihing system was deveioped and used in conjunction with
a modlfled infra-red carbon dioxide anslyser, A unique feature of the iatter, «lso specisily deveioped, was the
abllity to callbrate the device durlng flight., Inspiratory flows (and hence volurmes) snd expired cerbon dioxide
tensions were recorded aiong with inspired qas temperature, cabln altitude and sircraft acceieration, Mask
cavity pressure was recorded on several occeslons in place of carbon dioxide measurement. Eighteen piiots
compieted a total of 46 experimentai fiights, 23 of which Involved cerbon dioxide sansiysis. Three set fiight
profiles (two genersl handling end one simulated combast) were preclsely deflned to sllow compa.sbility between
subjects. A fourth, iess structured but high workload sortie, involving air combat menceuvring (ACM), wes
flown on two occaslons. e

Records were obtalned of over 38 hours of physiologlcal monltoring, involvino over 47,000 bresths. The mean
resplratory frequency for sll flights was 20.5 bresths.min = snc the mean inspiratory minute volume was
18.8L(BTPS).min"*. The cata wers further analysed for varlous pheses of both routine flight (strapping-in,
tary, take-off, climb, cruise, descent and land) snd menosuvring snd applled flight (high G turns, loops, roiis
and spirals, serobatics snd ACM), Mean respirstory frequency varled from 19.]1 breaths.min-' during routhe
perlods of flight to 22.8 during and Immediateiy aftar menoeuvres, Mesn minute volume war 17.2L(BTPS)min~
end 21.4L(BTPS)min ' respectlvely durlng the ssme sctlvitles. Of the 24 individuai phsses snaiysed, ACM
produced the highest minute volume with a mean of 32.BL(BTPS).min~'. Peak Inspirstory flows were siso
maximal during high G manoeuvres, particulsrly ACM, Pesk flows >150L(BTPS).min-' were seen frequently
(7.45% of all pesks) and occasionally (0,25%) reached vslues >250L(BTPS).min-'. End-tidai cerbon Cdioxide
tenslons, howsver, were maximal immediately sfter enterlng the slrcraft, snd just before and durino teke-off,
with a mean of 42,5 mmHg (5,7kPs), snd durlng low lavel fllght (39.) mmHg (5.2kPe)). Velues durina
manoeuvring flight were Inversely related to the magnitude of tha scceleration insult, with the jowest leveis
being recorded during high-G phases (mean: 3.1 mmidg (4.8kPs)). Furthermore, from the beginning to the end
of a flight, end-tidal cerbon dioxide tenslons showed an ovarall downwerd trend indicative of mild
hyperventllation, Finally, the metabollc cost of flylng was derived from the varlables studied, The mesn oversii
worklosd was 85,2kcal.m='.h ~!, whlle routlne snd menceuvring fllght produced meen workloads of 82,9 and
89.8kcal.m ~%h ' respectively. Of the Individusl phases, strepping-In, pre-flioht taxyino and take-off were
routlne perlods of high workload, with a mesn of %6.2kcal.m=t.h™* , This level was oniy exceeded in the air
during ACM, barrel rolls end rolls (meanst 160.5, 121.2 snd 101,dkcal.m-? ,h~1 respectiveiy).

All of these flndings ere dlscussed snd criticised, with emphasls upon the experimentsi methods, the methods
of enalysls end the asssumptions made, The implications of the results, In the iight of previous knowledge and
the need for design requirements for future breathing systems, sre slso consldered.
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Part 1 - INTRODUCTION

1. _Genersl Considerations

The physiology of man under various environmental stresies has fascinsted sclentists since ancient times. Until
just 200 yeers ago, however, those stresses did nct Inciude that of scute ascent to altitude, nor indeed other
problems of flight such as sccelerstlons, disorientation and, espaclslly, anxiety. The advent of flying machines
posed, and contlnues to pose, challenges for physiology es man hes progressed from balloons to propeiier-driven
and then jet-driven craft; and on upwerds, both literally and technologlcaily, to the sters. War machines have,
throughout history, developed in persilel with technologlcal sophisticatlon: fighting aircraft asre no exception
end are now devastetingly potent. Man hss become just one small but vital cog in the machinery of hioh
performance flying but little is krown of his responses In that environment. Understandably thls ls beceuse, Ly
the very nature of things, In the design and flying of a small fightlng vehicie, at many hundreds of miles an
hour at levels from a few hundred to meny thoussnds of feet sbove the esrth, littie cognizance is paid to
the interests of the physioclogist. The physlological needs of the pllot, however, are recognised and heeded as
far as practicable; ususlly as 8 result of empiriclsm or extrspoistion from ground-based lsboratory findings
backed by studies st simuloted altitudes in decompression chembers. So it is with the respiratory needs of a
pilot in flight. Few data are avsilsble describing the respiratory responses of men during hioh performance
flight end there is & need for new knowledge upon which the design of breathing systems for future fighting
sircraft cen be based.

It is intuitively clesr that such knowledge is vital, perticularly when the increasing sophistication of serisl
warfare tachnology places more and moi: demsnds on the pilot. It could be earqued that these demeands are
mental rather than physical and that there can be no doubt that flying & modern jet aircraft is iess
physically demanding than fiying the old 'battle wsgons'. But can there reaily be no doub:? Does the modern
pilot, weering underwear, socks, gloves, sntl-g trousers, immersion covsrafl, flying coverall, boots, helmet snd
oxygen mask, and perhaps additional protection against chemlcal warfare agents (Figure 1.1), really work less
hard in his cramped and crowded cockpit? Tha answer is not known. Simiiarly, it is not known whether or
not the bresthing systeme provided in such asircraft fulfil the true physiological requirements of their users;
or, in fact, what those true physioiogical requirements are. In other words, is the modern pliot being provided
with equipment capable of meeting his neecs and so ellowing him to function as efficientiy as possible?

Figuwe 1.1 Typicel modern eircrew equipment rrbly
(Including chamicel defence protect
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This study was designed to begin to fiil this gep in our knowledge; initisily by investigeting the ‘pure’
respiratory responses to flight and then by relsting these to the metabolic cost of flying. The foliowing
sections review some aspects of in-flight physiclogical monitoring before discussing these two fields more
specifically.

1.2 In-Flight Physiclogical Monitoring

1.2.]1 Eesriy Studles. On the 21st November 1783, Jean-Francols Plistre de Rozier was one of two people on
bosrd the first ever recorded free flight by men’ He wes also & doctor; and medicine and physinlogy have
retained a close link with flying ever since, The natursl curlosity of doctors snd scientists haz led to a vest
knowledge of the effects of flight upor il sspects of humen physiology; much of It anecdotal and subjective,
sll of it of Interest. It is only comparstively recently, however, thet the difficuities of actually recording
physloiogicsl verisbies In filght have been addressed.

Thus, just 2] years ago, Ceptain Jemes Roman wrote "From 1930, when it weas founded, until 1958, inclusive,
s totsl of seven pepers were published in the Journel of Avlation Medicine which described
electrocerdiogrephic, bicod pressure, or respiratlon dsts obtalned on humans in fiight."’ Some other papers had
also esppesred In non-english journals but all of these eariy studies were principslly concerned with
cesrdiovasculer responses.

In 1931, H von Diringshofen and Belonoschkin messured blood pressure, using an osclllometric method, in
Insctive subjects while flying in bomber sircreft.® In the following yesr, von Diringshofen and his brother
recorded ECG, systoiic blood pressure and respirstory frequency using e pneumotachograph, during linesr
scccelerstions of up to 4G. Under these conditions resplratory frequency increased, ss did heart rete and
systollc blood pressure.® Five years lster, McFarlend end Edwsrds recorded physioiogical dsts from psssengers
snd crew during s trans-pscific flight snd concluded thst elevstion in cerdiovesculst varlsbles (heart rate and
blood pressure) ware only seen If the crew wes under pressure or st some risk. Respirstory dats were not
collected, although some sttempts were made to determine the composition of alveoler gas. White, in 1940 snd
sgein In 1947, studied the effects of mild ‘intentionsl hypoxis' on tha ECG during high altitude fiights bu?,
sgaln, no respiratory veriables were studied.**

In 1943, Goldie measured respirstory frequency, by mesns of an electrically triggered teiephone counter,
throughout a night bombar mission.” Both the pilot snd the Inexperienced observer showed en elevated
frequency during the outward journey when compsred with the homewsrd snd controi levels. Respirstory
frequency was aiso meassured during 2] combat missions st the end of World Wer !l by Kirschl® In his
nerrative sccount of these filgits, which involvad 16 subjects including Kirsch himself, respiratory frequ-ncy
weas messured either by counting respirstory movements of the thorsx or by counting the rise and fail of the
oxygen fiow indicator bobbin. These somewhat subjectlve results revesled s rise in respiratory frequency, puise
rata and blood oressure during times of stress, ss, for axsmpie, whan under enemy anti-sircraft fire. Only one
set of fiqures, for one pliot, wes presented. A considarsble smount of dsts, however, wss accumuisted during
the wsr with regsrd to oxygen consumption in flight, derived from cylinder oxygen depletion rstes, snd these
studies wiii. be discussed Ister (p)2 et seq). }i Is of interest to note here thut these studies slso showed that
sititude per se hsd no effect upon pulmonsry ventllation, provided that hypoxis wss prevented. In 1949,
Narsets made @ shniisr study of SO sirmen during prolonged snd hezerdous flights over the Arctic in madified
bomber sircraft,'’ During flights which sversged 14 bhours in length respirstory frequency fiuctusted
throughout but, despite wide varistions, Incressed on svarege by 9 bresths per minute over both pre-fliaht and
poux-flight ievels of 20 breaths per minute, Thare were concomitant rises in biood pressure and pulse, snd s
fsll In sublingusi tempersture, throvghout the mission. Respirstory fraquency wes slso sffected st times of
stress, but the methad of messurement wes not described and no instsncas of hyperventilstion were noted.
Agein In 1949, Lembert reported a study comparing the responses to scceleration stresses of 24 subjects whlie
on a cantrifuge snd whila ss psssengers during flights in s 2-sest dive borrher.!? Although this study was
lsrgely concerned with visusl symptometology under high G conditions, it was importsnt becsuse pulse rete was
measurad st the ear during flight, displayad on s two tube cathode rasy oscillogreph {together with sircraft
accelesstion) and recorded by s camers mountad In the sircrsft, In tha foilowing yesr, Lembert extended this
stugy to inciude 16 pilots while sither sctivaly flying the sircraft or being flown as passengerv.'®

As 8 prelude to spsce exploistion, 8 considersble smount of dsts was collectad throughout the 1950s from
high sititude bslloon flights. The scientists invclved in this progremme deveioped the art of bio-telemetry to
the point where sccurste redlo trensmission snd interpretstion of physiological verishies was possible routineiy.
In 1954, Barr described sn early tranwmitting system, for use In balloons snd hlgh performence sircrsft.t® Of
Intereat here Is thet the aystem, ss wall ss trenemitting Informstion sbout ECG, EEG end tempersturs, siso
delivared respirstory frequency, messured by tempsrasture changes in a thermistor besd placed in the oxygen
supply hose snd calibratad by splrometry. Raenirstory volume could be derlved from the messured sres benesth
the respirstory excursion curve. This first report gsve no detsils of the craft or oubjects used in the
sssesmment; nor were any numerical results stated. A sknilsr system was ceitsinly used to aqood elfect,
thowever, In the Man-High high sititude bslloon flights during the lsta 19508 when respirstory frequencies of
up to 70 breoths per minuta wers reported.*®

An kmportent aspect of these esriy studies, particulsrly before the scvent of blo-telemetry, was thst, with the
exception of Lambert’s work*’-'’, all required the physiciogicsl observer snd his equipment to be on bosrd
the aircraft, which was theretore ususlly obiiged to be s iarge multi-engined multi-crewed vehicle. With the
cevelopment of Lambert's instrumented dive bombar began the spprecistion of the need for s dedicated test
craft If realistic high performance studies ware to be made,

Some of the relevant featurss and findings of these studies sre included in Tabie 1.1 and wiil be discussed
further in Purt &,
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Alrcraft Type Stedy bste Raf 2 Variablas Stedied Memn Rasslts sf Respiratsry Studias
Rast  Tsxy  iska~- Rowline Appr & Asros/
: . off fiight isnding Combst
LI P A A i[f LS P
Boaber v Olringshofen 1931 & 3 &P
Bombar v Diringshofan 1932 S 87 ,ECG,f
Adrlinar Mcfarland 1937 6 20 BP,HR,alveolar & blood gasas
Bombar/Cargo white 1940/45 7,8 45  ECG & hypoxla
Fightar Panrod %2 89 & W
Bombar Goldia 1943 9 2+ f 13 27
Bomber/Flghtar Lovalaca et al 19k 85 W
Bomber Carlson at al 194 30 W 8.4
Myltl-angine Kirsch 1945 10 16*  8P,HR,skin tesp,pupll size,f 18 17 25
Light Coray 1948 81 3 Matabolic oxygan consumption,f 17 19 18 2
829 Bombar Narsata 1949 11 S0 Sub-Iinqual tamep,HR,BP,f 20 28
2 saat Bombar Lambart 1949/50 12,13 40 Vision under +Gz,sar pulse
beh Hlteheock 1950 86 10  Metabolic oxygan consumption
Jat Trainar/Fightar Balka at al 1956/57 72,73 91 Pyl
Balloons/Jats Barr & Voas 1960 15 ?2°  Telemetered ECG,EEG,temp,f 70
1-15 Jat Rowan 191 19 3 HR,f 32 29 Il
Jats Holdsn at al 1962 20 £CG 8P, f
Jat Trainars Ellls & Wells 1962 74 31 PaCOy yurine & blood analyses
Jat Fightar Roman 1963 3 3 8P MR, f 20 19 18 19
Canbarra Bosbar  Worris 194 29 20 ¥y (darlved Vu),f
Light Billings at al 196% 82 20  Matabolic oxygan consumption,ig,R 10.5
Jat Flghtar Roman 1965 23 6 HR,f (not raported)
Jat Trainar Lorentzan 1965 90 S Metabolic oxygen consumption
Jat Trainar Roman & Brigden 1966 25 1 Mass spactrometry (no results given)
Jat Bowbar Roman at al 197 27 5 HR
Jat Bombar Lewis ot al 1967 28 5 HR,f (overall = 29)
Light Murphy & Young 1968 35 7 7,00, ¥, (professionals) 6.5 16.5 14.5 1.5
16 (amateurs) 19.0  22.0 15.0 15.0
L1ght Littall & Joy 1969 B4 &  Metabolic oxygan consumption,Vy ,HR 10.4 15.6  16.5 10.8 15.1 0.7
Cargo Kaufman at al 1970 83 18 Metabolic oxygen consumption
Ganln at al 197 5 77 Pelly
fightars Morgan at al 1976 38 &  Vg,f 12.5-23.1 5.0-11.8  28.2
Transport Morgan at al 1977 39 8 Vi.f 12.8
it Trainar Macwillan at 31 1976 42 9 ¥ ,ig,f 22.0 26.0

* valuss for ona subjact only were reported

Tabla 1.1 Summery of relavant In-flight physiologics! studies

1.2.2 Studies Since 1958. in 1958, tha Nationsl Aeronsutics and Space Administration (NASA) was estabiished
In the Unitad Statas for the purpose of pesceful axploration of rpace. Thare followed a nascency in which
intarest in in-flight racording blossomed with the inexorsble thrust towards safe spece flight. Even so, oniy a
further 4D or sc papers on the subject have appeared in tha Journal of Avistion Medicire (and Ita
dascendants - Aasrospace Madicine and now Avlation, Space and Environments) Madicine) and oniy one was
concarned solely with respirstory physiology. This asingie paper, In 1977, described @ simple respirstory
monitoring devics, the main attraction of which was that it was inexpansive!® Although it had been used in
flight, no numerical rasuits were pubiished and oniy short examples of the traces obtained were shown,
Nothing further hss been reported of this instrument. Other stucdies have, of course, appesred in foreign
publicatlons, and as military reports with restricted circulations, but very few have deslt with respirstory
physiology alone,

In the Unlted Statas, severai groupa of workers have reportad their efforts in acouirina physiological dsta In
flight. in the lata 1950s, von Beckh (1959) carried out a number of in-fiicht studies on the effects of zero G
(microgravity) upon physlologicai verisbies,'’ This series of rxperiments served to identify and help overcome
meny of the probleme of biomedical monltoring in flight, ECGs were obtained during waightlags menceuvres and
during high ievais of positiva accaleratior. Ware and hls colleaques also refined the automatic measurement of
blood pressure during this period, using an occiusiva technigue snd gated microphone'®, but problems of
sensitivity to nolse and to motion srtafacts continue to bedevil this fieid, Thera Is stiil no reiiabie non-
invasive mesns of continuous monitoring of blood pressure in fiight. In 19€], Rowen describe¢ the bio-medical
monitoring of test flights in the X-15 high-altitude, high-speed, rocket-powered rasearch aircraft.’’ A
pneurotachometer, instailad In the pilot's oxygen system and connected to an on-board recording oscliicoraph,
wes used to conflrm talemetared respiratory datu. Unexpectadiy high cardisc rates and rewpiratory fraquencies
(over J40 beats snd )0 braathe per minute respectiveiy) ware sean prior to isunch, durlng burnout end on
landing: affects which were asscribed to the ‘stress’ factor of flight. Hoiden at al, In 1962, described »
complata systemn for the messurement of ECG, pulse rats, blood pressure snd respirstory frequency in hioh
performence aircraft.’’ Again, biood pressure was measured using an sutosphygmomanometer while respirstory
frequency was detarmined with a pneumotachograph (sita not specified). A mora sophisticated system, as in
Lambert's work ‘%, was used for comparison work on a cantrifuge., It Is interesting to note thst an infra-red
carbon dioxide analyser was used in thls centrifuge system but was “"too lsrge to be installed in the test
aircraft®, Although some informetiva graphs were published with this description, no numericsl values were
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reported and no detaiis were given of the subjects used. Furthermore, whiie the possibiiity of using the
respiratory frequency trace to determine respired voiume vies mentioned, there is nothing to suggest thet this
derivetion wes attermpted.

Aisc in 1962, Romen and colieagues, based first et the United Stetes Air Force Schooi of Aerospece Medicine
(USAFSAM) and then et the NASA Fiight Reseerch Centre, published the first of e series of pepers
describing physioiogicai. studies in high performance aircraft. Specificeily, these studies invoived the use of
fuily instrumented end dediceted test vehicies, the need for which hes eireedy been estebiished. Two modified
2-sest NF-100F jet aircraft were made avaiiabie for this tesm's work as e consequence of the spece
programme and the need to study the effects of weightiessnesa. The first peper described the philosophy
behind in-fiight data gathering and identified several main purposes for such reseerch.’ At thet time, these
purposes were mainily concerned with the spauce progremmme but one, the determinetion of physioiogicei norme
for human subjects in fiight, wess particuiariy reievent (o the present study. The peper eiso eddressed the
technicai probiems of in-fiight instrumentastion. Once egein, however, there is no mention of numericei resuits
of indeed of the numbers of subjects end fiights assessed. Respiratory frequency was measured by a heated
thermocoupie sensor fitted within the quick disconnect of the oxygen mesk hose. The device wes steted to
have zero resistance to fiow and to be independent of motion. Output wes logerithmic and would have
required computer snaiysis to derive respiratory voiumes: comsequentiy, this was not attempted.

in 1963, however, Roman did publish the resuits of a study of three piiots over elmost one year during which
in-fiight biocd pressure, ECG snd respiratory frequency were correisted with fiight data in various situetions.?
Blood pressure was measured by the acoustic cuff method of Were and Kahn'® whiie respiratory frequency
wes again messured by 8 hested thermocoupie trensducer mounted in the subject's oxygen hote. In lster
studies, a heated thermistor was used instead. Minute voiume wss not derived becsuse of the work invoived in
reducing the logarithmic output of these devices, In-fiight varisbies were recorded on a 50-channel osclilograph
mounted in the aircraft end which provided over 1§ hours of continuous recording. Resuits from 9 ‘horedom'
or control flights and 18 ‘erc  rountry’ o experimental fiights were presented. It was conciuded thet

in heart rate, biood essure and respirstory frequency were highly reproducibie in the same
individusi end in simiiar flight circurstences, and that vaiues for aii three were eievated when compared with
basai levais (in fect, no bassi leveis for respiratory frequency were given), Notwithstanding the smeil number
of subjects invoived, this work wes an important step forward in the sttempt to correiste physiciogical
resporses with various in-fiight situstions.

Thereafter, between 1965 and 1967, Roman and his co-workers pubiished a series of fourteen papers, of which
only six were directiy reievant to this review, under the umbreiis titie of 'The Fiight Research Progren. As
before, much of the written word was concerned with theoretical and prectical espects of the need for such
rosearch and the probiemms of instrumentstion, which sgain was primerily directed towards coiiection of
cardiovescuisr data, The first paper described the Research Progrem and its smbitious goais, based upon three
main sreas: research on physioiogicai varishies using a iarge student popuistion, deveiopment of advanced
instrumentation snd development of computer techniques for analysis.”® This prospective report contained no
resuits or findinos but did give a tentaiising picture of the intended scope of this project inciuding the
possibiiity of an airborne mees spectrometer, messurement of oxyaen consumption, high impedsnce eiectrode
techniques, vibrocardiography end puise wave vaiocikmetry. None of these possibiiities has yet borne fuii fruit
in high performance aircraft asithough some aspects were expsnded thecroticaily and practicaily latsr in the
series. The second paper described the resuits of 37 fiights in 2-sest F104B fighter aircraft, in which both
piiots were instrumented for ECG and respiratory signais using a Project Gemini prototype signai
conditioner. **  Aircraft varishies (scceieration, aititude, airspeed, angie of stisck and sidesiip) were aiso
recorded on an on-board photographic osciiiogrsph. Despite apparentiy recording respirstory dats, no comment
whatevar wss made on respiratory varisbies during these high performance fiights, On the other hand, an
irmportant conciusion was that physical risk or denger did not seem to be the factor primeriily responsibie for
the high heart rates seen in such fiights; resther, rasponsibiiity for the mission appeared more reievent,

A emeii (12.7 kg (28ib)) mesas spectrometar, with a fast response time snd cspabie of simuitaneous and
continyous monitoring of up to 12 geses, wss described In the fourth peper’® snd a single, apparently
successful, test fiight briefiy reported in the fifth together with a generei discussion on mass spectrometers
sl their use in aserospace maedicine.”’ Nothing more of this attrsctive ond potentiaily most importent
deveiopment has asppesrsd in the open litersture and it has been suggested that the vacuwum supply pack and
supporting squipment were too heavy end bulky for use in high performance sircraft.’® The seventh peper
reportad the resuits of the first automated monitoring of avistors during combst in South-Fast Asia.”’ A
seven-channei body-borne type of tepe recorder was used but sctusily mountad in the aircraft mep pocket for
ressons of asfaty. Oniy hesrt rata and asircraft scceierstion were recorded aithough the faciiity to record
respirstory frequenty and voice wss avaiisbie and used in ister fiights, Nine filghts yieided ussbie data and
confirmed eariier findings that neither rink nor desnger were the mejor factors determining heart rate in
sxperienced piiots unch> moderste non-physicai stress. This study wes irportent in one other reievent sspect,
in that attention wss paid to the possibie impiications of sjection. This was the first occasion on which
safaty factors ware mentioned. Specisi sttechmen!s to the psrachute harness were desioned to provide for
sutomatic disconnection of aii siectro-physiciogical iesds shouid the piiot eject, The need for, and design of,
such safaty features was of muejor importence in the present study (p24). The ninth peper in this series, snd
the isst of direct roievence to this discussion, reported a subsequent end simiier study of pliots during combat
flying. ** Voice and respirstory frequency wers recorded on this occasion, ss well as heart rata and aircraft
sccaisration. Respiratory frequency wss measured by means cf a pneumotachometer rmounted in the oxygen
hose. Technicai probiems with this devica meant that oniy thirteen hours of Iintermittent recordings were
usabia from the 18 fiights monitored end discrete snaiysis of respiratory frequencies during isunch, bombing
snd recovery wss not possibie. The ovarsii frequency was 23 breathemin='. it was noted, however, that
breath-holding frequentiy occurred during launch, and during unti-g trousers infietion, and wes foiiowed by
deep slow breathing.

Some of the relevent festures and findings of these studies are inciuded in Table 1.1 and wili be discussed
further in Pert A,

From sbout this time onwarde, in-fiight physioiogicsi monitoring oduring hioh performence fiight began to
include the acquisition of respirctory dets beyond that of simple frequency. it must be esmphasised that the
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measurement of respiratory frequency sione is of little value since it is knowiedge of the turnover of ges in
tha slveoli which is neaded. This can be approached more ciosely by measuring both frequency and tidsi
voiume,

1.2.3 Raspirstory Physiology in Flight. Severai areas of respiratory physiclogy are iegitimateiy tha concern of
those involved in aviation medicina., Such araas inciude studies of:

Respirstory frequency, minute volume and peak fiow,
Added externai resistance,
Hyperventiiation,

and the Metaboiic cost of fiying.

1.2.38 Respirstory Fr ney, Minute Voiume and Pesk Fiow. Apart from those studies described above, in
which respiratory fraquency was measured either subjectively by watching the rise and fail of the chest {(or
the movement of sn oxygen fiow meter) or objectively by & thermocoupie/thermistor in the inspiratory supply

hose, very faw othar reports hava bean pubiished giving detaiis of respiratory frequency, minute voiume or
instantaneous fiow.

In 1964, howaver, Norris reportad tha resuits of a study of 20 piiots fiying Canbarra jet bombers during 21
training fiights.** Respiratory frequencies and minuta volumes were racorded continuousiy; the former by
means of a skmpla countar iinked to the magnetic fiow indicator of the oxygen raguistor, and the iatter by
mesns of sn anemometer. Mesn respiratory frequency was 17 - 18 breeths per minute and mean puimonery
vantiiation wus reported ss 13 - 14L(BTPS).min-?, Although discrete anaiysis of these variables during various
phases of fiight {(such as take-off, overshoot, GCA snd landing) was carried out, no significant verietion in
the mesn vsiues was demonatrsted. These figures correiated very weli with previousiy published wartime vaiues
for the pulmonsry ventiiation of aircrew, basad on bottie oxygen consumption (is caiibrated reservoir, pressure
drop) techniquas and not on direct physiologicai observation, It shouid be noted that figures caicuiated in this
manner incorporata an oxygen ieak of unknown magnitude, ir two such Americen studies and one British,
svarsge velues for 'resting' sircraw ranged from 10.0 - 12.9L.min— end for sircrew in simuiated combat from
21.6 - 36.0L.min -, ** Carison et ai®*, in 1943, had daterminad the 90% requirement (thet is, the volume
required by 90% of the popuiation) for inactive omber crews to ba 18.4L(BYPS).min-! whiie 18L(BTPS).min*
had been racommended as the United States Anay Air Force standsrd.’ The United States Nevy reported a
highar figura of 23.7L(BTPS)min-* during in-fiight studias of moderetely active eircrew?! and a report in
1960 had rccommended simiiar figures for a design standard: vaiuas of 25.1L.min~"* to embrace the needs of
95% of tha population, with a mean of 12.6L.min-'.** Norris's study®’® was aiso of importence in thet
corment wss made with regard to the addad externai rasistance imposed by the bresthing system wupon
raspiration, and to its possibie effects, (p9). Finaily, Norris reportad that, from derived velues of aiveoier
ventilation, high respiratory frequancies were often essocieted with e reduction in puimonary ventiiation. He
conciuded thst s diagnosis of hyperventiiation based on respiratory frequency alone was invaiid, 'pll).

in 1965, Ermsting wrote that "Nxygen aquipment must be capebie of meeting the puimorary ventiietion
requirerments of sircrew both on the ground snd in fiight.”** He went on to explein the importence of
knowing the magnitude end form of breathing patterns under sii conditions. At that time, hused upon the
1940s studies deacribad sbova®'-*® and others, he summarised the respiretory minute voivmes of aircrew free
of hypoxia under various conditions of flight thus:

Seated inactive 10 - I5L(BTPS),min =*
Seated Active 15 - 25L(BTPS).min =*
Mobiie 25 - 4DL(BTPS).min ~*
After running to sircraft up to 100L(BTPS},min~*

Norris's own fiqures ** cieariy correiste weii with these consoiidsted data eithough the wide individuai
veriation in responser noted by him must be emphasised.

In 1968, Murphy snd Younqg made a carefui study of 25 piiots (smataur anc professionai) fiyina lioht aircreft
st low altitudes,’® The study was primerily concerned with the incidence of hyperventilstion in fiioht by a
considerstion of end-tidei carbon dioxide tensions (pll), but expirstory minute voiumes were aiso messired by
means of a Wright respirometsr (a compact turbine type spirometar; mounted in the cockpit, Aititude was
meintsined st or below 1,200 feet (366m) to minimise changes due to air density, A cleer difference between
smateur snd professionsi pilots was denmonetrated, with the former ventiiatina more during eil phases of flight,
In agdition, higher minute volumes were seen in nun-current piiots (cf current), in first fiights of the dsy and
in the sarly etagee of a tric (taxy, take-off and cikmb), Some of these rewits ere inciuded in Table 1.1 (pé).

Littla alse was reportad in this fiaid for eight yesrs, when a series of technicai reports anc miiitary papers
sppeared describing respiratory messurements in  high performance aircraft in en attempt “to better define
breathing system desion paremeters.” **®

In the United Ststes, Morgan at al from USAFSAM deacribed the development and use of a so-cailed In-
Flight Dats Acquisition System (iFDAS) '* This ambiticus project, appsrently s continuation of Romen's work,
entsiled the continuous and simultaneous recording of expirstory fiow (and hence respirstory freauency, minute
vertilation snd tidsl volume), inupired-expired oxygen concentration difference, ECC, aircraft acceieration,
cebin pressurs, voice end time index, Expiratory fiow was measured by a differentiai flow transducer and the
oxygen concentrstion differsnce by twin polarographic oxygen sensors.’’ No oxygen concentration resuits heve
been pubiished dut preiiminary findings for expiratory volunes in both fighter'® and transport®® aircraft were
reported In 1976, Yhe dets were snalysed for various in-flight situstions - taxy, take-off, cikmb, eruise,

spproach snd landing - snd some of these resuits are surmarised in Tabie 1.1. The umportant
conclusion drawn from both of these papers was that messured values frequently exceeded those xtated as
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scceptsble for the design performenca of asircreft breathing systems and this was most obvious during the
teke-off snd landing phases. A consolidetad and anlerged report was published in the foliowing yeer confirming
the esrller findings but adding no new informetlon.’® In 1979, the iIFDAS was egsin described in a military
publicstion; thls time recording Insplrstory fiow, hesrt rete and skin temperaturs in sddition to those variebles
monitored previously.** The complicsted masikc essembly, Incorporating elther 8 diffsrentlal flowmeter or en
ultrasonic flowmetsr snd sn oxygen sensor, as well as the supporting In-flight and ground-based equipment was
under avslustion In the lsborstory st thet time. Nothing further hes been reported of the syctem and the
project Is now believad to be in abayance. **

In the Unitad Kingdom, s singls paper by Mscmillan et el in 1976 raported the resuits of a slmiler study to
that of Morgan at el'®, but in this cese using s dedicated test sircreft (ths same one a8 was used in the
present study). *® The impetus for this work was the devalopment, in the Roysl Air Force, of new bresthing
systems for use In a chemically contaminated environment and the need to confirm existing system design
requirements. Ineplratory flow, Insplred ges tempersture, cebin eltitude end slrcraft sccelarstion wers
monitored snd recorded on sn on-bosrd megnetic tspe recorder. Nine pilots were studied, using s standard
bresthing system, during aserobstic menoeuvres: s mesn pulmonasry vantlistion of 26L(BTPS).min=* was reportad
with a mean pesk Inspiratory flow of 116L(BTPS).min ™. Pesk flows in excess of 150L(BTPS).min=* and
pulmonary ventlletions sxcessding 40L(BTPS).min=: wera recorded Infrequently and wears not sustelned. The
study slso :evasied 8 significent differenca batwasen those sctively controiling the asircraft and thosa
axperiancing the mencauvres passively ss pessengers, s finding which supports Roman's csrdiovascular studies’’

The present study may be ragsrdad ss en axtension of this British work.

1.2.3b Added External _Resistsnca. Intarastingly, none of these more recert studies, epart from that of
Morrls®", and certslhly none of the serllar raports, avan commented upon tha addad sxternai resirtance to
brasthing impased by the system in use sithough this undoubtedly has an affect.’® And, lndeed. severai
reports appesrad during the war describing subjectlve resistance standsrds for oxygen equipment.'' The sdded
sxtarnsl resistanca of any brasthing system should be as low as possibla end, ideslly, shouio ba zero. That
this Is not possible practicably hes long bsen racognised In tha technical specifications for bizathino systerms
in use with aircraft of Western air forcas, (pl5 et seq).

In this discussion, the tarm added external resistence will be used to describa the additional pressure imposed
by ® brasthing system, snd present throughout tha antire respiratory cycle, for a given flow or instantanaous
pesk flow. This hes long been resgsrded &s 8 convanlent relstionship for respirstory equipment, particuiarly
when pressure tends to be raslsted iinassrly to tlow. Numerical esxprassions wlli therefore bs negstive during
inspirstion and positive during explrstion, snd wili describe the pressure swing or change st the mouth of the
usar,

No in-flight studles have bean cserried out with specific ragard to either the magnitude or effects of sdded
extarnsl resistsnca but it is entireiy rassonsbis to supposa that such affacts as seen In the isborstory wili be
st lasst as grest In the air. Thus, 8 brief conslderstion of tha effects of added rasistsnce upon respiratory
varisbles is spproprists here; particulsrly sinca Ernsting has ststed that "In iasying down the physioiogical
deslgn critaris for oxygen ogulpment, tha resplrstory minute volume is of lesss; importance than is the
maximum Instanteneous flow ..... The flow of sir in and out of the respiratory trect changes very rapidiy,
and ruplr.}ory squlpment must be capabia of responding to these changas with the minimum of fiow
rasistanca.”

In 1943, Slivermsn et al photographed tha dispiscement of a fine pistinum wire, with no apprecieble
rasistence to flow, In ordar to study tha inspirstory flow psitarns of individusls working at different levels of
sctivity and bresthing agalnst verious degrees of externai resistance.'* Analysis of the respiratory patterns
obtsined st minimum rasistanca (<5 mm water (0.05kPs) st 100L.min "), revesled the following features:

At _rasty Inspirstion sterts with a repid Incresse in fiow to sbout 25L(BTPS)min~* over 0.1 - 0.3 sec
and then rlses mora graduslly to s pesk of sbout 32L(BTPS)min-'. Alr fiow then faiis to zero st the
end of inspirstion, the whoie taking 2 - 3 sec. Expirstion foilows immediateiy, lssts ionger, but has a
lower pesk. Tha rastio of pesk inspirstory flow to minute volume is sbout 3:l.

During Moderats Exercise: Respiratory minute volume incresses as s result of both incressed resplrstory
frequency and Incressed tidsi voiume. The durstion of each phree is shortened (expirstory more than
inspirstory) and so pask fiows incrasse, ss do rates of change. The rstio of pesk inspiratory flow to
minuta voiume decreasses to about 2.51.

During Hesvy Exercise: The durstlon of the expirstory phasse of the resplratory cycle mey be iess than
that of the inspirstory phase.

The addition of resistanca to bresthing siters the shapes of these patterns dramstically and hes incressingly
obvious affects on respirstion. Theee effects were first descrlbed by Davies et al in 1919, when it was
found that imposad prassura swings at the mouth of +/- 10 cm water {(+/- 0.98kPs) caused a siowing and
deepering of respirstion wlith carbon dioxide retentlon, Raising the axternsl resistonce further changed the
brasthing psttarn fram siow and deep to rapld and shaliow; the change occurring when normai Inspirstory peak
flow was halved. Subjective feeilnge of ssphyxia sccompenied this imposition. Latar, Klilick found that carbon
dioxide retention asleo occurrad if resistance was imposed during inspirstion only*®, snd Its s:cumulstion was
ssid to be responsitis for the symptome of distress seen during resistance bresthing, Hart, in 1946*°,
asteblished that subjectiva feelings beceme spparent, during quist brasthing, when the pressure fiuctustlon st
the mouth axceeded sbout 16 mm water (0.16kPs), and wers uncomfortsble by the time resistance resched 35
mm  water (0.34iPs). He slso demonstrated that the .stios of pesk Ineplratory and expirstory flows to
pulmonary ventllstion decreased s bresthing resistence In-ressrc. It i3 of Interest to nota thst the highest
pesk irapirstory flow recorded In this study wes )94L.min"~' a‘tsr vary hesvy exarcise. Latar studies described
the changys seen when resistance wes edded during lnepirilion slone, during expirstion slone or durlng both
(as In asircraft bresthing systems). Ernsting has criticised thsse sxperiments ss being of too short s duration,
but summerised the results as showing that imposaition of externsl resistence in alther or both resplratory
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phases causes a fall In minute volume which Is greatest when both phases are affected.’* Imposed reslstance
slso reduces the rate of change of, and peak, air fiow and proiongs that phase which Is belng compromised.
Predictably, the phase which is unaffacted behaves normaily, at least at first.

Further investigations In the 1960a end 1970s confirmed end refined the findings of this early work both with
respect to the level of detectsble resistance and with regard to the physioiogical corsequences of added
externsl resistance. These studies were principsily concerned with either the performence of open circuit
respiratory protective devices, such as those used in conteminated environments, or with the possibie
Implications of findings in healthy subjects for those with obstructive airways disease.

Cempbell and his colieagues, in 1962, found that, during qu..! breasthing, inspirstory-expiratory loads with a
mesn of 0,59 cm waterl -'.sec ~' (0.06kPa) were detectable,*® The asbility to so detect was ascribed to a
varistion In normal perception of pressure-volume raistionships or what they termed ‘iength-tension
insppropriateness’. Newsom Davis was later {1967) to conciude thst such earceptlon depanded upon somatic
receptors in the chest wall, snd specificaliy the thorscic joint receptors.*’ Other groups of workers have
assessed the oversil additional cost, In terme of work, of added respiratory resistence. In 1965, Tsbakin et ai
confirmed sarller findings of reduced minute volume, oxygen utilization snd carbon dioxide eiiminstion when
expiratgr.y resistance was ralsed, but slso described unpredictable changes In cardiac output and central biocod
volume, They concluded that the imposed external resistance was modifying gas distrlbution in the lungs snd
compromising  ventilation-perfusion ratios. Later work, by the ssme group, revesied s decresse in lung
compiiance associated with resistance breathing which, It was believed, confirmed the occurrence of aiterations
in puimonary blood voiume.*'  In 1966, Thompson and Sherkey slsoc demonstrated reduced oxygen utliization
associated with externai respiratory ioads, and reistad recovery of this oxygen debt to the ievel of air fiow
resistance, particulerly at high workloads.®* Cerreteili et ai, In 1969, conciuded that the ventiiatory responses
to sxerciss when airway resistence is eieveted (in this cess considersbly: up to -60/+46 ecm watar (-
5.88/+4.5kPa)) are due to a combination of decreased minute voiume end increased work of bresthing; and whiie
maximum oxygen upteke and the capacity for muscular work sre reduced In a manner directly proportionsi to
the added resistance, the reiationship between oxygen uptake and worklosd is unchanged.*’ Cralg et ai (1970)
ralated time to exhaustion directly to the magnitude of Imposed resistance’* Again, however, these
experiments were of short durstlon and invoived few subjects. Simiiariy, a study by Demedts end Anthonisen
(1973) on the effects of respiratory ioads during steady-state exercise covered perlods of exercis2 of up to
only five minutes. ** Nevertheless, the auttors conciuded that "The resistances of breathing circuits, if they
are not very high are not critical In determining ventiiation during steady-stste exercise®. "Not vary high” in
this context presumabiy meant iess than +/-40 cm wster (+/-3.9kPa) at 6L.sec™', since this resistance csused
only a ]2% decrease in ventiiation during meximum exercise. Maximum exercise capacity was aiways achieved

with added loads up to that ievel while ventiiation was grossiy reduced and maximum work levei limited above
it.

It is a consistent criticism of all these studies that there appears to be littie uniformity, if any, with reoard
to the way in which imposad resistance is expressed. Often, the very resistances under study are either not
defined or sppear oniy es graphs of pressure-fiow characteristics. Inevitably, comparisons between studies are
difficuit, if not Impossibie, Despite this lack of useful aquantitative materiai, the overail effects of added
resistance are weii-established and are surmarised in Figure 1.2,
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Figue 1.2  The physiclogical effects of sdded externsl resistance
to bresthing upon cardio-respirstoey functlon

The magnitude of scceptsbia ievels of breathing resistence, ss spplied to sircraft systemms, wili ba discussed
later (pl5 at seq).

it is ciear, therafore, that added extarnal resistance is sn undesirsble bul inevitabie feature of sny bresthing
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system. This is not only beceuse of the effects discussed sbove but elso because, aithough hypoventiiation ie
the normal response, to complicate matters further, “There is littie doubt that, in susceptible subjects, the
addition of casistance to breathing can cause hyperventilation with e consequent hypocspnia.**

1.2.3¢ _Hyperventiistion. Hyperventilation may be regarded es pulmonary ventilation greater then thet required
to maintain normal csrbon dioxide tensions In the body. The eymptoms and signs of hyperventiietion ere
entirely attributsble to the resulting respiratory asikslosis, They sre weil-known, and include lightheadedness,
feelings of unreslity, enxiety, paraesthesise, visuai disturbances and paipitations; but their diversity ieads to
difficuities with clinical diagnosis. Such symptoms commonly occur when P,CO, fails to 20 - 25 mmHg (2.66 -
3.33kPa), while tetany, or even unconsciousness, elthough rare, may be expected if PoCO, falis below 15
mriHg (1.99kPe).*® Of the many csuses of hyperventilation, those of particuiar relevance to evistion may be
summarised thus:

8. _Environmental Causes. it has iong been known that hypoxis, including acute hypobaric hypoxie,
stimuistes respirstion snd much evidence has been presented to eiucidete and confirn the underiying
mechanism of Incressed peripheral arterlai chemoreceptor discharge.*’

Sinusoidai verticai vibretion at up to 10 Hz, such as might be experienced in sircraft during turbuient
flight, has been shown to produce hypervantilation _robsbiy as s resuit of discomfort, labyrinthine
stimulation snd the addition of oeciilations upon the respiratory tract end sbdominsl contents.**

Thermal strees, in the foom of exposure to both hot snd coid environments hss been shown to cause
hyperventiiation. Thus, an increase in deep body temperature was accompanied by a rise in tidsl voiume
but a fall in respirstory frequency. The Incresse In pulmonary ventiletion was oniy accompenied by e
fali In PgyCO, when deep body tempereture had risen 1.5°C** Immersion in coid water et
temmperatures of 29°C and 10°C produced a rise in respirstory frequency snd s fali in Pgy CO,, the
changes being more severe st the coider tempereture. Like changes occurred during moderate exercise in
coid water, but heevy exercise produced e smaiier reduction in Pgr CO, and resembied the findings in
warm water,**

b. Psychologicsi Causes. in heeithy subjects fear, enger, pain and extreme emotion have aii been quoted
as potent csuses of hyperventiistion, possibiy es e resuit of sdrensiine and noradrensiine reiesse es part
of the Flight or Fight' resction.** Anxiety is probebly the most potent ceuse of hyperventiietion in
flight, (p12).

€. Pharmacoiogicsl snd Pathoiogicei Ceuses. Drugs, such es selicyistes and eneieptics, may stimuiste
respiration as ey disease states inciuding pulmonariy disesse, snaemiss and pyrexiss.®? None of these is
likely to affect aircrew in flight, however, uniess they are siready ili and self-medicating.

d. _instrumentei Casuses, As described ebove, added externai resistance to bresthing may produce
hyperventilation in susceptibie individuals, asithough hypoventiiation is the normsl response.’* An extreme
case of added expiretory resistance occurs during pressure breathing without counter-pressure, when such
s manoeuvre at 30 mmHg (3,99kPs) may reduce P4CO, to 28 myrkig (3.73kPa).*?

No matter what the precise cause of hyperventilation, the potentisi for disaster is obvious if it deveiops in »
piiot whiie fiying his sircraft,

in 1941, the first description of a case of hyperventilstion in fiight was published by a oroup of workers
from the Mayo Clinic.*® Over the next few years, the same group reported further incidents, discussed their
csusstion and mensgement, and decisred hyperventiiation to be s potentiai hezerd for aircrew®*, thus
supporting sn original suggestion made over 20 years ssrlier by Briscoe.*® From thst time, however, ss Gibson
(1979) pointed out in s review peper*’, opinion was divided ss to the importance and incidence of
hyperventiistion in fiight. Many workers, snsiysing routine fiight dats, and that from incidents and accidents,
found a very iow incidence of hyperventiiation $%.%% 088,08  hije other groups reported s creistively high
frequency 'L.78.75. 1078 | Intarestingly, the forner group tended to be those examining evidence retrospectively
while the latter attempted to messure PCO, quantitstively, Thus it seerrs that an objective disgnosis of

hyperventiiation is not necessarily accompsnied by the subjective appesrance of symptoms snd signs. A
summary of these studies is at Table 1.2.

Of particuiar raisvence to the present study were the attempts to measurs PCO, in flight. Baike et i’’’
snd Elils snd Walls °* used simiiar equipment to messure mixed expired carbon dioxide tensions. Four separate
saiplas ware coilected into gas sarpling tubes via a mixing bottle at various stages during each flight. They
wera then analysed on the ground by either the Haidsne technique or an infra-red analyser. The assumption
wes made that mixad sxpired tensions wera the same ss slveoisr tersions; the maeximum error in this
sssumption baing stated ss +/-5 mmHg (0.66kPa). This somewhat qilb nesertion paid no account to the changing
relationship between dead-spece and tidsl voiume, end Gibson estimetsd the erior to be considersbly greater
then 5 nwrkg (0.66kPs) st normsi minute voiumes, aithough it decreased as miruts voiume rose'* The
assumption was therefore grossly erroncous and may account for the high incidence of hyperventiiation
reported by these suthors, Notwithsianding this criticism, Balke's group did claim a significent incidence of
hypervantilation at all ievels of piiot expertise. Furthermore, the incidenca .ncressed significantiy as the
performance of the asircraft incressed. The role of experlence, »nd indeed of the level of prectice, even on
the same flight, was demonstratad by Murphy and Young in 1968**, but this lime most clasrly on minute
ventilation rather thsn carbon dioxide tersions (pl). indeed, the latter, messured as end-tidel PCO, with an
on-board infra-red analysar, remained normai in nine of the ten piiots studied and aven the exception did not
lowar his PgyCO, to a symptomatic level. These conciusions supported those of Norris four years earlier in
that a diagnosis of hyperventilation based on respicatory frequoncy sione was irvalid.®® Norris had proposed
the messurement of Pg1CO, as the next stage in his own research, Genin ot al, in 1975, used a discrete
sampling technique for PgT1CO, terwions, but their resuits (low resting values of 32 - 24 mwHg (4.27 -
3.12kPa )' probably reflact mixing of the expirate and must cest some doubl on the validity of thelr in-flight
findinge. ' *
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Study Osts  Ref Accldests/ Rosting Flights  Nember sf svists
Iscidests revieved stiridetsd ts
revieved Nypervast!lstisn
IeSPECTIVE
Konscel 1956 67 3 [}
Komacel 1955 68 286 0
1956 67 332 4
Mullinax & Dion 1958 69 L] 0
Talbot 1958 n 620 27
Rayssn w3 N 89 1
Raysan 193 N 146 10
A/C  Messsrad Sebjscts & Iscidescs sf
Type Fllghts Nypervastilatisn
L ratiossls
PROSPECTIVE
Salks at sl 1956 7 133 ’t':"z 26 1n 85 42% < 20mm Hg
Balka et 3l 957 B 133 " 29 in 125 41% < 30mm Hg
86 2 19 in 6% 63 < "
F100 ] 17 in 1% M/ "
Ellis & Wells 192 M 133 J n e
Murphy & Young 1968 35 Light P“COZ 10 Nl
Genin et al 195 75 L) 77 in 12 Mean fall of Smm Hg

with furthar falls
at times of stress

Tebls 1.2 Summary of studles of
the incldence of hyperventlistion in flight

That hyperventllation occurs In flight Is not disputed and it has been clted as a possible and probable cause
of many incidents. In 1983, in & 10 year review of 146 cases of sudden In-flight Incapacitation in military
aircrew, Raymen attrlbutad ten to hyperventiiation associated with anxiety; all of which occurred in
trainees. ’’ Ernsting and Sharp (1978) have stated that 20 - 40% of student alrcrew ere balieved to develop
symptometic hyperventilation at some stage durlng their flylng training, while experienced alrcrew are certainiy
not immunet* But there Is clesriy a need to astablish, rellably, the Incidence of hyperventilation during hioh
parformance {light, Gibson had concluded tha same in 1979'?, but realised that operational constraints
pracluded the use of any invasiva technique. He recognised that "The ideal way would be tn measure in-flight
PeyCO.", but technology at that time was not capsble of so doing.

While the sbova account has dealt primerily with tha incldence and effects of acute hyperventilation in flinht,
It Is also of importance and intarest to establlsh whether prolonged mild hyperventllation occurs durina a long
and demending mission; and, if so, what ara Its implications, particularly with reqard to performance. Such

mlld hypervantllation was first suggestad as a possible cause of In-flight pronlems by Hinshaw et al in
1943,

1.2.3d_The Metabolic Cost of Flylng. The magnltude of carbon dioxlde production in flight clearly has other
Implications, bayond those of hyperventilation, for It Is one means of assessing the metaboiic cost of flylng.
Such knowladge, In turn, Is of importanca for the desion wnd perfnrmance of sircraft and personal conditlonino
systems. Once sgaln, howevar, there is a pauclty of information concerning the enerqy expenditure of pilots in
all types of aircraft snd especially In hlgh performance vehicles,

Although information does exist concernlng the energy cost of performing & wide range of actlvitias, Passmore
snd Durnln, In 1955, were only able to find one report of measurements made In flight.'® Twalve years lster,
in a follow-up study, the same authors statad that no further aitborne studles had been conducted.® In fact
sevaral studies had mppeared In the open litaratura by that time and several more have eppesred since. In
1971, a reviaw of the available llterature by Sharp at al provided a vary useful account anc analysis of the
then state of knowledge.®* Thest authors chose 1o distinguish between studies concerned with lightweight
slrcraft (singla end twin englned), multl-englned heavy alrcraft, helicopters and high performance alrcraft: this
spproach Is alse used bhers, along with a comlderation of some qround-based aspects. Similarly, their
expression of energy expenditure In units of kcal.m “*h=' for all results (which Involvad conversion of some

publlshed flgures) 1o allow for comparabliity was most useful, and has bee.. perpetuated. Numerical values for
the studles discussed are comeolidated In Tabla 1.3,
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Alrersft fype Study Ists Ref s Nean vslues of seurgy sxpended (kcli.n'z.h‘1) fsr sircrov during:
fassi Rest fsxy foke- Rowtine Apprssch & Asres (ombat Emers lover tatss
sff{  flight laading
Fized-wing Light
Plper J3 - Coray 1948 81 50 8 -9
Plper Apache Bllllngs ot o1 1964 82 20 L1} 55 64
Plper/Cassna Murphy & Young 1968 35 25 95 U
04 Baaver Llttell & Joy 199 8 & 32 53 81 84 54 1] 53
Finedving Neavy
W 1I Lovelace ot o1 1944 85 () 58 Pllots,
105 94 Others
oC 4 N] teheock 1950 86 10 45 (90)
€123 Keufmen ot ol w0 83 2 52 $1 58
(2} 1} ] 49 S 68
k¢-135 [} (Y] L1} (]
Seiicoptars
oN-6A (11ght) Littell & Joy 19%9 8y 8 % 53 6h 0] 67
UR-13 (asdlem) 8 s 53 49 55
CH-A7A (Roevy) 7 7 M 62 52 62
J-CH3 (naevy) Keufman ot 8l 970 8 9 51 (1] 69
UK-12 (11ght) $lllings st o) 1970 87 & 1] 85 3 97
Gezella (11ght)  Thornton et &1 1983 88 6 43 61 68 CJ
fuma (asdlon) 6 59 9% m o0
Flxed-wing Nigh farfarmasce
W 11 Flghter Paorod 192 89 8 1] 46 65 i
W Il flghter Lovelace ot o1 194h &5 52 81 .
133 Jat Tralear  Lorentren 19%5 90 5 (1] 52 98
[F-9F simulator] Tlller ot ol 1957 91 9 50 66 59 65 ” 7
Mesas 3 L 3 66 62 66 7 78 69 7
* Figures computed by Keufwsn st e1° fros V[ (sen text) ** Assumes seen body surfece eree of 1.8e°

Table 1.3 Suvmmeary of studies of energy axpended by alrcrew
during flight in various alrcraft types

Lightweight Flixed-Wing Aircraft. In 1948, Coray measured the oxygen consumption of three pllots, of differing
axperianca, In a singis-engined alrcraft.’’ Oxygsn consumption was measured by mountlng an oxygen-filled
splrometer in the aircraft and cbserving Its dapletion. Highar anergy expenditure was seen In the two less-
experiencad pilots snd was sttributed to sn Incresse in muscular tensicn as » result of anxiety, rather then to
any extrs muscuisr affort needed tr. fiy the aircraft. Sixtecn yeers later, using an open clrcult method,
Blilings st al messured the oxygen ronsumption of 20 sxperlanceo piiots during the finsl stagas of flights in 8
twin-engined alrcraft.®® The axacutitn of an Instrument approach pattern resulted in 8 45% Incraase in eneray
sxpenditure over rasting lavals (68kcalm~*.h ' cf Ad4kcalm=*.h-'), In 1968, Murphy and Young attempted to
clerify the Incidence of hypsrventilation In pilots of light alrcraft, (pl1).’* Their measurements of pulmonary
ventllation wera used by Ksufman at al, in 1970, to derive oxygen consumption.® Severasl assumptions were
mede for these derivations Including a raspiratory exchange ratic of 0.83, a mean body surfsce ares of 1.8m’
end ® caloric equlvaient for oxygen of 4.83. A ralstively bhigh mean value for energy expenditure
(95kcalm=*.h™') was not explsined but mey hava been due to the markad differences seen between
inexperlanced and axperlencad subjects In this study. Although this difference was suggested by Corey's
study **, it was not conflrmed by other work, Including that of Kasufmen et ai. *'

In 1969, Littall and Joy, In a study which Included one fixed wing aircraft as well es threa types of
heilcoptar, measured oxygen comsumption from explred minuts volume snd explred oxygen tension using & Qan
metar snd @ parsmegnetic oxygen snalyser (la an open circuit tachnlqua)."* They also recordsd ECG in flight.
Thelr results clasrly demonstratad Incressed energy sxpenditurs at times of high phvsical actlvity (take-off and
lending) compared with routine filght. During the isnding phase, energy expendlture was somewhst higher
(75kecalm™*.h~' of 64kcalm “*.h ™) than that found during the same phase by Billings at sl** almost
certalnly becsuse of diffsrancas In the physical effort needed to fly the alrcraft Invoived.

Heavy Flixad-Wing Alrcraft. Msatsbolic oxygen consumption, derlved from wartime veluas of pulronary
ventilstion reportad by Lovalece at al In 1984°%, was again computad In the study by Kaufman et al'’ In
addition to the sssumed values used In the simllar traatment of Murphy snd Young's paper’’, It wes assumed
that no hypoxic stimuistion to brasthing had occurred and, to thst end, only those data relsted to flights
below 10,000 feet (3,048m) were used. From these calculstions, mean anergy expended by pllots during routine
flight end combst wac sald to be 58 - 64kcalm=-".h-' and by other, more sctive, alrcrew (eg qunners) 94 -
105kealan ~%h=1, Interestingly, for both groups, the lower tigura representad that In combst. In 1950,
Hitchcock, wsing an open circult technique, reported thet mrqy axpenditura approximataly doubled during
routine flight snd menceuvres when compared wlith resting values.'® Numerics! values in flight wera not glven.
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Ksufman et al®?, as well ss derlving and comparing results from earlier studies, such as that of Murphy and
Young *® and Lovelace et al*f, messured oxygen consumption themselves, sagain using an open circuit
technique, In three types of heavy cargo aircraft (and one large helicopter) during routine flight snd simulated
emergencies, Their results compsred well with previously reported findings end they concluded that energy
expended by pilots during routine flight in heavy aircraft wea little grester then thst expended at rest.
Furthermore, pilot experience did not seem to affect energy expenditure in this type of sircraft.

Helicopters, The studies by Littell and Joy®* and by Kaufman et al* both included messurements on the
pilots of four different types of helicopter with markedly different flying characteristics and complexity.
Despite this, results for all four types were remarkably consistent: the most energy-demending phases of flight
were emergency situations and hovering close to the ground. Billings et &l, also in 1970, confirmed the close
hover s8s the most demanding phase of normal helicopter flight, but consistentiy recorded higher energy
expenditures in flight than either of the other studies.®’ This wae sttributed to the presence of more
sophisticated control systems in the lstter. In 1983, Thornton et al used the Oxylog to messure oxygen
consumption end inspired volume in two types of military helicopter.®® Their results showed thst the mean
energy expenditure for both types in level flight was 50% higher than thst when sitting st rest, and that
there was a 15% increase over level flight energy expenditure when hovering.

High Performance Flxed-Wing Aircraft. Kaufman et al®*, using the same procedures as before when desling
with previous wrrk, derived the metsboiic oxygen consumption of pilots flying World Wer 11 fighters, from the
pulmenery vent'lstion dats of Penrod®’ and of Lovelsce et al.*® Again, these estimates correlste weli with
more recent data from other aircraft types. In 1965, Lorentzen measured oxygen consumption in five piiots
flying & jet trainer sircraft.”® Aerobatic manoeuvres, designed to simulste supposed worklosds during combat,
were undertaken and a mean value of 97kcalen ~.h = obtained. This high figure, when compared with all
other studies (except helicopters in low hover), was obtained from dsta collected over & very short time, with
consequently littie chance of steady state conditions being present. There were also some outward iesks from
the facemask, thus shedding doubts on the sccurscy of the ventiiation messurements. Indeec, Lorentzen had
conciuded that '“continuous measurement end recording would natursily provide the most certain results
concerning the status st each giver moment during flying."

Becsuse of the very considerabie difficulties surrounding in-flight studies of this sort, several oroups of
workeras have assessed the energy expenditure of pllots while flying simulators. The results of one such study,
by Tiller et al in 1957, provided close correlstivn yet again with in-fiight fioures published previousiy; and
indeed subsequently.®* They are included in Table 1.3 for comparison. It is interesting to note, however, that
this simulator study showed 8 higher energy expenditure during combat/emergency conditions than during other
phases of flight: a reversal of the pattern seen during in-flight studies.

Ground-Based Studies, As Figure 1.1 (p4) shows, the modern fast jet piiot is required to operate efficientiy
whilst wearing 8 large anount of heavy clothing and equipment. It is therefore iegitimate to consider the
energy expenditure of aircrew after they have donned this equipment but before and during entry to the
cockpit and strapping into the seat. Three such studies were undertaken st the RAF Institute of Aviation
Medicine In 1974/75. In the first, the oxygen upteke of six subjects was studied during dressino, weikino and
strapping into a cockpit; in each of four different clothing assemblies.”* In the second study, measurements
were made while wearlng the heaviest of these assemblies and walking at two different steady paces.’’ The
third involved & simiisr study of eight subjects wearing not only normal aircrew clothing, hut aiso chemicai
defence clothing. ** The consolidated results of these studies sre presented in Table 1.4. The vaiues for
energy expenditure, again in kcai.m~3,h=*, have been derived from those published which were iimited, in this
respect, just to volumes of oxygen consumed and peak vaiues of energy expended.

. - -
Stedy  Buts Rsf Mo of Clsthiag ik Wt Meuu susrqy sapenditers (kcsl.e z.h 1) duriug :
Subjects (kg) { Rustiug Doswisg Valking Strupping Rucsvary
2.5eph  2.70ph  3.5eph 4, Omph -iu
Vithey 1974 92 6 Control - 9 93 135 121 53
Jet:summer low ait 1.2 113 146 159 160 95
Jet:summer high alt 4.3 L 1% 10 148 92
Jetiwinter low ait 1.7 93 162 195 193 95
Jet:winter high alt 16 5 92 183 3 157 96
Davison 1974 93 8 Control 134 229
Jet:winter high ait é 192 329
Jet: " +AVS 182 304
Davison 1979 94 8 Helicopter AEA e 1%4 214
Helicopter AEA « (D 162 217

. -
Assumes 30 oxygen caloric equivalent of 4.838 kcal.t L and a mean body surface area of 1.9:2

Table 1.4 Sunmary of studles of ground-bssed energy expenditure
of subjects wearing verious sircrew equipment aeserblies

The conclusions drewn from these studies included the obvious one that the heavier and more restrictive the
sircrew clothing, the greater was oxygen upteke, In adcltion, donning clothing and strapping into the seat
were perticularly demanding, but walking st 3 - 4 mph (4.8 - 6.,4knyh=-') was the most severe condition
studied. Weight of clothing per se was not considered to be & major cause of the increased demand (since an
additional welght belt did not slone csuse an incresse), and nor was a rsised hody temperature, Rather, it
was suggested that mechanical factors such as Inflexibility and friction between clothing layers was the most
likely explanation, It iz interesting to note thst chemicai defence clothing was considered to be associsted
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with oniy & "slight end unimportent” incresse In energy axpenditurs. More recent studies, eithough supparting
this view, have slso conciuded that the hest load imposed by working in such equipment s considereble.®®

The overaii Impression from ail of this work, meagre though it is for high performance sircraft, is that pliots
expend iittie more energy durlng routine fiight than they do when sitting et rest. At times of severe stress,
howaver, es for exampie during emergencies, eerobstics snd combst, energy requirements mey rise consldersbiy;
whiie teke-off and isnding raquire leveis somewhere In between, Sherp et ei'* conciuded thet the avaiisbie
informstion, in 1971, wes not heipful In providing physiologicel advice to the designers of thermai conditioning
systems. This situetion stiil obtalns todey. The same suthors feit that e recording system, cepabie of
accommodetion In modern cockpits with minimum Interference with normsi operetions, was essentiei for the
elucidation of such edvice and thet, once eveilsbis, it wouid be necessary to define energy expenditure for aii
phases of flight during eppropriete flight profiles in each type of slrcreft, The present study, in part, was an
sttempt to fuifil this need.

Clesriy, however, the effacta of dressing, waiklng to the saircreft and strepping Into the seat must aiso be
recognised, snd the ebiiity of the cebin end eny personei thermeai conditloning systern to cope with large heat
production during these phases ls therefore of greet reiavance. The ldesi system shouid mainteln e meen skin
tempersture of 33°C under eii conditions.?® Beslides the meteboilc hest production described and Impiled in
the ebove studies, Hughes, In 1968, siso included clothing, elr distribution end, most significently, soier heeting
ss the fsctors infiuenclng cobiing requiraments’’ He spplied aii these factors In e theorsticel epprosch to
define the requirad mess fiows and cebin elr Iniet temperetures for thermal comfort, Current mliitery
speclficetions for conditioning systems require that mean cockpit eir tempersture In filght should not exceed
21°C (although 30 minute periods of incresss to 27°C ere permitted during ground operstlons or some in-fiight
manoeuvres). ' Of eil these factors, metsholc hest production during high performance filght is the Ieest
studiad yet potentleiiy the most importent. In 1977, Nunneley snd James conciuded that "In the future,
physloioglce]l conditlons - (by which they mesnt tharms! conditions) - which are traditionsiiy regerded es
uncomnfortabie, but Innocuous, may sctuelly iimit totel system effectlveness.”*®

1.3 Rewpirstory Requirements for Bresthing Systers

The primery purpose of en sircreft brasthing system is to msintein adequste oxygenstior, of Its user during
escent into e rerefled etmosphere whiie imposing the minimum of Interference with ncemal raspirstory

beheviour end genersi efficiency. This raquirement may be rmore simply steted es esdequeste cumposition snd
fiow et minimum resistence.

As was estabilshed sbove, sn oxygen system shouid idesliy lmpose no resistence to bresthing: in practice,
howaver, this conditlon is Impnssibie to fuifii. Much of the iitersture in this fleid hes, therefore, bae:
concerned with the definitlon of acceptabie iimits of bresthing resistence. Silvermen et ei, in 1945, conciuded
that "e iimlt on sxternsi raspiratory work eppesrs to be the best besis for steting toiersbie Iimits of
rasistence.”t** Such iimits ere clesriy needed to minimise the degree of additlons]l work of bresthing lmposed
by edded externei resistence over long periods, and to forestsii eny ‘’downstraam' embersssment of
cerdlovescuier function. In 1960, Cooper, esithough principeily concerned with ciosed circult systems, prorosed
standerds of resistance (snd methods of essessment) In terms of totei rate of respiretory work done on the
epperetus.'*t He modified the racommendstions of Siivarmen et ol snd reised the suggested scceptabis rete
of edditionsi work from their 0.6% of totei work rete to 0.74%. He further suggested thet spperstus shouid
be testad between fiows of 2DL.min~: end 100L.min~t. Other workers heve proposed other iimits of
ecceptabiiity, expressed in differant terms, For exsmpis, Bentley et oi, from e study of 158 mine rescus
workers during exerclse, conciuded thet 90% of a popuistion wouid experlence no dlscomfort when breesthing
through apperstus with jow rasistence explrstory vaives, if the pressura swing across the epperstus remained
iess then 17 cm water (1.66kPs) under stsedy fiow conditions.!'®*® Four years leter, the same group of
workers had changed their own form of expiession end declared the 90% no-discomfort limit to occur if mesn
Inspiratory work reta did not exceed 1.37 J.L -:}*?

This leck of uniformity end consistency is not helpfui, particuieriy when physioiogists ere raquirad to eadvise
design snginesrs on the essentlel snd desirsble specificstions of proposed bresthing systeme. Thus, with regerd
to specificetions for miiitery systerrs, 8 different end more exact method of defining design requirements has
long besn sdoptad, besed upon physioiogicei knowiedge but transisted into e resdiiy comprehensibie form. The
specificetion to which the Roysi Air Force subscribes (sand to which the sir forces of the United Stetes,
Canada, Austreila and Naw Zesisnd sre siso signstories), and which now forms pert of an Air Stsndsrdizetion
Agrsement, ieys down precise performance cherscleristics to be met by the whois bresthing system,
Acceptable ieveis of rasistance sre defined et givan flows and the istter, based In isrge part on the studles
reviawad in pert 1.2.3b (p9 et seq) above, ere ususliy derived from mean velues pius twice the stendasrd
deviation, since veristions batwssn maximum snd minkrum veives in @ isrge group may be 8s much as 100%.*
in 1965, Ernating ** iistad the ldesl requirements for an oxygen system, on this basis, thus:

- maintenance of normsi siveoisr oxygen temsion up to 33,000 feet (10,059m).
- provision of minute voiumes of up to 50L.min~t .,
- provision of peak flows of up to 250L.min-t,

- totel pressure chenge st the mouth during respirstion of isss then 2.5 cm water (0.24kPs) ot pesk
inapiretory end expirstory flows of 50L.min =,

Royei Alr Force design specificetions, for meny yaers, refiected the technicei impossibiiity of meeting such an
ideei eithough certein minimum requirements, Iinciuding thet of the sbility to cope with minuts volume demends
of 55, were set. No pesk fiow ilmits were defined in the esriy Air Stendards but RAF production tests did
raquire maximum pesk fiows of 110L(NTP)Lmin ~' (snd ister JSOL(INTP).min™') end minute volumes of 45L.'°*

The need to revise these iimits upwerds wes fully apprecieted, snd wes confirmed by the in-filght study of
Macmiiisn at ei in 1976, (p9).
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The extant Alr Stsnderdlzation Agreement (of 1982)'*% calls for whole system limits (In

sefaty prassure) as set out In Table 1.5

Psak Issplrstsry &
fxpi-aisry Flow

Mask Csvity Prasssrs
ca vstsr (kPs)

the absancas of

LATPD). 0is™ Msinoa Maxlsen Sving suing M5
30 - 3.81 (-0.28) + 3.81 (+0,38) 5.08 (0.50)  b.06 (0.4)
90 - 5.59 (~0.55) + 6.60 (+0.65) 8.64 (0.85) 6,01 (0.6)
150 -11.43 (-1.12) +10.16 (+1.00) 17.78 (1.75) 10.16 (1.0}
200 -19.30 (~1.90) +15.24 (+1.50) 30.48 (3.00) 15.24 (1.5)

N8 1. The syster shall ba capable of meeting pesk insplratory and expirstory flows of
up to 200L(ATPO).m1n™" with rates of change of Tlow of st least 20L(ATPO).sec
st thass pask flows.

2. Thy added dead-spacs (s sask cavlty volume) shail bs lass than 200ml,
3. The system shall be capsble of meeting 3 minute volume requirement of up to
60LCATRO) nin .

Table 1.5 Current flow snd pressure requirements
for militery breathing systems

In 1983, Macmlllan, In a review paper!**, discussed the performsnce snd shortcomings of oxygen systems
fitted to current NATO fighter aircreft and concluded thet deficlencles existed in both performance snd
operational effectiveness of all the major components of the systeme studled. For exsmple, the performance of
some oxygen masks, when assessed slone, did not meet the minlmum criterls lald down in Table 1.5 for whole
systems. This is particulerly dissppointing sinca 1. hes been known for almost 20 years that the mask hose and
the mask Inspiratory end expiretory vslves are the main source of sdded resplratory reslstance in mlilitary
braathing systems ,» and clesrly littla hes been eccomplishad by way of improvement since. This particuisr
aspect wlll be discussed further in Part 5, but Macmillan's summary ended with the statemen: that
*Eliminstion of these deficiencies should be the primary aim in the deslan of new systems for future combst
sircraft.”

1A Summery

Tha litersture concarned with the study of physiologlcal varisbles in flight has been reviewed, with particuisr
rafarence to resplratory physiology durlng high performance flight. The overall impression must be one of a
psuclty of informatlon in this field, largely ss & consequence of technologlcal inabilities, difficulties with
Instrumentation and the need for a dedicated test alrcraft. Desplte these drowbacks, in-fllght monitoring snd
recording of, particularly, csrdiovasculsr verlsbles hss been extenslveiy and convinclnoly demonstrsted, even in
high performance vehicles. The situstlon with respirstory varlables is less well-sdvanced and many pertinent
questlons still remaln, Flgure 1.3 sumwnarises the interactlon betwesn the varlous facets of in-flight rasplratory
physlology. It was the intentlon of the present study to Investigate some of these interactions and to try to
answer some of the outstanding questlons.
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Part 2 - THE PRESENT STUDY

21 Aim and Scope

The alm end scope of the present study wes to messure snd record basic respirstory dete during high
performence flight; reiisbly, continuousiy end without compromising elther the operstionel cepebiiity of the
subject pilot or his safety. This wes to be schleved in e modern jet sircraft, the intention being to describe
the respirstory resporses to fiight In es meny subjects es possible using stenderd flight proflles to aliow
comperison. The respirstory verlsbles of frequency snd insplred fiow (snd hence inspired voiume) were to be
messured using 8 system with as little added externel resistance es possible. A facillty to eliow meesurement
of the sdded resistance sctuslly imposed In flight, snd hence monitor the performance of the system, wes to
be avelisble. Measurement of inspired ges tempersture, eircraft cebin asititude (end therefore smbient pressure)
and elapsed time was slso necessary to sllow conventional redurtion end sneiysis of dete to be cerried out.
Messurement snd recording of the ‘'metebolic/respirstory’ varisble of bresth to bresth mesk cavity cerbon
dioxide tension (and specifically of PgrCOQ,), using sn on-bosrd Infre-red carbon dioxide snalyser, wes to
supplement the basic respirstory investigation. This would provide e means whereby cerbon dioxlde production
and, by derivation, oxygen utilizetion (snd hence energy expenditure) couid be related to verious pheses of
flight, Furthermore, continuous messurement of PgTCO, would provide e ciesr indication of the occurrence of
hyperventilation.

As would be expected, the safety of the subject piiot wes to be of parsmount importence. Approvei in this
respect wes required, sought end glven st eech stage of the study from the responsible medicei, executive end
engineering suthoritles.

2.2 Equipment

2.2.] Hewkar Hunter T7 Alrcraft. It will be sppesrent from the discussions in Pert 1 that s dediceted test
sircraft Is virtuslly s sine que non for in-fiight physioiogical resesrch; and particuisriy so for high
performence flying. The RAF institute of Avistion Medicine is currently unigue in the western world in thst
it does possess s high performence sircraft. Indeed the aircraft used in this study, s Hawker Hunter T
(Trainer) Mark 7, is the latest of 24 diffsrent types to be empioyed by the isborstory over the past 42
yaors. '** The Huntsr T7 (Aircraft No XLS56): Flgure 2.]1) has been used by the Institute since 1963 but was
in fect the first production version of this merk to be bulit, snd mede its meiden flight on October 11 1957.

e

Figuws 2.1 The RAF Institute of Avistion Wedicine’s
Hawker Hunter T Mark 7 Jet Alrcreft

The posssssion by the Instituta of this dedicated research sircraft ensbles It to be modified and instrumented
on 8 permenent basis in the cause of in-flight experimentation, Thus, the recording of in-fiight varlebies is s
routine if not simpla procedure; #s Is the installation of sxperimentsi bresthing systerms such se thet used in
this study. Furthermore, the employment of s Maedical Officer Pllot as ceptain of the aircraft sllows close
scientific and madicsl supervision of sirborne resesrch projects.

The Hunter is & two-sest (side by side) sdvanced jet treiner powered by a single Rolls Royce Avon 122
engine capsble of developing 8,000 pounds thrust. Although it is now over 30 years old, it is designated s
high performence sircraft by virtue of Its abiiity to fiy st low lavai st speeds grester than 420 knot (778.25
kmh ') and 1o msteln turms of up to «6Gr. The Hunter has s low diffarentisl cebin pressurization system
which maintains cebin sltitude below sircreft altitude in s relationship of spproximataly § sircraft sltitude «
2,000 feet (610m). So, for exemple, when the asircraft sititude is 30,000 feet 9,)44m), the cabin sltitude is
16,500 feet (5,031m). The preesurizetion profile mey be surmerieed thus:

Alrcraft Altitude Cabin ARltltude
feet (m) foot (m)
16,000 (3,040) 8,000 (2,438)
20,000 (6,096) 13,000 (3,962)
30,000 (9,1M4) 16,500 (5,03))

40,000 (12,192) 22,500 (6,058)
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2.2.2 Aircraft Recording System. Caiibrstlons end In-flight variables were recorded on e 7-chennei HER 400M
megnetic tape recorder (ﬁacordlng Designs taborstories (EM1)) instailed In the megezine bay of the asircreft.
This device Is designed to record dete accurately under severe environmentei condltions, inciuding iow
baromettrlc pressure, io'* temperature, vibration and sustained ecceieratlons. The system, which conforms to
Inter-Range Instrumentatlon Group (IRIG) stendsrds, is cepebie of 65 minutes continuous FM recording of
physiologicai snd aircraft deta on six channels, eech with e nominai bendwidth of DC to 625 tiz et 1.875
insec =7 tape speed, The saventh channei is used for e tape position index.®® When repiayed on the ground,
the data are in e sultsble form for elther reproduction on a trace recorder or snaiogue reduction. Ampiifiers
for beth record and reproduce fecilities are In the form of piug-in cards which are pre-seiected for the
traneducers to be used, There are two record ampiifiers for each chennel. The first ia a pre-smplifier cerd
specificaliy designed to condltlon esch trensducer output signai to +/-1.4V full scale, whiie the second is an
FM record asmpiifier card (Pemco) whlch converts the pre-smplifier output signal into frequency moduiated form
capsbie of drlving the record hesds. The record amplifier Is a voitane controlied osciilator which is deviated
+/-40% by the input signal (17 +/-1.4V). At 1.875 insec =3, tt>» output centre frequency is 3.375 kHz and the
+A0% and -40% devlation frequencies are 4,725 kHz and 2.025 kiHz respectlveiy. One FM reproduce amplifier
card produces en output voltage (+/-1.4V) proportional to the incoming frequency from any one of the six deta
chunneis via head rruitipiexer end channei seiector cards, and another decodes the index signai, Power for the
system Is derived from a traneformer driven by the aircraft's 115V 400 Hz supply. A pilot controi penei and
recorder controi box sre mounted in the cockpit. These ailow the pilot to monitor and check recorder
function: s downstresm monitor faciiity enabies the pilot to select any one of the six date chenneis for
display. An osciliator/demoduiator unit in the cockpit is iinked into the system when AC tranducers are being
used. Flnaily, » ground monitor unit cen be connected to aid caiibration. It incorporates channei seiection end
display faciiities, and cen Initlate aii recorder functions.

The foliowing were recorded in the present study :
a. Channei 1 - Tape Index (IRIG).

b. Channei 2 - Inepired Gas Temperature (recording range:r 10 - 35°C), vie @ thermistor bead
(performance renge: 0 - 100°C, but reduced eiectricaiiy to the required recording range) just downstresm
of the Fleisch fiowmeter.

c. Chennei 3 - Csbin Aititude (ss pressure), (recording renge: Ground Levei - 28,000 feet (8,534m)), vie
a Beli and Howell sbeolute pressure DC trensducer (performence range: 0 - 15 ib.in-* (0 - 103.4kPs)).

d. Channei 4 - Aircraft Acceieration, (recording range: -1 to +7 Gz), via s Ststham type (A6-A-350)
+/-6Gz transducer.

e. Channei 5 - Carbon Dioxide Tension, (recording renge: 0 - 60 mHg (0 - 7.99%Ps)) or Mask Cavity
Preasyre, via sn SE Lebs tremducer (recording snd performance range: +/-10 in water {+/-2.49kPs)) or
Ceiesco traraducar (recording snd performance range: +/-10 cm watsr (+/-0.98kPa)).

f. Channei § - Inepiratory Flow, (recording r 1 0 - 300L.min~!), via a No 3 Fleisch fiowmneter end
Vaiidyne varlsble reluctence pressure traneducer (performence renge: +/-5 cm water (+/-0.49%Ps)).

2.2.3 tow Resistanca Bresthing System,

2.2.3a Oxx% Sg%lf System, Modern militery alrersft sre routinely equipped with pressure-demend oxygen
systema in ch tl oxygen regulstor dellvers the correct alr-oxygen mixture to tha user, on demend, to
maeintain slveoisr oxygen tension st sbout 103 mwmHg (13.73Po) at ail aititudes up to sbout 30,000 feet
(9,J44m). Above thet sltltude, 100% oxygen is delivered. Furthermore, & 2 - & mmHg (0.27 - 0.53kPs)
ovarpressura (safaty pressurs) is sutomaeticaiiy deilvered to the system when sbove 12,000 - 15,000 feet (3,658
< 4,572m) to eneute thet any lasks a*s outbound and thet the respired ges s not inadvertentiy diiuted with
cwbin  air. Shouid cebin sltitude axceed sbout 38,000 feet (11,582m), 100% oxygen is sutomsticaily snd
continuously deiiversd to the respiratory trect under posltive pressure (pressure bresthing), the levei of
prassure being relsted to altitude, in urder to meintain adequsts alveclsr oxygenation, The requirements for
both safsty pressure and pressure breathing meka the design and engineering of such systems conpliceted, snd
rawit Ipsa facto in the impositlon of added axtarnel resistance. A continuous fiow system, on the other hand,
whiia not easily sbia to provide these fsastures, cen be engineered more simply and sources of sdded
resistance cen be minimised. The isck of control over, or knowledge of, the composition of the breathing gas
is, howaver, a mejor dissdventege of such s system which must comssquentiy provide sufficient flow to ensure
an sdequata supoly of oxygen under aii circumatances. The piscement of s suitebly-sized reservoir upstresm of
the user not only heips to prevent wastage from the continuous fiow of ges but aise acts as a source of
sdditionsi oxygen at times of high demand.

For Lhese axperiments the stenderd Hunter aircraft oxygen system was nct uesd by the subject pliot. The Low
Resistance Bresthing System (LRBS) suppiled the port ssat in plsce of the normei system,

The LRBS, shown schemsticelly st Figure 2.2, consisted of a continuous flow of oxygen at LINTPLmin*t
from the medium pressure (70Min -* (482.6kPs)) alrcraft supply to a 1A Omi cepacity reservoir mounted on a
reroveble ‘shos' positioned behind the port ajection ssst. The choice of this flow and reservelr size weaa such
88 to ensure that hypoxia would not be s concern wheh sny anticipeted dermend wes placed on the LRBS
during normel aircreft operations; it was not, however, besed on any axisting or pianned breathing system.
Flow to the subject pliot from the reservolr wes messured by a Flelech flowmeter mounted st the reservois
outiet. Deiivery wss then via a & feet ().23m) length of 7/8 in (22.22 mm) internai diameter anti-kink hose
routes on, and attached to, the left-hand side of the sest and incorporsting a puli-off lsnyard, Connections at
both the reservoir and the mesk-hose ends of the hoes were by meams of 7/8 in (22.22 mm) wrooth-bare
quick-relesss connectors with puii-off losds of 20 - 25 pounds-force (8896 - 111.2 N),
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Figure 2.2  Schematic srrangement of the LRBS

A high fiow of oxygen, st A0L(NTPLmin™ (to ensure that there wouid be no risk of hypoxia even st cabin
sititudes of 30,000 - 35,000 feet (9,144 - 10,668m)) was avallabie via the LRBS in the event of en oxygen
sysitem emergency. This flow wes initisted by rotsting s bsromelric by-psss velve mounted oft of the port
conscle end its operstion was signalled in the cockpit by a red indicetor light mounted below the 70lh,in-*
magnetic indicator on the imstrument panel, In addition, the flow was sutomaticslly initisted if cabin altitude
exceeded 25,000 feet (.,620m). A further independent oxygen supply, from the stenderd Emergency Oxyqgen (EQ)
sel, \as avaiiabie to the pilot vie a specisi smooth-bore mask-Fose connector.

it must be emphasised that the continuous-fiow |.FRBS did not provide safety pressure or pressure breething
faciiities and that, for safely ressons, 8 good ™mesk fil. was esseniiel; this was elso true for the success of
the study. The eircraft was limitad to s maximun sircreft asititude of 35,000 feet (10,668m) when the LRBS
wer in use.

2.2.3b Oxygen Mask Assembiy. A conventionsl RAF Type P1/Q] oxygen mask is routinely used during Hunter
flying. Amsl/Ql mesk consists of a flexible fecepiece mupported by e rigid exoskeleton, The facepiece
incorporates & non-return inapiretory valve end a wplit compenssted non-return expirstory velve. An anti-
suffocetion device Is aiso fitted in the form of e specisl connector et the end of the meask hose, These
veives, snd the special connector, impose conuiderable resistence tu hoth expiretion end inspiration.

For the LR8BS, a modified, low resistaice, Type P/Q (medicel, ie non-dermstitic) series mask wes provided for
the subject pilots. The valve arrangement in this modified mask is shown disgramaticeily et Fiqure 2,38 and is
compared with the standard srrangement at Fligure 2.3b.

The experimentai maesk assombiy consisted of a wide-bore corrugsted rubber mask hose connected to the
conventional expiratory port of the facepiece but providing the inspirstory pathwav. A non-return inspiretory
veive wes locsted in this port end the mask compensstion pipe was blanked off. Expirstion, te the cabin
stmowphere, was via the conventionsl inepiretory port and a seccrd port bored In the left cheek ot the mask.
Modified non-return step vaives weres neunted in both sites. A s tapping was mounted in the right-hand
side of the mesh and provided the swrpling port for either P( ressurement or mask Cavity pressure
messurement. From this tapping, & flexibie sampling tube of 1/8 in (* 7 mm) internal diameter was routed, to
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either the CO, snelyser or the mask cavity pressure transducer, via a seat pull-offl conrector and secured at
6 in (15.24 cm) intervals slongside the oxygan suppiy hose. The connector for this sample tuba had a pull-off
load of approximately S pounds-force (22.24 N). The smooth-bore, mask hose, quick-ralasse connactor
Incorporated a conventlonal attachment for the amergency oxygen supply.

I = Inspiratory vaive
€ = Expiratory valve

Mask topping ’ \
{lor pressure \ Vi

or sompte to

A
€0y analyser) E |~
E ! 5 1 &

Tﬁr
o)
~ .
Compensotion Compensation tube
tube blanked oft }

a) b)

Flgure 2.3 Valve arrsngement of oxygen mesks
a. Low reslatance mask b. Standard P1/Q1 mesk

2.2.4 Carbon Dioxide Analyser. Bresth to breath PCO, was measured by an on-board infra-red qas anaiyser
(Leybold-Heraeus” GmBH). This industrial machine was modified and tested for aircraft use prior to this study.
Leboratory sssessment, both at ground level and st simulated sltitudes in a decompression chamber, had showr

its performance to equal that of a mass spectrometer''® and these studies will be described further in Part

3. The machine was aiso shown to be stable under high levels of positive Gz acceleration and during
vibration.

The ansiyser, shown diagramstically at Figure 2.4, works on the non-dispersive principle, the infra-red
radistion being produced from a single source before being divided into two besms of equal intensity, A
choppar, driven by eddy currents at a frequency of 250 Hz, ailows the beesms to pass salternately through a
cell with reference and sample sides and then into a radiation receiver consisting of linked sbsorption and
compensation chambers. Tha recelver is sensitised to the component of interest, in this case by fiiling it with
carbon dioxide, and the absorption chamber is exposed to the heams of infra-red radiatinn. When the infra-red
intensity of the sample beam sbsorbed by the receiver changes in response to an aiteration in the
concentration of cerbon dioxide, 8 temperature, snd thus a pressure, fluctustion occurs resulting in a finw of
gas petween the sbsnrption and compensatinn chambers. A micro-flow sensing device - which consists of a
constant tempersture micro-anemometer of micron dimensions*'! (hence its insensitivity to acceierations) -
converts this compensation flow to an electrical signai, which is then amplified and demodulsted to qlve s DC

output signsl proportional to concentration. If carbon dioxide is not present, the effect of the two besme in
the receiver is identical and no compensation flow occurs.

Infrared source —f— ) Reflector

L

F_—— Metering cell

"1l ————Cell, sample side

Cell,reference

side
Gas filter cell s..‘
Chopper
Absorptian
chamber ~<
(-
Compensation
shamber Receiver Eddy-current
drive
Flow detlector gy
ndicator
Slgncll instrument
processing

Figure 2.4  Principle of operation of the carbon dioxide analyser
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For use In flight, the analyser was re-housed as two unlts. The sensor itself and its sample pump were
mounted In a small box secured to the cockplt rear bulkhead behind the port ejectlon seat. A control box
was installed In place of the starboard gunsight on the right of the pilot's instrument panel. The box had a
system On/Off switch positioned halfway down its right-hend side; power On being selected when the swlitch
wes up and conflrmed by & red light-emittlng dlode above the switch. The unit required no more than 45 sec
to become stable after switching on and & green ready light, below the swlitch, illuminated after thls period.
The system was then sempling, the pump belng functional as soon ss nower was applled to the airborne tape
recorder.

2.2.5 In-flight Carbon Dioxlde Casllbratlon Unlt. In-flight calibration of the carbon dioxide analyser was
accomplished by sampling cebin air and two calibratlon gqeses, in sequence, vie a unit mounted with the LRBS
on Its 'shoe’. The In-flight calibration system Is shown schematically et Figure 2.5. The callbration gases were
contained In two 70L(NTP) gas cylinders from which samples were drawn into the analyser vis a small plenum
chember vented to amblent to reduce the ges pressure. The cabin air semple was also drawn in via the
plenum. Flows were governed by three 30 Ib.in =2 (206.8kPe) plnch solenoids (Brunswick/Technetics) mounted
close to the plenum. Fligure 2.6 is an exploded view of the calibration unit mounted on the LRBS 'shoe'.
Controls for the alrborne cellbretlon of the CO, analyser were mounted on the CGC, control hox. A Cal Gas
Operate locking toggle switch wes located on the lower right-hend side of the box. On was selected when the
switch wes up end confirmed by a blue warning light beslde the switch. Movement of this switch to the On
positlon closed the mask sempling line and end opened the CO,; analyser to the calibration gas plenum
chsmber. A 3-way Csl Ges Select switch was mounted on the top right-hand side of the control box and
snnoteted A, B and C. Operatlon of thls switch In sequence (p25) ailowed sempling, firet of cabin air and
then of the two prepered celibration gases.

Sample line
\nm mask
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with prsssurs teducing
control heads

Figuwe 2.5 Sch ic srrange: of in-flight carbon dioxide
calibrstion unit
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Flgure 2.6 Exploded view of the In-flight carbon dioxide
calibration unit mounted on the LRBS ‘shoe’

2.2.6 External Requirements. In addition to the aircraft and sircraft-mounted equipment described sbove,
certain other iterrs were required for eech experiment in this study. Thus, ground power, hoth pre-flight snd
post-flight, was required for caiibration. Indeed, power to the recording system had to be maintained
continuously throughout each mission from pre- to post-fiight calibration. The trensition from externsl to
intetnal {(aitcraft-generated) power, and vice vetsa, required the full co-operation of qiound staff and pilots to
ensute that no interruption in the electrical supply to the recording system occurred. A ground calibration
facility was required, with which to carry out and document pressute, flow, volume and tempersture
calibrations. During tha first phese, the materials needed - calibration gas cylinders, rotameters, manometers,
sitimeters etc, indusirial vacuum cleaner, hand pumps, oscllloscope and rround monitor unit - were housed in a
purposa-built trolley, During the second phase, a military vehicle was used and weas considered particularly
suitabla. Details of the calibration procedures are discussed below (p25 et sea). Ground level eanc¢ airborne
calibration gesos for the CO, analyser weare prepered as required snd definitive anslysis of these gases was
carried out using the stancard Lloyd-Haldane technique.''?

Finaily, o general arrangement and recording schematic is shown at Figure 2.7, while Figure 2.8 shows a
general \iew of the aircrait experimental installation.
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2.3 Subjects

Eighteen healthy male subjects, with a mean sge of 36.3y (range 26 - 55), each flew up to four experimental
flights. All eighteen were experienced RAF General Duties pilots: twelve were Hunster squadron pilots based at
RAF Brawdy in South Wales, and six were test pilots employed at the Royal Aircraft Estsblishment,
Farnborough. All were thoroughly familiar with the Hunter aircraft.

Table 2.1 lists the personal detsils of the subjects together with derived values for body surface srea,
standard basal metabolic rate and respiratory dead-space. The last was derived by several methods, as shown
in the footnotes to the table. The value derived by the method of Cotes''® (age in vears + weight in

pounds) was used in Part 4 of this study, and the others are included in the table for comparison and
interest.

- - 08
Subjsct Ags Wt vt Surface Stasdard Dead-Space (V's)
Arsa BMR (al)
2. -2 .1
(y) (cm) (kg) (1b) (a") (kead.s™".07) a b c d
Py 31183 86 190 2.08 39.5 19 221 173 184
SW 27 187 80 175 2.05 39.5 176 205 183 173
a8 3% 175 W0 154 1.85 39.5 5% 193 155 156
DM 33181 82 181 2.03 39.5 181 214 167 177
S 31 176 68 150 1.83 39.5 150 181 157 152
¥s 28 7% 65 143 1.78 39.5 "3 M 153 W
MA % 1M 12 1% 1.89 39.5 159 185 159 159
DH 3% 173 80 176 1.94 39.5 76 212 151 73
J¥ b0 180 68 150 1.86 38.5 150 190 166 152
L8 55 173 73 8 1.86 37.5 %1 216 151 160
R8 27 7% 75 165 1.89 39.5 165 192 153 6%
oF 28 181 80 176 2.00 39.5 176 204 167 173
M8 3% 180 72 159 1.91 39.5 159 195 166 159
1M 52175 91 201 2.07 37.5 201 255 155 193
[+ 45 160 7h 163 1.93 37.5 163 208 166 163
RR 38185 94 707 2.18 37.5 207 245 178 198
A 39 M4 B 1 1.77 37.5 %1 180 153 45
A 43 183 88 gk 2. 38.5 194237 173 187
Meas
(n=18) %318 77 1.95 38.8
Ref 89 [1942]
(n= 8) 25.817% 68 179
Ref 83 [1970]
(h=22) 3 119 09 1.97
Notes *° Surface Area  WE*3' x HE®72% 71,84 Ref 114

**  Standard BMR, derived from surface area by method of
Oudcis and Aub. thus, for males,

ege 20 - 40, BMR - 39.5 kcadon Cn”]

e &0 - 50, BMR = 38.5 =

vqe 50 - 60, BMR = 37.5 & Ref 115
eee  Dead-Space:
: - “Ds = Wt 1n pounds Ref M6
| 'vl“s = Wt in pounds + Age in years Ref 113
R PR X LR He{en®ert 107" Ref 117
4 -y 1,765 « Wtlkg) « 52.16 Ret 117

Table 2.1 Personal de‘alls of subjects, including derlved varlables

2.4 Methods and Operations! Detalls

2.4.]1 Laboratory Assessments. Laboratory assessments were carried out on the L RBS with the intention of not

only messuring its eltectiveriess and resistance but also its ability to satisfy the requirements for safe in-
flight use.

The behaviour of the LRBS delivery system and mask assembly was studied under steady-state and dynamic
flow conditions. The results of these tests are given in Part 3 (p28 et seq), together with a vomparisnn of
the LRBS performance and that of current in-service breathing systems.

Satisfsctory equipment integration checks completed the pre-flight clearsnce studies, As with any new or
altered items of equipment, it was necessary to ensure that no conflict with existing cockpit faciities wnuld
veecur, such ss snagging by hoses, and that the assembly would be comfortable to use. These aspects were
conflrmed by assessing a subject pilot in a Hunter mock-up cockpit. It was elso necessary tn confirn. that
escape from the aircraft during a qground emergency would be unhindered by the experimental equipment and
this too was confirmed by underteking emergency egress drills in the cockpit. A subject was then suspended In
an ejection sest, to which the appropriste components of the LRBS had been fitted, in order to establisty




By

23

that man-seat separstion, during an ajection sequance, would be clean and unrestricted by tha new equlpment:
hence the need for defined pull-off loads at the hose and sample line connectlons.

Finelly, a Trlal Installstion, during which the antire experimentei system was formally assessed for
compatibllity and eefety in the aircraft cockpit, preceded the flight programme.

2.4.2 Operstional Detalls.

2.4.28 General. In accordence with standerd RAF [AM practice, a formel flight trlel protocol was written for
spproval by the medical, engineerlng and executive (flying) suthoritles responsible for flight research. This
protocol described the alm of the trisl, the eguipment to be used and the flight profiles to be edopted. An
important safety aspect of the protocol wes the Inclusion of & seperate Pilot Brlefing Sheet which brlefly
duplicated the sslient features of the protocol Itself but also gave specific detalls of the procadures to be
adopted In the event of an in-flight emergency.

The flight trial was conducted in two phasss. The praliminery phsse was conducted et the Royal Aircraft
Establishment, Farnborough, and Involved test pilots as esubjects, (RAE phase). Measurement of mask cavity
pressure was cerried out durlng these flights. This phase was then followed by a longer, mare extensiva triei
at RAF Brawdy, using squadron pllots from & Tactlcal Weapons Unit, (TWU phase). Carbon dioxide analysis
was substituted for mask cavity pressure measurement for this phese. Results from each experimental sortie
(flight) provided the basis of any changes needed in the flight plan of the subsaquent sortis.

The LRBS was @& relatlvely simple system and raised no new problems as far as recording in flight was
concerned. On the other hend, the carbon dioxide analyser embodied new concepts and was technically very
sophisticated, In addition, the reguirement for In-flight calibration 1vas especislly chsllenging. Therefore,
throughout the second phase of the study, it was Intended that, shouid probiems arise with the cerbon dloxide
analyser, the flights would continue using the LRBS slone and re-substltuting mask cavity pressure
measurerment for carbon dioxide snalysis.

2.4.2b _Ground Cslibration. Callbration was carried out pre-flight and post-flight, with continuous electrical
power, as follows:

I. Chennel 2. The physical relstlonship between resistance and temperature was exploited to calibrate
the tempersture channel. A decade resistance box was used calibrete the thermistor bead, over tha
renge 10 - 35°C In 5°C increments.

il. Channel 3. The cabln altitude transducer was calibrated against an aircraft asltimeter (which was
itself regularly checked for linesrity agsinst a mercury berometer), using & hand vecuum pump, at
ground level, 14,000 feet (4,267m), 21,000 feet (6,401m), 28,000 feet (8,534m), 7,000 feet (2,134m) and
cround level, In that order. The sirfleld berometric pressure was noted for each flight.

lil. Channel 4. The alrcraft sccelerometer was callbrated st 0, -1 and +1 Gz by relessing lts retsining
clemp and rotating through 180° in 90° increments. The iinearity of this trensducer over its whoie range
was confirmed regulerly by using a centrifuge.

Iv. Channel 5. For carbon dloxide messurement, calibration gases were supplled as follows:

A - nominsi 2.5% CO, in alr
B - nominal 5.0% CO, In air
C - nominai 7.5% CO, In slr
D - nominal 10.0% CO, In alr

The enalysar was cslibrated with these gases, vis @ reducing vaive and the sa.pling line, in the order:
slr, B, C, D, A end air,

When mask ceavity pressura wes to be recorded, the transducer was cslibrated, using u water manometer
or 8 micromanometer (Air Resources Ltd, MPZ0A) snd sylphon beliows, Initisily at 0, +1, +2, +3, +& snd
+5, followad by 0, -1, -2, -3, -4 snd -5 In water, but later at the same vaslues in cm water.

v. Channel 6. The inspirstory flow channel was cslibrated with the LRBS suppiy on, using a rotameter
connected to @ vacuum source which drew gas through the Fleisch flowmeter, at 0, 120, 180, 240, 300,
60 and OL.mir~', In that order. This was fullowed by drawing four x 5L volumes through the system
uslng 8 5L hand pump, to calibrate subsequent eiectricsi integrav. of the flow signai.

2.4.2c__Airborne Callbration. Airborne callbratlon of the carbon dioxide analysar wes carrisd out by the
Coaptain of the sircraft, who occupied the right-hend seat. Callbration was speclfically required at those times
designated by the flight profiles, slthough this generally occurred whenever the need to stabilize at 8 new
flight level was called for. The switching sequence, which took 60 - 90 seconds with at least 10 seconds in
each position to ensura s stsble messurement, was as foilowsi

Cal Ges Operate switch On

Cal Gas Select to A (sapled cabin sir)

Cal Gas Selact to B (ssmpled mid-range CO,)
Csl Gas Select to C (sampled top range CO,)
Cal Gas Salect to B

Cal Gas Select to A

Cal Gas Operate switch to Off
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2.4,2d_ Flight Proflles. Four different flight profiles were chosen end followed s accurstely as possible in
order to sellow comperison between subjects, Three of these profiles (two general hendling and one combat)
were hlghly structured end preciss, while the fourth was a less structured but high workloed profile. Ali the
manoceuvres required were representstive of typical elementery end advenced fighter training tasks,

All Sorties. For all flights, the magnetic tape recorder wes switched on using external power snd changing
tape Index numbers were confirmed. Pre-flight cslibretion was then carried ou!., The subject pilot confirmed
thet both the normal; and emergency oxygen suppiles to the LRBS were functioning correctly prior to
strapping-in. Once strepped-In, he then established thet the sest-aircraft connections were mede. The cerbon
dloxioe control unit was turned on, and the aircraft internsl power supply wes switchad on, at the beginning
of the pre-start checks. After lending, celibration wes carried out using externsl power.

Generel Hendling Sortle Type 1 (GH1)., After teke-off and trensit to the opersting area, straight end level
flight wes esteblished at FLJO (7,000ft; 2,134m) for 1 - 2 minutes while the carbon dioxide snalyser waes
celibrated. A +2Gz level turn st 350 knot (§48.55kmh~'} for a minimum of one minute wes foilowed by
accelerstion to 400 knot (741.2kmuh~?) end a +3Gz level turn, agein for one minute. A +4Gz level turn at
420 knot (778.25kmh ~!) wes then cerried out before re-establishing straight end level fiight st FL70 (7,000ft;
2,134m) and re-celibreting the snalyser. A loop wes then initisted followed by one fest end one slow roll. The
entire sequence was repeated, wlith tha exception of the loop end if time end fuel permitted, at FL150
(15,000ft; 4,572m) end FL200 (20,000ft; €,096m), with enalyser caiibretions st esch level. The sortie flnished
with & perlod of straight and level flight, at eny level, before descent procedures were sterted. The format
of this type of sortis is shown diagrematically In Figure 2.e.

General Hendling Sortle Type 2 (GH2). After take-off snd trensit to the low flying sree and calibretion of
the cerbon dloxide analyser, ten minutes of genersl handiing st low level was cerried out before a climb to
medium level (FL1S0 (15,000ft; 4,572m)) end re-calibretion of the enalyser. Acedemic steep turns, maximum
rate level turns end maximum rate wind-up turns were then cerried out, followed by five minutes aerobstic
manoeuvring. The enalyser wes re-cslibrated before the recovery, which included e simuisted emergency, 8
prectice forced lending and circuits to intensify the piiot’s workioad.

Simuleted Combst Msenoeuvres Sortie (SCM). After teke-off snd transit to the operating area, the carbon
dioxide enalyser wes calibreted ot FL2350 (35,000ft; 10,668m) before & +6Gz wind-up turn descending to FL200
(20,000ft; €,096m) wes initisted. Following stebilizetlon snd re-calibration st this level, a further meximum rete
spirel descent st high +Gz to FL70 (7,000ft; 2,134m) was carried out. After re-celibretion, the sortie
concludad with @ series of two loops, two +6Gz turns, two high +Gz barrel mlls end 8 +6Gz descending turn
to 2,000 faet AGL (610m) before @ flnal celibretion and recovery to bese In stresight and levei flight, The
format of this type of sortle is shown diagramaticelly In Figure 2.5b.

1l vs 1 Air Combst Manoeuvres Sortie (ACM). A standesrd Tactical Wespons Unit (TWU) Air Combat Manoeuvre
1 vs 1 sortie was flown on an savellsbiiity besls, whan the resssrch aircraft wes one of the pair.
Alternstively, the 1AM Hunter acted ss the attacking aircraft for a8 TWU bounced Simulated Attack Profiie
(SAP) or low level ACM sortle. The carbon dloxide snslyser was calibrated on seversl eppropriste occasions
during such sort:es.
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Figure 2.9

2.8.2¢ In-Flight Procadures. With the exception of the modified mask assembly, the subject piiots wore normai
Hunter Aircrew tquipment Assemblies (AEA), including anti-q trousers, Each subject pilot was issued with a
Pllot Brleflng Sheet, as described above, which included the in-flight emergency procedures, A copy of this
Brlafing Sheet is shown at Appendix A, (pAl).

| -
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The second pilot, the aircraft Captain, also acted as safety pilot and observer. He was responsible for the
completlon of the flight profile log, by noting the tape index numbers at the following events:

a. Start of take-off roll.

b. Entry to straight and level flight,

c. Entry to +2, 43, +4 and +6Gz turns,

d. Entry to loops, rolls and spirals.

e. Changa of flight level and start of next procedura.
f. Carbon dioxide calibration during flight.

g. Any period of deviation from the profile sequence.

An example of a typical log is shown at Appendix B, (pA3).

2.4,.3 Measurement of Control Values. Control values for respiratory frequency, inspiratory minute volume,
inspiratory peak flow and end-tidal carbon dioxlde tensions were obtained after the flight trials. The LRBS
and carbon dioxide analyser were removed from the alrcraft and the system was re-mounted on a purpose-tuilt
trolley. After callbration of the equipment, the subjects were assessed sitting at rest for five minutes wearino
normal clothes (with the exception of the experlmental mask and a llghtweight supporting helmet). The
required varlables were recorded on 8 pen recorder (Watanabe 8-channel Linesrcorder Mk VII) for

later
analysis, The control values are reported in the appropriate sections of Part 4.
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Part 3 - EVALUATION OF EQUIPMENT AND METHODS OF ANALYSIS

3.1 Laboratory A ]

3.1.1 Low Resistance Breathing Systen. The philosophy underlying the design of the breuthing system used in
this study was to approach normal un-impeded respiratory behaviour es closely as porsible, by lowering the
degree of added external resistence, whiist retaining the safety aspects required of mi.itary equipment. It was
never the intention to suggest that the low resistance system be adopted for routine service use; indeed, as
described in Part 2 (pl9), the LRBS was not capable of meeting some of the necessary requirements of an
operational military oxygen system. Design of the system therefore principally involved reduction in the sources
of resistance wherever poesible. Thus, & means of continuous flow delivery, via wide-bore smooth-walled tubing
and connectors, was devised; but most reduction was achieved in the design uf the oro-nasal mask. Many
slternative valve configurations were assessed, under both steady-state end dynamic flow conditions, before the
final version was determined with valves located and orientated as described and illustrated in Pert 2 (pl9
snd Flgure 2.4a (p20)).

Steady-state mask cavity pressure chenges, both inspiratory end expiratory, were messured by imposing gas
flows in tha appropriste direction, via a rotameter, through a backing plate on which the mask was mounted.
Pressures were measured using an alcohol manometer, the results here being converted to cm water for ease
of comparabllity. Under such steady-astate conditions, at flows of 250L{NTP).min -, the mask cavity pressure
levels were 42.67 to <-5.46 cm water (+0.26 to -0.53 kPa). Figure 3.1 illustrates the results of the steady-
state assessment of the experimental mask and compares its performance with that of RAF P/Q type masks
end American MBU 5/P and Al3A masks sssessed in a similar manner in 1965.°7 RAF production test limits
are also included, es are some results from a further (1971) study of RAF P/Q type masks,}!*®
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Figure 3.1 Comparison between the resistance characteristics of the
LRBS mask and those of stendard RAF and USAF oxygen meesks,
under stoady-stste flow conditions

Figure 3.2 illustrates the results of & steady-state assessment of the LRBS on s component basis, and
compares the system with the standerds for performance defined by the 1982 Air Standardization
Agreement '** (Table 1.5, pls). For the entire system, the mask cevity pressure levels, at steady flows of
250L(NTP).min =%, were +2.67 to -8.51 cm waster (¢0.26 to -0.83kPa) with most resistsnce resicing in the mesk
insplratory valve; the rest of the system contributed little additional loed.

Furthermore, mask cavity pressure swings only slightly grester then steady state fiqures were recorded when
the LRBS was subjected to dynamic breathing levels, using s Beaver bresthing simulator, representative of
sedentery, light and medium exercise (pulmonery ventilatinna of ~ 8.0, 20.0 end 29.0 L.min=* respectively, as
defined by Silverman'®®), Figure 3.3 illustrates the results of thit cynamic sssessment of the LRBS, and
compares them with the performance of typical current RAF and USAF cxvaen systems assessed similerly.}'®
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Clearly, under both steady-state and dynamic flow conditions, the LRBS was 8 considerable improvement, in
terms of reslstance characieristics, on both the 1982 design standerd'®® and current RAF and USAF oxygen
systems. It was concluded that the LRBS would indeed allow & physiolegically more reslistic approach te the
study of respiratory bsehaviour in flight. It would alsoc sllow a comperison to be made with the studies by
Silverman et 8l **+*®° of the effects of added external resistance on peak flows.

Human subjects were also studied, when exercising on a cycle ergometer end durlng speech, at ground level
and 8t various simulated altltudes {up to 25,000 feet (7,620m)) in a hypoberic chamber. Mask cavity pressure
was recorded as were mesk cavity oxygen end cerbon dioxide tensions. The experiments conflrmed that the
system was of low resistance but, more importantly, also showed that the partisl pressure of oxygen delivered
to the subject would remain setisfactory under such conditions., The results of this assessment are summarised
at Table 3.1. At nc time, even when exercising st 100 watt and spesking, did PrO, fall below 140 mmHg
(18.66kPa). Repid decompressions from 14,000 to 30,000 feet (4,267 to 9,144m), during which the emergency
flow of 4OL(NTP).min=~* was initisted, demonstrated that there would be no risk of hypoxia should
decompression occur in flights P10 did not fall below 85 mmHg (11.3kPa)

Ground Level 18000 feet 25000 feet
Activity P10, %0, P10, % O, P10, % O,
(mmiig) (mroHg) (mmHg)
Rest 190 25 247 65 211 75
Rest + Speech 182 24 247 65 197 70
LRBS on from
this point
S0 wW 304 40 209 55 161 57
50 W + Speech 190 50 155 55
100 W 274 36 171 45 141 50
100 W + Speech 281 37 152 40 141 50

Taeble 3.1 Oxygen dellvery characteristics of the LRBS to human subjects
while at simulated altitudes and st several levels of actlvity

A cold performance test, in which the LRBS mask assembly was exposed to -40°C in e 15 knot (27.8km.h )
wind for 15 minutes, confirmed thet the mask valves would continue to function edequately should these
extreme conditions be met after an ejection or loss of canopy.

Finally, the measurement of inspiratory flow throughout the study was sccompllshed by means of a Number 3
Fleisch pneumotachograph and a Validyne pressure transducer. The flowmeter, with transducer, was found to be
linear over the range 0 - 300L(NTP).min = (correlstlon coefficient = 0,9972).

A Flelsch paeumotachograph consists of 8 rigid tube containing & low resistance element mede up of many
parallel small-bore tubes which alsc serve to maintain leminar flow. Provided laminar flow exists, Poiseuville's
law states that volume flow of ges thrnugh the tube is directly proportional to the pressure drop along it,
and independent of absolute presture, The law may be expressed as in equation [1].

AH 5 Jan [m

Where: AP - pressure drop along tube, £ = length, r = radius, V = volume flow, N = viscosity,

Since the flrst term will be constant for & given Flelsch instrument, only factors affecting the last two
terms, viscnsity and volume flow, may cause problems of measurement., Viscosity is dependent on qas
composition and temperature. In the present study, the effects nf the former were minimised hy calibrating
the Fleisch pneuvmotschograph with the gas which was flowing to the LRBS, so0o emulating the in-flight
situation. Furthermore, chsnget in viscnsity of breathing qases with altltude are extremely smsll, With regard
to effects of altitude on measurement of volume flow, it follows from equation [1) that a qiven pressure
drop 13 & measure oi & specific volume flow, not mass flow. Thus, when a pneumotachnaraph is used at
altitude, the device measures volume flow at ambient pressure and tenysrature; this measurement must be
corrected to standard conditions (BYPS or STPD) to establish mass flnw, To this end, temperature &and
pressure were monltored throughout these experiments and correctinn factors applled therefrom during snalysis,
So, with the support of other racorded varlahles, the Flelsch pnewmnotachoaraph may he considered suitsble for
use at altitude,

3.1,2 Csrbon Dioxlde Analyser. The laboratery perforrmance of the carton dioxide analyser had been assessed
previously by Fay, TT' When in ita aircraft orientation, the device was stable (with no appreclable increase In
output noise and no effect on baseline) when subjected o positive a relerations cf up to 8Gz, and when
vibrated vertically at «/- 1Gz over the frequency ienge 0.5 - 20 Hz. Furthermore, in a comparative study of
five subjects under four workloads at both qround level and at 25,000 feet (7,620m), the results from the
carbon dioxide analyser differed from those from a Centronics MGAOU7 rmass spectrometer by <1 nnHg
(0.13kPn) over the 25 . 65 mmHg (3.3 - 8.1kPa) range of PCO,; tensions obeerved, The ditierences were
qreatest at workloads >50 watt at bnth altltudes.

Sarple flow from the mask was JL(ATP).min "' and tha sample line length was 18) em. At ground level,
trensit time of s merker gas from the mask cavity to the snalyser sveraged 0.52 sec while the 0 . 90% rise
time of the device was 0,22 sec. At 25000 feet (7,620m) the sample flow from the mask was
0.75. (ATP)min %, and the transit and 0 - 90% rise times of the anslyser were 0.55 sec and 0.19 sec
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respectively. The smell difference betwren the figures for ground level and 25,000 feet (7,620m) wss due to
the slightly diminished performance of the analyser pump at altitude; although the analyser's behaviour
remained compareble to that of the mass spectrometer. A copy of the records for the anslyser transit and
rlse times is at Figure 3.4.

The stebility and accuracy of the analyser under these extreme environmental conditions, combinad with its
rapid response time, confirmed its suitaebitity for in-flight use.

b) 25000 feet

a) Ground teve!

Transit time |0-90%
Rise time

Carban diaxide marker

. second

Figuwre 3.4 Record of carbon dioxide ly transit and rise times
at (a) ground levei and (b) 25,000 feet (tracad from original)

3.2 In¥light Varlables

3.2.1 Genersl. The maegnetic tepe from each experimentel flight was replayed at high speed immediateiy after
ending to ensure thet eny instrumentstion fault could be corrscted befora the succeeding sortie. A high
fidellty record was then produced from which dets were axtracted. An exsmple of such e record, Including an
in~flight cellbratlon of the csrbon dioxide snalyser, is reproduced at Flgura 3.5. Respisy was accomplished by
mesns of s Sabre Il Ja-chennel FM IRIG intermediste band magnetic tspe recorder/reproducer end the
permanent record produced by either o Devices B-chennal pen recorder (RAE phase) or a Watansbe B-channel
Linearcorder Mark VII (TWU phase). The Inspiretory flow signsl was Integrated electronicslly at this stage to
produce inspirstory volume.

The first flight phase involved mess.cement of inspirstory flow end mask cavity pressure, Of the 34 LRBS
flights comprising the second phase, 23 were accomplished with in-flight cerbon dioxicde snailysis. Technical
problems (power surging) with the snalyser control unit meant thst the remaining 11 flights were undertaken
with rrask cavity pressure recording instead, The pressure records were incompiete during six of these sorties
becsuse of en Intarmittent chennel drop-out which developed just afier take-off on each occasion. The probiem
was eventually traced to a faulty recorder card which wes repleced, end the records were complete
thereafter,

Calibration signels were input to the airborne recorder such that the maximar signal was at 80% of full-scaie
deflection, to ensure not only that physiological signsls outside the calibration range would be embraced but
also that sny basellne drlft would be sccommodsted. Baseline drift did not occur except for single brief
periods In the cerbon dioxide record of three sorties (80,81,42: the originel beseline being regsined within
five minutes,
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Aralysls of all pre-flight, In-flight and post-flight caslibrations showed most of them to be linear, with 169 of
the 184 sets having correlation coefficients of 0.9975 or better. The indlvidusl correlation coefficients for sli
callbration sets are llsted at Appendix C, (pA4). Preliminary anslysis of PgrCO, during three consecutive
sorties (40,41,42) revesled errors In both the pre-flight and post-flight celibrations and these data have been
dlscarded from the flnal analysls of thls variable. The problem wes traced to a faulty solenoid switch and,
eftar serviclng, the analyser agein functioned correctly.

The exparimental equlpment produced no subjective probleme for the pilots end was reported ac entirely
scceptable. The unusual geometry of the inask Inlet hose was initially felt by some subjects to lift the lower
edge of the mesk away from the face, partlcularly when looking down into the cockpit, so bresking the sll-
important mask-to-faca sasl. Scrutlny of tha insplratory flow and cerbon dioxide/mask cavity pressure records,
howaver, demonstrated that, In sll subjects except one, the mask was sealed sgainst the face throughout
flight. The single exception also achieved a correct seal during those periods of flight requiring increased
mental and physical effort, but the records during the routine phsses (taxy, take-off, climb, crulse, descent
and landing) of two of hls three flights were sariously degraded and were unussble (sorties 14 and 40).

No In-fiight Incidents or emergencies occurred during the study and no emergency procedures were needed.

The deta were extracted and snalysed as descrlbed in detsil below and as summerised in the flow chart st
Flgure 3.6.
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Two approaches to analysis of the raw data were adopted. The firat, more traditional, method was used to
determine respiratory frequency and insplratory minute volume, and involved division of each sortie into
consecutive units each of one minute duration. The start point was arbitrarily set at the beginning of the
physiclogical record, le when recorded respiratory responses began. For the purpose of comparison, each unit
was then ailocatad to one of 24 Identifiable phases of flight (based on the flight log and the aircraft
acceleration profile): the allocation being to that phase which most occupied the minute concerned since,
cieariy, arrangement of the phases of flight into precise temporal biocks was not possibie. The 24 phases
(listed in Table 4.2c, p39) comprlsed 9 which occurred during routine flight and 15 which occurred during
manoeuvring or applied fiight: moat of the former were identified in all sortie types while occurrence of the
latter varled with sortie profile. Later, certain of the phases were combined, on the basis of simiiar patterns
of accelerstion, so increasing the numbers available for statistical trestment. For each recorded verisble for
each flight, & calibration look-up chart, based on the polynomial distribution of caellbration values, including
those obtained in-flight, was ganerated by computer. The charts gave conversion values for each biock
defiection on the peper trace and these corresponded ciosely with values obtained from callbration charts
generated by hand. The look-up charts were used for manual reduction of data in minute blocks.

The second approasch tc analysis was to digitize both in-flight data and calibrations for each flight record.
This method was used primarily for breath-to-breath sassessment of mask cavity pressure, inspiratory peak flow
and end-tidal carbon dioxlde tension, but the other traces were aiso digitized: inspired gas tempersture and
cebin altitude to provide correction factors for the physiological variables; aircraft acceleration and cabin
altitude to provide support for the in-flight log and a comparison between flights,

An ultrasonic digitlzer ('Graf Pen' 8 Sonlc Digitizer, Science Accessories Corporation) was used in conjunction
with & micro-computer (British Broadcasting Corporation Modei B) and supported by specially written software.
Each calibratlon set and each in-filght trace was digitized and the information etored on floppy disk. The
data were then transferred to & mainframe computer (H500 Supermini, Harris Computer Systems) for conversion
and analysis. The analytical software first generated a conversion file from the digitized calibration points and
then converted the appropriate digitized in-flight sequence to rew values. For aircraft acceleration, inspired
gas temperature and csbin aitltude (as pressure), the temporal spaces between dlgitized vaiues were filled by
linear interpolatlon, Discrete values were obtained for inspirstory pesk fiow, inspiratory minute volume, end-
tidal carbon dioxide tension and minimum/meximum mask cavity pressures. Where necessary, the appropriate
correction factors (eq to BTPS conditions) were spplied. For each variable, a time axis was genersted, the
data having been digitized in one minute blocks, and & continucus record for the entire sortie created both
numerically and graphicaily. Exampies of the latter are shown at Figure 3.7. Comparison of 100 derived volues
for minute voiume, obtained by the first (whole minute analysls) epproach, with the equivalent values cbtained
by digltization showed there to be agreement Letween the methods to within +/-2.5%. Agreement to within +/-
7.5% existed when 200 randomly-chosen values of insplratory peak fiow, obtained by digltization, were compared
with manually extracted velues.

3.2.2_ Anslysis of Recorded Varlables. Resplratory Frequency was assessed from defiectlons of the inspiratory
flow signal, whlle Ineplrstory Minute Voiume was obtsined by electronic integration of the flow sianal.
Electronic calibraticn of the integrator showed there to be no discernible error in the device itcelf; errors, if
any, in the fiow/voiume measurements therefore iay within elther the pneumatic and transducing equipment or
the experimental procedures and are discussed below, {(p3§). Minute volumes were converted from ATPD tn
BIPS values by equatlon [2], assuming the inspired gas to b~ dry.

273 + 37 5}

v . 5 (2}
1(ATPD)
273 « tnmn PB - 47

Vi(ares)

Inepiratory Pesk Flow was measured for all breaths from all sorties by digitlzing the maximum deflections on
the Inspiratory fiow trece. Peak flows were converted from ATPD to BTPS values by equaticn [3] (analogous
to equation {2]), eqain assuming the inspired gas to be dry.

‘.’l(n‘po) . 273 « 31 . -] (3]
273 + t Po- W7
amb 8

=

VI(BYPS)

Breath-to-bresth End-tidel Carbon Dioxide Terwion was determined by dlgitizing the maximum deflections on
the carbon dloxlde enalogue record. These tensions were messured hy the carbon dloxide anslyser at ambient
pressure and at s temperature, Inslde the snalyser, of 26°C (SWVP at 26°C = 25.2 mmig (1.36kPa)), end rray
thus be regarded as 'uncorrected. The data were corrected to bndy concltions by equation [4],

Hu - &7
PUEU. g PU:,I). 0 [ E— (4]
LA L P4
{correcten) (ununrrevted) H
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Figure 3.7 Examples of computer-genersted plots of in-flight veriables
(data detived from digitized flight records)

[ACCN s m%rn(l scceleration {¢/- G2); ALY is cebin altitude, as pressure (mnHg); TEMP is inspired gas
temperature ((C) FLCOR s peak inspirstory flow (L(BTPShmin~); VOLCOR is inspiratory minute volume
(LIBTPSLmin ~t); MCP is mask cavity pressure {in water); PCO2 is end-tidal carbon dioxide tension {(mmiiq})
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3.3 Experimental Errors

No measurement can ever ba made with absolute accuracy and, as with all blological experimentatlon, errors
in the results of this study could have originated in a multitude of ways; not sil of which were amenable to
precise examination. Thus, it was clearly not posslble to identify or quantitfy those sccidental or random
errors the causes of which were unknown, but which sare 8 natural accompaniment of any experimentsl
procedura (eg mis-reading of scales, fauity transcription and simple errors of omission). Fortunately, such errors
can be largely eliminated if sufficient cere is taken, and this was strongly emphasised to all those Involved in
the support of this study. Accidental errors will not be considered further. As explained below (p59), the
influence of errors introduced by the assumptions made to facilitate caiculations could not be quantified in all
cases, and is likewise not discussed further here.

Systematic errors, that is those associated with particular instruments or techniques of measurement, and those
resulting from externai conditions, are however open to examination. In the present study, instrumental errors
were reduced as far as possible by careful cholce of measuring devices and transducers, repeated
measurements of linearlty and response times, and repested careful calibration; while external or environmentai
errors, such sas those due to the effects of temperature and pressure chenges, were eliminated by direct
measurement of the variables concerned and subsequent correction of the data, The choice and behaviour of
the Fieisch pneumotachogreph and of its associated pressure tranducer has been discussed above (p30), and no
error wes detectable in their comblned performance over the range of relevance. Particuisr care was tsken to
avoid pressure artefacts, and hence artificiaily high peak fiows, as & result of volume inbslance across the
prneumotachograph head and transducer, such as may be seen durlng sharply verying flow wave-forms. Since the
gas delivered by the LRBS wss assumed to be dry (p59), no reduction in observed flow occurred as a result
of the presence of water vapour. The integrator also had no discernible error (p34) and there was, therefore,
no  observable instrumental error In the pneumotachograph-tranducer-integrator circuit; sithough an
unquantifisble error In the electronic components must have existed. Details of the carbon dioxide anslyser
were given above (p20), and the maximum instrumental error was assumed to be that deduced from the resuits
of its comparison with the riass spectrometer (p30), le +/-2.5%. Although the magnetic tape recorders, with
their implied accuracy of the iRIG standsrd, were regerded as accurate to within +/-0.35%, and the pen
recorders were appropristely responsive, It was in the reading of the permanent record that mast quantifisbic
errors could be isolated, It was estimated that the traces could be read, whether by eye or by the diqitizer
pen, to a resolutlon of 1/4 of a block. With s fuil-scale deflection of ~ 80% Iimposed for each calibration
signal, the mean percentage error for esch of the recorded physioiogical/environmentai varisbles wss as
follows:

Calibrated

Range % Error
Barometric pressure 513 +/- 0.78%
inspired gas temperature 35 +/- 0.76%
Inspiratory flow 300 +/- 0.95%
inspired minute volume S +/- 0.80%
Carbon dioxide 77 +/- 0.86%
Mask cavity pressure 10 +/- 0.79%
Aircraft acceieration 2 +/- 3.38%

The instrumental and messurement percentage errors were resd across into the appropriste eoustions in
accordance with the rules of error analysls, to yield systematic errors for esch of the major derivations, thus:

V , ATPD to BTPS vaiues (Ean [2]), error = +/- 2.87%
¢, ATPD to BTPS values (Eqn [3)), error = +/- 3.02%
Urcorrected PETCO, to corrected (Eqn [4)), error = +/- 5.25%
PETCO, to VCD, (STPD) (Eqns [11) & [12)),*error = +/- 9.63%
Energy expenditure (Eqn [14)),* error = +/- 9.63%

[ * see pS3]

For Instrumentei errors snd errors of measurement it was therefore conciuded thst, In the worst case, the
maximum percentuge error for the equations derlved was +/-9.63%; weil within the cenerally accepted limits of
physioiogicai neusurement.

A further, intanglble, source of error lay within the arbitrary and sublective ailocation ©! event to one
minute time-spans, regarciess of the durstion of the event, Some manoceuvres, such as loops and rolis, iasted
for seconds only, while others, such as sustained high «Gz turns, occasionally lested lonaer than one minute,
The effect of this method i allocation was maximal during events of the first type when physioiogical
responses to the manoeuvre duuted, or were diluted by, periods of 'normaiity’ before end after. The magnitude
of this factor varled from rne type of event to another and between similsr events occurring at different
times, for different times, #nd was therefore impossibie to quantify. Some indication of the order of error
was glven by a more detslla¢ temporsl snelysls csrried out for certaln flioht phases. This suggested that, for
example, pesk Inspiratory flow durinc «4Gz turne was over-estimated, by the ailocation method, by 3.0% while
end-tidal carbon dioxide tenslons were over-estimated by 3.3%; both over-estimates being the result of higher
velues of these veriables cccurrlng before and after the menceuvre itseif.
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3.4 Statistical Corsiderations

A comprehensive enalysis of variance wss conducted upon the raw dete, the deteils and results of which are
given at Appendix D (pA4 et seq). The only messures of stetisticel validity given in the body of Pert 4 of
this study (Results snd Discussion) are those of the significence of differences, if any, between sets of
messurements; ie probebilities or P vslues. Overell stenderd deviations sere deliberstely not gquoted since they
ere functions of circumstences end not ebsolute messurements. In comperisons of physiologicel dete, even in
well-belsnced studies, such flgures sere based on seversl components of a random neture. In this study, which
wes not well-belenced, these components are clearly distinguished in the analysis of veriance (subject and
subject by flight profile). To quote them es single flgures, as en indicetion of physiologicel veristion, wouid
be meaningless.

The snalysis of verience, based on dsts acquired from in-flight recording and reduced as described above (p31
et seq), showed there to be no major inconsistencies in the figures; that is, thet the deta mey be regarded
es sound (experimental errors notwithstanding).

1 |
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Part_ 4 - RESULTS AND DISCUSSION

4.1 Respirstory Responses During High Performence Flight

4.1.1 General. All 46 fiighta yieide: usable physiological data. The total duration of the records wes 38.4
hours and included over 47,000 bre.the, Tabie 4.1 lists the types of experimental fiight flown by aach subject,
whlia further essential detaiis of ind sid -3l sorties are listed at Appendix E, {(pAl7).

Sortis Typs

Subjsct N En2 SCH Tyt et
ACH
1st Phase (RAE)
B / 2
HM I / H
GW 2 / 2
RR / / 7
A / d 2
JA / / 2
2nd Phase (Twl)
Py 3 / /I 3
W I I* / 3
X8 {H / dh 3
M A I* /N 3
AS J* / /* 3
[ /- /c /c 3
MA I J° / 3
oH / / 2
JF jc jt /t jt k
L8 J* /M / 3
RB J 1
oF / /* Al 3
Total 18 9 “ ? [
*= vith (02 saslysis 9 6 6 2 23

Table 4.1 Sumwnary of experimentai flighta flown by each subject

4.1.2 Respiratory Frequency, Inspiretory Minute Volume and Peak Flow.

Respiratory Frequency. The mean control vaiue for resting respiratory frequency in this qroup was 11.3
breaths.min =%,  and accords well with some older ‘textbook' restino normal values of 10-14
breaths.min -3, 11¢- 121 Sych leveis were determined from instrumented subjects and so were probabiy affected
by additional dead-space and added external resistance. They are therefore directiy compsrable to resting
vaiues reported here. It should be remembered, however, that Mead has reported that covert observation of
subjects unhinderad by instrumentation suqgests that normal resting ievels may be as high as 16 - 20
breaths.min -* and that the knowledge that experimental observations sre beiny made leads to an involuntary
reduction to the familiar, slower end more requler ‘'normael' frequency.'®® This possibility is reflected in tabies
of normal values published more recently, eq 12 - 20 bresths.min-* by Cotes in 1979.'*?

A total of 2,304 minutas of flight records was enaiysed and the frequency distribution of the vaiues obltained
is shown at Figure 4.1. The un-weighted mean respiratory frequency for ail pheses of ali sorties was 20.5
bresths.min-*. There was no significant difference between the mean values for the RAE test pllots and those
for the TWU squadron pllota, nor were there significent differences between overall mean values for different
sortie types. There was, however, a significant difference hetween the mean respiratory frequency during
routine phases of all types of sortie and that during menceuvring pheses, (overali means of 19.] and 22.8
breaths.min-* raspectively: P <0.0005). Tabie 4.2 lists these results in detail, together with the resuits for
individual phases of flight. Figures 4.2 8, b and c show the results graphically for aii pheses combined, for
routlne vs manoeuvring phasas and for individuai phases respectively.

Mean respiratory fraquencies were highest during ACM and high-G m..noeuvres, with & meen value of 26.7
during ACM and 27.4 breaths.min=' during +6G splrals. All of these findings, end particuiariy those during
routlne flight, correiste well with previousiy published data (Teble 1.1, p6) with the exception of the
remarkably high respiratory frequency (70.min-*) reported on take-off in one subject flylng a high sititude
balloon.'* The length of time for which this lsvel was sustained was not reported. In the present study, only
flve pilots producad respiratory frequencies of 35 breathsimin-! or over and only then on a total of 12
occasions during high G menceuvres or recovery therefrom, and never for longer than two consecutive minutes.
The highest rasplratory frequency recorded was 43 breaths.min -* on one occasion. The large difference
between rasting values and those seen during even routine flight is s reflection of the physiclogicai cost of
the flylng task,




GHI(RAE)
GH1(TWU)
GH1(AID
GH2
SCM(RAE)
SCM(TWU)
SCMAN)
ACM

TOTAL

8. _Analysis of whole sorties

Respiratory Frequency
in-1)

(.min

{
19.9
20.1
20.0
20.5
21.5

20.8
21.0

20.5

n
265
637
902
502
256
544
800
100

2304

Minute Volume
(L(BTPS).min =)

MV n
15.2 265
19.3 637
18.1 902
19.3 463
17.0 256
19.5 507
18.7 763
22.5 100
18.8 2228

b. Analysis of Routine vs Menoeuvring Phases

Respiratory Frequency

(smin

Routine

{

GHI(RAE) 18.6
GHI(TWU) 19.0
GHI(AN) 18.9

GH2 19.5

SCM(RAE) 19.9
SCM(TWU) 19.3
SCMAID) 19.4

ACM 16.1

TOTAL 19.1

Phase

Strap-1n
Texy (pre)
T ake-Off
Climb
Crulse

2G Turrs

3G Turns

4G Turns
Loops

Rolls
Aerobatlcs
High G Spirals
6 G Spirels
Level Turns
Barrel Rolls
Low Level
Steep Turns
wind-up Turns
ACM
Recovery

Descent/RTB
Circuits
Lend

Texy (post)

n
143
391
534
295
169
401
570

65

lass

C.

E0)
Manoeuvring
{ n
213 122
219 246
21.7 368
219 207
24,7 a7
24.9 143
24,8 230
26.3 35
22.8 840

Anslysis by Phase

Respiratory Frequency

(.min 7Y)
n
18.2 181
19.0 199
18.8 46
18.8 246
18.5 242
20.7 72
22.4 66
23.7 52
24.0 48
22.5 58
24.5 58
24.4 30
7.4 45
25.) 44
25.0 23
0.7 12)
20.0 21
23.8 9
767 3o
2].4 163
19.4 287
214 138
19.8 4]
15.4 84
Table 4.2

Minute Volume
(L(BTPS).min 1)
Manoeuvring

Routine

n MV
13.2 143 17.5
18.3 390 20.9
17.0 533 19.8
18.5 262 20.3
14,0 169 22.8
18.0 368 23.6
16.7 537 23,3
17.6 65 31.8
17.2 1397 21.4

Minute Volume
(LBTPS).min ™)
MV n

18.2 175
18.7 les
18.9 44
16.0 237
15.7 228
17.1 72
15.1 66
20.5 52
233 48
22.3 58
23.5 57
21.2 30
25.0 43
22.6 4]
246 23
1a8.9 119
176 21
22.6 9
32.8 30
213 162
l6.] 276
19.1 131
11.9 39
18.8 79

Respiratory Frequency and Inepirstory Minute Volure
Un-weighted mean results of minute snalysis

n
122
247
369
201

a7
139
226
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Routine flight
Manoeuvring flight
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Inspiratory Minute Volume. For this group, the mean control (resting) value for minute volume was
9.9L{BTPS).min -1 and 8o was In agreement with textbook normei velues of 6.0 - 10.0L(BTPS).min=:, 553 121

The frequency distributlon of the in-filght resuits obteinad is shown grephiceily et Figure 4.3, while Tabie 4.2
(p39) lists the un-weighted mean resuits for inspiratory minute volume (BTPS) during eii phases combined,
during routlne vs manoeuvring pheses and during individuri phases. The overali fnean ventiiation for all phases
of all sorties was 18.8 L.min-' but e significant difference wes damonstrated between the mean minute
volume of the piiots from the RAE and that of those from the TWU: the lstter produced higher leveis both
overall (for combined phases of GH] end SCM sorties - Figure 4.48) and for routlne and manoeuvring phasas
(Figure 4.8b). The difference was most marked, however, during routine filght (eg 13.2L(BTPS).min-' cf
18.3L(BTPS).min~" for RAE and TWU pilots respectively during routine phases of GH) sorties (P <0.0005))

The reason for this difference is not ciear end, although It may be expected that the RAE test pliots would
ventilate at s lower level then their squadron colieagues at tlmes of mental stress, by virtus of their
experience and greater famiiierlty wlith unusual (experimentai) fiight conditions, this wouid not ewpiain why
there should be such a marked difference in the absence of overt mentsi stress (routlne fiight) or during the
same physical stress (manoeuvring flight). Furthermore, meny of the TWU pilots were as experlenced, or more
30, than the test pilots; sithough not of course with experimental fiying.

Figure 4.4c shows the mean minute voiume resuits for individual pheses. Once again, high G manoeuvres end
ACM produced the highest minute voiumes, the iatter markedly so at a mean value of 32.8L(BTPS).min-*, and
there weas a clear direct reistionshlp between the intensity of the manceuvre, in terms of degree of applied
acceieration, and meen minute voiume. The highest minute volume recorded in thla study, 42.25L(BTPS).min-*,
occutred durlng recovery from high G manoeuvres on one occasion and was not sustained.

Inepired minute volumes during flight have only been descrlbed on two previous occaslons, In 1964, Norris®®
reported & mean minute voiume of 13 - Y4L(BTPS).min-' for subjects flylng a routine training mission in a
jet bomber, with no manoeuvring phases; & figure which correietes very weil with that reported here for RAE
pliots durlng routine fiight. In the other study, by Macmilien et al in 1976 **, mean minute volume did not
exceed 22L(BTPS)min ' during stralght and ievel fiight, but an oversii mean velue was not reported. The
mesn value of 15.7L(BTPS).min - seen in the cruise phase of the prasent study cannot therefore be cormpared
directly. When the meen minute volumes seen during sil routine phases of flight (taxy, take-off, cruise,
spproach end lending) ere compsred with previously reported expiratory minute volumes during simllar phases
(Tebie 1.1, p6) a close correlstion is seen to exist. Only one of these reports, however, (that of Morgan et
el In 1976), refers to modern jet fighter sircraft snd, in that case, mesn minute volume during cruise was
fower than the ievel seen here (5.0 - 11.8L(BTPS).min='),?* The mesn value of 26L(BTPS).min ' reported by
Macmilian et ai durlng ‘eerobstic' fiight may be compared, sithough Iloosely, with a mean value of
21.4L(BTPS).min~' seen In the present study for eii manoeuvring phases combined. Ciloser apreement is seen
when discrete manoeuvring phases ere compared. Thus, for loops, ievel turns and barrel rolis, the mesn minute
volumes were 23.3, 22.6 and 24.6L(BTPS).min ~' respectively in the present stucdy, compered with 19.9, 22.2
end 18.9L(BTPS).min = reported esriier. No other dats are avallsble for minute voiumes of subjects in military
sircraft during such flight.

These resuits ere in eccord with those from studles using man-carrying centrifuges, which also demonstrated an
incresse in minute volume under +Gz conditlons and attributed it to a combination of Increased respiratory
frequancy end incressed tidal volume.'* '** The Incresses were modest at levels up to +3Gz but could be
ss grest es 150% of resting ievels ot >.5Gz. The even greeter Incresses seen In the present study were
presurnably due to the combinatlon of factors opersting in additlon to the ievei of epplled accelerstion, and
sgein refiect the physlologicel cost of fiylng an alrcraft (ie the incressed energy cost of muscuisr sctlvity)
during eil pheses of fiight.

Inspirstory Pesk Flow (end Mask Cavity Pressure). The mesn control (resting) vaiue for pesk Inspiratory flow
for this group wes L.min~". The frequency distribution of pesk inspirstory fiows seen during flight is
shown st Flgure 4.5. Over 7.4% of the 47,141 bresths had pesk fiows sbove 150L(BTPS).min-t end 0.25%
were grester than 250L(BTPS)min-'. The highest pesk insplrstory iiow seen in thls study was
384.6L(BTPS).min-! but a further 24 (0.05%) were sbove 300L(BTPS).min-t., These flgures correlate weli with
the meximum peak inspiratory flows (under ATPS conditlons) of 300l..min-* reportad by Comroe et sit2* and
by Silvermen st ol.** The letter were obteined under conditions of maximum exertion on 8 cycie ergometer in
the lsboratory, whereas those recorded in the present study were from sitting subjects, albeit under moderste,
but transient, stress. This implies thst e physioiogicel meximum Is belng approached durlng very hard work,
When pesk inepirstory flows were meesned over esch one minute period, and the resuits ailoned with the
minute-by-minute anslysls dets, the mesn pesk inspiratory flow for eli phases of sii sorties was
89%L(BTPS).min-!. This mey bes compared with a mesn vsive of spproximately 70L(BTPS).min-* reported in the
study by Macmiilen et al*’, involving over 7,000 bresths. The mesn value during menoeuviing phaaes was
96L(BTPS).min~', with ACM producing the highest mean of 14&L(BTPS).min-t, The overail mesn vaiue for
routine phases of flight wes BAL(BTPS).min-!. Figures 4.6s, b snd c iliustrate the mesn values for pesk
inspiratory flow for all flight pheses combined, for routine vs menceuvring flight and for individual pheses
respectively.

Also included In these Figurea are masn velues for the meximum pesk inepiratory flow seen during sach
minute of the varlous flight phases and comblnstions of phesss. When the data ware analysed in this way, the
mean maximum pesk inep.retory flow for eii phases wes 152L(BTPS).min-? while those for routine snd
manceuvring flight were 146 snd 163L(BTPS).min-' respectively. Of the individual phases, ACM produced the
highest mean maximum flow, st 218L(BTPS).min-', followed by aercbstics st 196L(BTPS).min-t. The mesn
velues of all inepirstory fiow resuita are included in Table 4.3, p48,
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Silverman et @&l ** found the ratio of the mean pesk inspiratory flow (in thelr case derived by dividing the
minute volume by the ratio of inspiratory cycle time to total respiratory cycle time) to the mean maximum
peak Insplraiory flow to be a useful concept when describing respiratory behaviour in the presence of added
externel resistance. The ratio, when expressed as a percentage, was said to qive an indication of that
proportion of the inspiratory phase durlng which flow is at the optimum (most efflclent) for a system with
that resistance. With no added resistance the ratio was found to be 66%, suggesting that flow was sustained
at two thirds maximum during the period under conslderation. The ratio was fairly constant for a given
workload but linearly related to the magnitude of added resistance. For example, with added inspiratory
resistances of 2.5, 7.6, 10.2, and 20.3 cm water (0.24, 0,74, 1.0 and 1.98kPa), at a flow of 85L.min-*, the
ratlos Increased to 72%, 74%, 77% and B82% respectively, demonstrating a reduction in maximum flow
acheivable in the face of increased Inspiratory resistance. For the LRBS, the overall ratlo was 58%, as might
be predicted of & low resistance device, and, even at the high flows seen durlng ACM and other manoeuvring
phases, the ratio did not exceed 66% (Teble 4.3). This indicates that the LLRBS behaved in fligfht as was
hoped, as a breathing system Imposing a low external added load. The technlque of relating inspiratory flows
in this way may thus provide a method of gauging the added inspiratory load of a system without the need
to measure mask cavity pressure.

The paper by Macmillan et al ** was the only previous study to have reported values for peak inspiratory
flow In flight and it is probable that the nigher mean peak flow reported here is the result of the reduced
external resistance offered by the LLRBS. The breathing system used by Macmillan et al was a standard RAF
installation and included a P/Q serles oxygen mask with the resistance characteristics illustrated in Figure 3.1,
p28. In-flight recordings of mask cavity pressure in this study supported the laboratory findings an¢ confirmed
that the LRBS was functioning correctly as a low resistance device whenever mask pressure was being
monitored and thus throughout the &4& flights, Minimum mask cavity pressure during Inepiration was directly
proportional to inspiratory flow and this almost iinear relationshlp is illustrated at Figure 4.7. There was no
difference in the magnitude of this relationship for the two subject groups. At no time did the minimum
pressure of Inspiration in the mask exceed -9.70 cm water (-9.95kPs), and thls at a pesk flow of
354L(BTPS).min~ !, Similarly, at no tlme did the maximum pressure of explration in the mask exceed +5.54 cm
water (+0.54kPa). These findings compare most favourably with the pressure-flow curves established in the
laboratory (Figures 3.1, p28 & 3.2, p29). Furthermore, the meesn mask cevity pressure swing for the largest
excursion in each sortie was only 7.87 cm water (0.77kPa).

Pesk explratory flows have not been recorded In flight, although expired aas has been collected, despite the
fact that added expiratory resistance contributes as much as, if not more than, added inspiratory resistance to
the total added load in modern military breathing systems, under both steady-state and dynamic conditions,
(Figures 3.}, p28 & 3.3, p29).
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Figure 4.7 Relstionship between muak cavity pressure and peak
flow

(Deta derlved from minimum pressure level observed durlng esch minute
of all MCP sortles end the correaponding peak inspiratory flow)

The findings of the present study may ke compsred with those of Silvermean et el *% whose extensive
investigation of the efferts of added external resistance on resplratory beheviour was referred to above and
In Part 1, (p9). The total reslstance of thelr bassic system, with noc sdded losd, wes only -0.30 to +0.73 cm
water (-0.03 to +G.07kPs) st & flow of 200L.min-'. To this system were added various Inepiratory reslstances
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of known magnitudes at flows of 85L.min ~*. The LRBS, with an inspiratory resistsnce of -1.7 om water (-
0.17kPs) at that flow, most closely approximates the Silvermen system with a 2.5 cm water (0.24kPa) load., The
mean values for respiratory frequency, minute volume sand pesk inspiratory flow for both systems are
summerised at Table 4.3 for various work ratea (sedentary, light, medium and heavy) in the case of the
Silverman study, and for various fiight phases in the case of the present study. This form of comparison,
although not direct, does show that, as far as respiratory frequency and minute volume were concerned, the
respiratory behaviour of subjects in fiight lay between the sedentary and light classification of Sliverman et
al during routine phasea and seven of the manoeuvring phases, and between the light and medium classification
for six more manoeuvring phases. Only ACM and high G spirais could be ciassified between the medium and
heavy loads. The resuits for peak inspiratory fiow, however, are markediy different, and both maximum and
mean peaks during ail phases of the present study exceeded thuse reported by the Silverman group st ali
loads (spart from control leveis). The reasons for this difference are not clear but it may be that both
speech and special G-protective manoeuvres adopted by the pilots produced the very high peaks seen. No
limitation on elther was drposed anc, aithough no attempt was made to correlate peak flows with speech, a
positive correlation with +Gz manoeuvres was damonstrated and is illustrated at Figures 4.6b and 4.6¢c (pdé).
No mention of the reievance of speech was made in the Silvermsn study, aithough it has now been weil-
estabiished that speech wili infiuence both the shape and magnitude of the inspiratory phase. Thus, Ernsting, in
1960, conciuded that speech imposed "some of the most aevere dermmands upon breathing equipment ....... which
may be met In fiight”, by increasing both peak inspiratory flow and rate of change of fiow, and decreasing
the duratlon of inspiration,'?®

Silvsrmas ot 31 ** RS
(2.5ce (0.24kPa) water resistance) (1.7cm 0.17kPa) water resistance)
1 V H H v 1 ¥ H v Wh
L B L e
Cain™ (LIPSt Gs®  Cain™)  ((81PS)nin™) (as %)

Lead Phase

Sedentary 1%.7 9.1 23.5  32.h 72 1.3 9.9 ¥ Control
19.1 17.2 84 146 57 All Routine
18.2 8.2 8% 136 62 Strapping-in
19.0 18.7 81 139 58 Taxy (pre-)
18.8 18.9 82 140 59 Take-off
18.8 16.0 81 "? 55 Climb
185 A557 2L 15% sk Crulse
19.4 16.1 85 148 57 Oescent
2% 9.1 90 152 99 Circuits
19.8 17.8 87 143 61 Land
19.4 18.8 91 143 64 Taxy (post-)
20.7 171 n 135 57 26 Turns
20.7 18.9 95 160 59 Low Level
20.0 176 18 138 57 Steep Turns
22.4 19.1 80 " 5?7 36 Turns
23.7 20.5 85 150 57 4G Turns
24,4 21.2 97 161 60 High G Spirals
21.4 1.3 98 167 99 Recovery
22.8 2.4 93 163 59 All Manoeuvring

Light 21.2 22.1 4.2 72.7 68
24,0 25.3 100 172 58 Loops
22.5 22.3 102 178 57 Rolls
24.5 3.5 105 196 54 Aerobatics
25.1 22.6 96 162 59 Level Turns
25.0 25,6 109 181 60 sarrel Rolls
25.8 2.6 87 140 62 Wind-up lurns

Medium 29.2 24.7 70.4 95.0 )
27.4 25.0 102 160 64 6G Spirals
26.7 32.8 144 218 66 ACM

Heavy 22.0 45.%  90.6  120.7 7

Teble 4.3

Comparison between respirstory varishies recorded while using two
low resistance systemm: the LRBS and thet of Sllvermen st al **

4.1.3 End-tidsi Carbon Oloxide Tension. The frequency distribution of Py 1CO, for sll phases of sii sorties is
shown st Figure 4.8. Tha overall mean value wes 38.5 mmiHg (5.13kPa), snd the mesn control (resting) vslue
was 9.2 mmHg (5.22kPs). As with the inspirstory flow dsts, the veives for Pg1CQO, were mesned over one
minute perlode and the resuits aligned with the corresponding minute-by-minute anslysis. The un-weighted mean
rasults of this allgnment sra listed st Tebie 4.4 and shown graphiceliy st Figures 4.9a end b for ail phases
combinad and routine vs manoeuvring pheses, end for individual phases respectiveiy. Once aqain, 8 difference
exlsted batwaen the mesn remuits from routine snd menceuvring phases (39.6 cf 36.1 meHg (5.28 cf 4.81kPa))
but the most marked rasuits when compared with sii others were those obtslned just after entering the
aircraft, ie during strepping-in, pra-filght texying and teke-off. The mean PgyCO, during these phases was
42.5 mmHg (5.67kPs) and was the highest mesn vaive observad. The meesn velues for other routine phases of
flight ware consldersbiy lowar, being 37.7 mmHg (5.02kPs) durlng climb and cruise, and 8.2 meiHq (5.10kPs)
durlng descent, circuits, approsch snd landing, snd post-flight taxying. Of the 15 manueuvring phases, oniy low
lavel flight produced a mesn P¢1CO, (39.1 mmiHg (5.22kPs)) approaching those seen during routine phases. The
remaining phases produced mesn cerbon dloxide tensions inversely proportional to the magnitude and durstion
of appllad +Gz accelarstlon. Thus, by this criterlon, roils were the ieast stressful, with & mean end-tidal level
of 36.6 mmiig (4.88kPs), followed by s group comprising 2G and )G turns, icops, serobatics and ACM, with »
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mean of 36.0 mmHg (4.86ki“e). Thereafter, 8 progressive decline in mean level occurred during berrel rolls,
steep turrs, 4G turns, level .urns, 6C spirels, high G spirsls end wind-up turns, in thet order. The mesn velue
for the iest three listed wes 33.1 mmHg (4.41kPs), salthough it must be emphesised that the number of
observetlons in each manoeuvring phase was low. Finslly, recovery from menoceuvring flight produced e mesn
PETCO, of 36.8 mmHg (4.90kPa).

Early Routine Phases Menoeuvring Pheses Late Routine Phases
PETCO; n Pe1CO, n PETCO, n
Strepplng-in  43.1 126 Low level 39.1 41 Oescent 38.2 114
Taxy 41,7 112 Recovery 36.8 71 Circuits 38.8 &5
Teke-off 43.4 20 Rolls 36.6 28 1_end 39.5 16
Climb 37.9 96 ACM 36.2 22 Texy 37.0 42

Cruise 37,4 110 2G turns 36.1 37

Aerobetics 36.0 18

3G turns 359 33

Loops 35.8 22

Barrel rolls 353 7
Steep turns 35.0 8

4G turns 34.2 24
Level turns 339 15
6G spirals 33.5 16

High G spirals 33.1 9
Wind-up turns  30.2 2

Ail 40.4 464 All 36.1 353 All 38.2 237
[Overail mean = 38.5 (GH] = 38.7, GH2 = 38.8, SCM = 38.C, ACM = 38.5)]

Table 4.4 Mean End-tidal Carbon Dioxide Tensions (mmig)

Carbon dloxide tensions durina flight in high performance sircreft have not been studied in this detail before.
The present study does not support the contention of some earlier workers, reviewed in Pert 1 (pll et seq),
that hyperventilotion (essessed a8 8 foll in PgCO, to either <20 mmHg (2.66kPs)’* or <30 mmHg
(6.0xPa) '*-'%) occurs freguently, Although Pr CO, is several fnmHg less than PgrCO,, by virtue of the effect
of deed-spece, me .n values of the latter of <30 meHg (4.0kPs) were seen in only four subjects in the
present study, sr.: then only briefly during high G manoeuvres; and no values <20 mmig (2.66kPa) weve
encountered at all.
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On the other hend, there cen bea no doubt that menceuvring flight produced a fall in PETCO, in all pilots
studled, In ell sortie types (Figure 4.98); end, furthermore, that the fall was sustained. 1f hyperventilation is
regarded &s eny fall In PpyCO, from ‘normel' es e result of Increased pulmonery ventllation, then theee pilots
were hyperventllsting, sibeit mildly. Thle supports both the long-held susplcion that mild hyperventilation occurs
dutlng demanding flight **, and the flndings of Genin et al who concluded that mean end-tidal tensions fell by
5 mmHg (0.66kPe) In flight, with further falls at tlmes of stress.’® It contradicts the conciusion from the
only other study of in-flight PETCO,, by Murphy & Young®® that hyperventilation does not occur, although
thls study wes conducted In @ light aircraft flylng simple airfield circuits.

In view of the cerbon dioxide tensions observed in the present study, it is not surprising that no overt
symptoms or slgns were reported by, or seen in, the subject pilots (cf pll), But the physiological
consequences, If any, of the demonstrasted prolonged low-grede hyperventilation are not clear, althnugh it
seemms reasonable to suppose that cerebral function, and hence performence, would be compromised. This would
only be the cese, however, if the meesured respiratory values for cerbon dioxide tension reflected blood and
tissue velues, That this may not be so, at least during manceuvring flight, Is suggested by work on subjects
in man-carrying centrifugea and is discussed below.

The epperent peredox of 8 declining end-tidal carbon dioxide tension at the seme time as en increase in
physicsl effort required to fly the aircreft may be expleined on the basis of the means adopted by piiota to
protect themeelves agalrst the cardiovescular consequences of susteined positive Gz ecceieration, and of the
locsl behsviour of the lungs durlng such ecceleration. In the upright individuel (ie with the G vector in the z
axis), hydrostatic forces sct upon the cerdlovascuisr system such that the blood in the vessels between the
heart ancd the brain exerts e pressure of ebout 25 mmHg (3.33kPe) under normal (+1Gz) conditions. Thus, a
meen srterlsl pressure of 100 mmHg (13.33kPa), meesured wlith reference to the level of the heart, is reduced
to 75 mmHg (10.0kPs) at the brein, Posltlve Gz accelerstion ceuses & pro rata rise in the hydrostatic
pressure gradient snd cerebral hypotension results, In the relaxed subject, the application of +Gz acceieration
leads to Impairment of visual function st sbout +3.5Gz and then to loss of consciousness et about +5.5Gz.'%¢
Modern high-performance combat alrcraft ere capable of sustaining flight st this, and indeed much higher,
levels, and ealrcrew are obliged to utilise both pessive and sctive methods to improve toierance to +Gz
sccelerstion,

One such passive method is the use of anti-g trousers which act, whenever +Gz acceleration is epplied, by
compressing the legs snd lower sbdomen so encouraging venous return and minimising peripherel pooling., The
use of thls garment increases tolerance by up to +1.5Gz, but its principal adventages are & reduction in
trensmural pressure hecause nf merhenical support given to the arterisl tree and s reduction in the fatique
which results from repested high G manoauvring. Anti-g trousers were worn by ail subjects in the present
study.

Active methods are slso adopted by militery sircrew to increese tolerance to +Gz acceleration, Panting,
grunting, shouting end intermittent forced expiration egainst a partially closed qlottis (M] manceuvre) are sll
used to raise Intrsthoracic pressure and so to fscilitste venous return to the chest during the ’non-asctive’ or
ralaxation phsse of the manceuvre. The increase in intre-thorscic pressure is trsnsmitted directly to the
srterial trae and so raduces cerebral hypotensinn, A combination of these procedures may incresse tolerance
by up to +2Gz. The M1 menoeuvre is the method of choice, however, pesrticuiarly when combined with limb
muscle stralning.

All methods ieed to hyperventilation (as defined above) despite the increased metabolic nerds of the hody
during menoeuvring flight, It couid be suggested, therefore, that the and-tidal cerbon dioxide tenslons seen in
this study durlng menceuvring pheses of flight reflect 8 balance between Incrcased metabollc needs of the
body durlng such demanding activitles and the hyperventilstlon induced by methnds adopted by pilots to
incresse their tolersnce tn those actlvities. But thls explanation is somewhat simplistic end neglects the
merked disturbance in puimonery ges exchange which occurs under +Gz acceieration as a result of ventilation-
perfuslon (V/Q) inequalities. The inverse relstionship between Pgy1CO, snd deqree of +Gz sccelerstion has heen
descrlbed before during studies using man-cerrying centrifuges, One such study, in 1972, demonstrated a very
narked fell In Ppy CO, from 33.6 mmiHg (4.4BkPe) st +1Gz to 27,3, 20,2 and 15.B mmHq (3.64, 2.69 sand
2.12kPs) after sir breething for 45 seconds st +3Gz, +5Gz end +BGz respectively.'?’ Cnncurrent anaiysis nf
blood gases reveslad this decline to be 8 purely pulmonary menlfestation, snd specificaily the result of
increased physioclogicsl (alveoler) cead-spare volume with increasing +Gz acceleratinn,  Simiierly, in 1973,
Crossley et al found erterlsl carbon dioxige tensions to be Independent of pnsitive accelerstinn. *2¢ It is
worth noting that a decrease in erterial oxygen tension with increasing +Cz acceierstion was demonstrated in
both studies and was attributed to the profound V/Q inequalities which are known to develop within the lung
when subjected to increased accelerstions,'®®

The presence of perfused but un-ventiiated elvecli In the lower reginns nf the lung st +3C7 acceleratinn was
eleqantiy demonstrated by Glaister in 1965.'2* Radioactive Xenon-133 was injectec systemically and sn
delivered to sl perfused slveoli via the pulmonary circulation. Under +(iz acceleration, the slow rate of
disappearance of activity from the lower iung fields closely matched that seen during breath-hoiding at +1(z,
s0 implying that alveoli, initially able to receive radioactivity snd hence gas-containing, were Insing activity
back to the pulmonsry circulstion rether than throuch ventilatory washeout; thus inplying that some  air
trapping was teking place. Thls phenomenon partly explains the erterial hypoxsemia mentioned abnve.
Conversely, V/Q inequalities in the upper iung sccount for the fall in Py 1 CCy seen under +(iz acceleration.
In thls case, well-ventilated but un-per;uud alveoll contribute to the physioiocoical dead-space so that alveolsr
carbon dioxide from the lower lung Is continusily diluted by relstively carbon dloxide-free gas coming from
the un-perfused srass of the upper lung, ‘i~

Thus, the fall in Pg1CO, seen in the present study during manoeuvring flight Is explicabie in terms of the
findings from previous ground-based work on centrifuges, snd is the result of a combinatlon of a true
hyperventllation and the diluting effect of an incressed physiciogicsl dead-space. It should be noted, however,
that the incressed ventilatory effort and the the effects nf the V/Q inequalitles descrihed are relevant only
for as long as the lunge are subjected to Increased accelerstion. In the present study, the applicatlon of +Cz
accateration was never prolonged conttnuously beyond 1 - 1§ minutes and, although the dead-space effect mey
have been pronounced dur.ng these periods, there was ampie time between each manoeuvre fof recovery in
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thls respect to occur. The magnitudes both of the diluting effect and thet component of increased ventilation
due solely to Iincressed scceleration sre not known, but it is suggested thst they cen only have exaggerated a
pre-existing mild but true hyperventilstion. That thls was Indeed the cese is supported by the demonstrstion of
a fall in Pg7CO, during the esrly +1Gz routine phases of fiight. The setioiogy of this prolonged low-grade
hyperventiisticn must therefore involve some of the other factors discussed in Part 1 (pll et sea). Hypoxia
wes unlikely to be of relevance, since the design of the LRBS was such as to pre=vent hypoxle occurring, and
the other environmental ceuses, vibrstion snd thermal! stress, were also unlikely to have been of grest
influence. Slmilerly, pharmecologicsl snd psthologlcel causes mey be disregerded in this group of heslthy pilots;
and Instrumentsl csuses In the form of 8dded external resistance hsd been minimised. Thus, covert
psychological stress, ss hse slways been suspected, must be regarded ss the factor most likely to have
induced the mild hyperventilstlon seen in the routine phases of the present study, with exaggerstions in its
magnitude st times of sustalned accelerstion being the result of physiologicel phenomens. These exaggerstions
sre probsbly not sccompsnied by parellel falls in biood and tissue carbon dioxlde tensions, end may be best
described ss episodes of 'specious' or false hyperventilstlon, It is likely, however, that the sustsined fall in
PETCO, does reflect & fall in blood snd tlssue levels and may have an effect, as yet undetermined, on
performance.

The sbove discussion has teken no account of the Infiuence of & sustsined fe!l In cerbon dioxide tensions
upon body stores of the gas, elthough for & durstion 8s here of 20 - 30 min there must hsve been some
effect. Cerbon dioxide stores are very large, smounting to about 20L in soft tlssues and 100L in bone
(relstively inaccessible), and sre constantly resdjusting slowly 8s 8 consequence of several physiological
mechenioms, but particulsrly slveolsr ventilstion.!*® Since chenges in body ges stores reflect the existence of
8n unstesdy state, snd as such mask the true level of metsbolic cerbon dioxide production, it is clearly
desirable to estsblish the magnitude of the changes and the rate of re-equilibration. This wes not attempted
in this study snd the phenomenon hse been Ignored; Indeed, ss argued below (p57), a steady-state wass deemed
to exist throughout. Notwithstanding this, the increased carbon dioxide eliminstion implied by the mild but
prolonged hyperventllation described must have reflected 8 fell in cerbon dioxide stores snd, strictly, it would
not have been possible to describe metsbolic production until the steady-state was re-estsblished. Gusntifying
the rate and degree of change in carbon dioxide stores, in order to determine when the stesdy-stste is re-
established, is Important but difficult, This is becsuse body tissues have different volumes, rates of perfusion,
buffering cepscities snd solubilities, snd so equiiibrete st markedly different rstes: slveolar gas and the
pulmonary circulstlon within seconds/minutes, muscle and viscers within minutes/hours and bone over many
days/weeks, Farhi has described s mathematical approach to changes in the alveolar-pulmonary compartment
store a3 a result of changes in aiveolsr gess tenslon, and relsted to body weight and the solubility of the gas
in these tlesues.!3! Using his derivation here, the mean fall in the cerbon dioxide content of thst
compartment, from tske-off to the start of descent in 19 sorties, was 68 ml. Chenges in the content of other
compartments are even more difficuit to compute sand, In thls study, would heve required mesasurement of
mixed venos carbon dioxide levels or of cerdisc output. Without such knowiedge, the tots! change in carbon
dioxide stores cannot be determined and the implications of the fall cannot be considered.

Finally, the demonstration of elevated carbon dioxide tensions while strapping-in, durlng pre-flight texying and
on take-off is entlrely in sccord with the belief, founded on the results of ground-besed studies such ss those
reviewed in Part 1 (pl4), thst the early phases of a military mission, while in the cockpit on the ground, are
amongst the most expensive In terms of energy costi a cost which ls discussed below. It must also be noted,
however, that some breath-holding occurs during the strapplng-in process and this will also elevate Pgt CO,.

4.1.4 Metsbollc Cost of Flying, The energy cost of flying was derived from the recorded variables by Invoking
several sssumptlons, the validity of each of which is discussed below, p57 et seq. These assumptions were:

s, Steady-state condltions existed

b. No net exchange of nitrogen took piace

c. Respiratory Exchange Rastio = )

d. Caloric equivalent for oxygen = 5.047kcei.L(STPD)O, =}

e. F1CO, = 0O

f. Pg1CO, = PRCO,

g. Subject dead-space was constant, and mask dead-space = 150 ml

h. Inepired gse was dry

Now, 9 o

Vacaresy = Ygearesy " Vp! ts]
Then, from equaticn (2], snd sinca R = ),

Vicaresy = Vecaes) te)
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Therefore,
Yncgresy = Yraresy - Vo 7]
Where
Ug = o v v - f [a}]
And since, by the law of partial pressures,
P,C0,
Fally = e— 91
Py = 47
and
VCO, = FuC0: - Vpigrpg) [10]
Substituting equations {7} and [9] into eouation [10],
. PACU; . =
VeOagrpgy = ———= - pgrasy - Yo 1]
P, - 47
2]
and
P - 47
. . 273 B
Vco, = VCo, . z . 112]
(STRO) (B8TPS) ° o3 L 37 760
Then, since R = 1,
Y0z (grepy = Vla(srep) 113]
and so,
0. x 60 x 5.047
Energy Expenditure ) kcal.m t.n7! 114)
SA

Thus, the correctac values for in-fiight end-tidai carbon dioxide tension and inspiratory minute volume,
together with the empirically determined anatomical dead-space (Table 2.1, p28), were used to derive alveolar
ventilation, carbon dioxide productlon and thence enerqy expenditure,

The frequency distributlon of energy expenditure so calculated for aii phases of ail sorties is shown at Figure
4,10, The overali mesen was B85.2kcei.m~?,h-!, representing an increase of “106% over the mean control
(resting) vaive of 41.3kcalm=.h ' for this group (cf the mean resting value of 47.6kcal.m-? h-' derived
from the previous In-flight studies listed at Table 1.3, pl3); and en incresse of ™~120% over its meen
predictad ‘standerd’ metsbolic rate of 38.8kcai.m-2,h-' (Tebie 2.1, p24). The overail means for routine and
manoeuvring flight ware 82.9 and 89.8kcal.im=-h-' respectiveiy, but the ciose proximity of these vaiues hides
a marked differance between the individual phases studied. ACM, iow level flight and roiis produced meen
energy expendlitures of 160.5, 121.2 and 101.3kcai.m-*.,h-' respectively, whiie wind-up turns and steep turns
(aibalt with very few data points (n = 10)) produced a mean vaive of 57.9kcai.m-2.h-', Ail other manceuvring
phases, and most routine phases, produced mean energy expenditure levels between these two extremes, Of
particular Interast, howaver, wera the :esults from the eariy, routine, pheses of strapping-in, taxying and take-
off which yleided mean levels of 96.8, 93.5 and 107.6kcalm=~*.h-' respactively. The mean resuits are shown
graphically at Figure 4.11a for ail phases combined und routine va manoeuvring pheses, and at Flgure 4.11b
for Individual phases. Numerical vaiues are listed at Tabie 4.5 together with some comparstive values from the
itaratura for the anergy cost of savarel everyday activitles,
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Flight Phase VO, Energy n  Ground-based Activity' Ref
(ml{STPD)  Expenditure
min=Y  (kcal.m=2.h"')

All 536 85.22 1002
Routine 522 82.9 666
Manoeuvring 563 89.8 336
Strapping-in 611 96.8 116
Taxy (pre) 589 93.5 107
Take-off 679 107.6 19
Climb 463 73.0 95
Cruise 445 70.8 101
2G turns 449 71.6 35
3G turns 483 771 3
4G turns 479 77.1 21
Loops 583 92.5 21
Rolls 634 101.3 25
Aerobatics 591 95.8 18
High G spirals 419 65.0 9
6G spirals 538 85.0 16
Level turns 518 82.8 14
Barrel rolls 760 121.2 7
Low level 477 76.5 41
Steep turns 372 59.8 8
Wind-up turns 338 50.4 2
ACM 1003 160.5 21
Recovery 605 95.8 67
Descent 472 74.6 113
Circuits 484 78.5 58
Land 532 84,3 15
Taxy (post) 535 85.8 42
43.00 Sitting normally
51.00 Sitting, playing cards
86.70 Standing, light activity
86.70 Washing & dressing 129
93.30 Driving & car
123.30 Cleaning windows
162.00 Mopping floors
60,0 - 93.3 Drlving, standing, light
engineering
76.7 - 140.0 Dressing, walking slowly, 113
medium engineering
120.0 - 1733 polishing, wslking normally,
bricklaying

*  Published figures in kcal.min converted to kcal.m—*h-* by multiplying
by 33.333 (assuming SA of 1.Bm*) LWem == keal.m=?h=i x 1,1637]

Table 45 The metabolic cost of flying compared with that of
various ground-based sctivities

The energy cost of most flying cen be seen to be shniisr to that of light to medium ground-besed activities.
Thus, energy expenditure durlng ell routine phases of flight epproximated to light activity while stending (eg
washing end dressing), as essessed by Consolezlo (quoted by Brobeck '*?), whlie expenditure during combired
manoeuvring phuses approximated that of driving e car. Of the more ‘'expensive' individuai menoeuvring phases,
low ievel flying approximsted to cieenlng windows, while ACM equsted with mopping floors. Similariy, flying
equated with e group of activitles gredusting from dressing, waiking slowly and medium engineering to
polishing, welking normally end brickieying, as assessed by Cotet.''’ These more recent studies were in broad
agreement with the ciassic review findings of Durnin end Passmore In 1955.°°

When compared with praviously published values for energy expenditure in fiight (Tabie 1.3, pl3), the values
reported here were conslstently higher during all phases considered, and for all sircraft types. The differences
sre not .nerked, however, snd wers probably ceused by the dlifferent essurmptions mede In the various methods
of calculstion. It is importent to note thet direct measurement of energy expenditure in high performance
fixed-wing alrcraft hes only been ettempted once before, by Lorentzen neurly 20 yesrs ago, and he too
reported relatively high ievels durlng eercbatic flight.”® Indeed, notwlithstanding the criticisme of his work
(pl4), the Lorentzen mean velue of 98kcal.m™*h ™' correletes very weil with the mean velue of
95.8kcal.m-2,h=* reported here for the ssme phase. Furthermore, when compered, es sbove, with various
ground-based ectivities, the levels of energy expendlture during all phases of the present study ere intuitively
more sppropriste than previously published results, many of which equate with little more strenuous then
sitting piaylng cerds ( ™ S5lkcalm=*h~-*),

At no time dld energy expenditure in the present study spproach the levels seen in the ground-ossed studies,
discussed in Pert 1 (pl4), of the metsbollc cost of dressing, walking end strepping-in whlle wearing various




55

AEAs, even though the summer AEA wused in thls study wes very simllar to that used before. Most
particularly, the levela recorded while etrapping-in do not correlate (96,82 cf 160kcal.m™2.h=*), While this
again must be due in part to the different assuriptions made and methods of calculatlon, other factors, such
as speed of strepping-in, subject experiance ent environmental influences, must also have been relevant. In
pertlculer, In the earlier studies, a perlod of deflned and controlled exercise, in the form of walking,
preceded entry to tha cockplt; whereas a short stroll of <50m from the crew-room to the aircraft preceded
each flight in thls series.

The necessity for the assumptions asdopted for the above derivations is e reflection of the present limitations
of in-flight physiological monitoring. It would cleerly have been rmore desirable, and accurate, to measure
oxygen upteke directly and/or explred gas volume and composition. But the lack of a suiteble, fast-response,
oxygen analyser prevented the former, while the mechanics of collection of expired gas would not only have
been unacceptably bulky but also have compromised the requirement for a low resistance breecthing system.
There remains & need for a small but rellable respiratory qes analyser capable of operation in the environment
of high performance flight. Until such & device is developed, sssumptlons such as those adopted here wiii be
required for meaningful interpretation of available data. The reasoning behind each of the assumptions used in
the present study was as foilows:

8. Steady-state conditions existed, The respiratory ’steady state’ is classicelly defined as a condition
durlng which gas exchange with the atmosphere is constent.!3* As with all biolosical systems, such
conditlons for the resplratory system are virtually impossible to attain, aithough epproximations cen be
made for short time Intervals. Respiratory end exercise physiologists generally hoid thut e steady-state
is esteblished after five minutes of constant activity at the level under conslderation, '3’ It is quite
clear, therefora, that steady-state conditions, as thus defined, could not have been achieved at any
stage of the present in-flight study. Furthermore, the nature of high-performance military flying means
that this will elways be the caese. The difficulty then arises of hcw to deal with deta obtained during
such flight. It was decided thst steedy-state condition:: wouid be assumed to exist over the short
periods (one minute) and very short periods (single brestns) analysed here, and that well-estabiished
mathematlcal considerations *’* could then be applied. The error involved in this assumptlon, in the face
of continually changing subject and alrcraft activity, is impossible to ouantify; and it is suggested that
it is conceptually valid not to attempt to do so. DuBois et al '** have shown that only at two points
during @ single resplretory cycle do the alveolar partial pressures of oxygen and carbon dioxide
correspond wlth their mean vaiues: at about half way through both the Inspiratory and expiratory
phases. The correspondence is not synchronous, however, and even when steady-state conditions are said
to exist measurements are subject to error. For example, readings teken too eerly In the expiratory
phase wlll glve a velue for oxygen partial preessure which is too high, and & value for cerbon dioxide
partlal pressure which ls too low. The converse applies if sempling is ieft until iate in the phase.
Beceuse of thls continuous veriation, even within e single resplratery cycie, It is suggested that a true
steady-state can never be ronitored or assessed with absolute accuracy and that the appiication of
steady-state equations, as here, to single respiratory cycles or to seversl cycles comblned, is as valid
an epproximatlon as ls likely to be achieved In & dynamic experlmental situstlon. Some support for this
contention comes from Otie who, when taiking of steady-state equations, has commented that (they) " ...
are mesningful only if at least & complete resplratory cycle is considered .." ***

b. No net exchange of nitrogen took place. i.eading respiratory physiologists have long held thet, in the
steady-state, whether at rest or during exerclse, there is no net exchange of nitrogen between the
atmosphere and the tissues since nltrogen is nelther consumed nor produced by the hody,'3'. 124, 136
Indeed, many of the equations used to descrlbe respiratory ges exchange are based upon this tenet,'’*
But work in the 1960s and early 1970s, for example by Ciesik et ai'®’, suggested that nitrogen
retention or production could occur to a significent degree in steady-state conditlons at rest and during
exarclse; and could produce considerable errors in subsequent determination of oxygen consumption.
Farhl '** has rebutted the Interpretatlon of some of theee data and, of particular reievence to the
present atudy, Wilmore end Costlli, In 1973, clearly demonstrated that whlle there may be some small
production or retentlon of nltrogen during moderate steady-state exerclse, this has little effect on the
calculation of o yyen consumption using steady-state equations, '® 1t may therefore be assumed that
there is no slgrificent exchange of nitrogen unde: steady-state conditions at ground levei.

Ascent to asltitude, however, will he assaciated with a feil in atmospheric pressure snd s proportional
fall In the partial pressures of constituent qases. Thus, in flight, the pertial pressure of nitrogen in the
inspired snd explred ges will be fluctuating along with those of oxygen and carbon dloxide. A fall in
the partial pressure of insplred nitrogen, es occurs durlng sscents, wlil disturb the normal equilibrium
and tissue nitrogen tensions will slso fali. Descents will have the opposite effect. The timescale of
nitrogen washout from Its principal tissue store, body fat, ia so long, however, that body stores wiii not
be affected for many mirutes and not fully depleted for seversl hours, even when breathing 100%
oxygen '’', although pulmonary washout is virtuslly complete within 20 breaths.!** The breathing qes
delivered by the LRBS was relatively rich in oxygen (p30), but there was sufflcient nitrogen present
throughout to delay chanaes In tissue snd pulmonary levels as a result of altitude changes, which were
anywsy not prolonged, even further. It was concluded that any effect of ambient pressure change on
nitrogen balance could be neglected.

c. Respiratory Exchange Ratlo = ). Tha resplratory exchange ratlo, R, is the ratio of the mass of
carbon dioxide evolved In the lungs to the mass of oxygen absorbed by them over the ssme perlod; anc,
in the steady-state, represents and equals the resplratory quotlent (ratlo of the mass of carbon dioxide
produced by a tissue to the mass of oxygen consumed by it over the same perlod) of the whole hody,
Under changing physiologlcal conoitions, the two ratios mey not be equal and sc R mey not reflect true
metsbolic activity. Nevertheless, in the present study, it was necessary to provide a means of relating
the only two meewred varlsbles - Inspired minute volume and end-tidal carbon dioxide tersion - capabie
of providing an Incicatlon of metabolic function, Carbon dloxlde production could be derlved directiy
from explred minuts volume If the latter could be regarded ss the ssme as insplred minute volume; a
menipulation which an sssumed R of ] allowed., As far as the minute volumes thermselves are concerned,
such an spproximatlors would iead to an over-estimste of explred volume of 1 - 7% at sea level'*®,
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rising to only ebout double this et the maximum cebin altitude (20,000 feet (6£,096m)) experienced in this :
study. In terme of STPD volumes, hov'ever, the difference remains constant ot sall altitudes, st H
epproximately 50 mI(STPD) for e minute volume of 6L(BTPS).min-*.**® Convereely, the use of R = 1

would produce an under-estimate of oxygen consumption if standerd besel conditions obteined. Under

such conditlons, R is regerded as an indication of the ectlvity of the body et rest, end is assumed to

have e velue of 0.82, Stendard conditions clesrly did not exist in the present study and R would have

been modifiad by many fectors, Including age, body bulld, previous diet end recent food inteke,
dlscomfort, nolse end temmperature etc.''’ But, most importantly, the velue of R is incressed by hoth
hyperventllstlon end musculer actlvity **'; snd indeed both mey ceuse R to exceed 1.**°:''* The
relevence of these two features to the present study hes slready been demonstreted end it is
concluded, therefore, thet the use here of & respiratory exchenge ratio of unlty was reesonshle and
appropriste. A 10% over-estimatlon of the true velue for oxygen consumption would result If R was 0.9

end 8 10% under-estimatlon’ If R wes 1.1: the most likely renge to heve been encountered.

d. Caiorlc_Equlvalent for Oxygen = 5.047kcel,L(STPD)J; ='. The celoric equivalent for oxygen at a

respiratory exchenge retlo of one has been celculated as 5.047kcslL(STPD)O,™, end thls conversion

factor wes used In the present computatlons. ''* The equivelent chosen actuslly mekes little dlfference

to the finel result: for example, a celorlc equivalent of 4.825kcal.L{(STPD)O,”' (the correct factor for *
8 velue of R = 0.82) would yield resulte for an R of 1 only 4.6% lees than thoee obteined when the

higher fector ls used.

8. Pertlal pressute of insplred carbon dioxide = 0. Although carbon dioxide cormprises 0.0314% by volume
of dry eir , its partlel pressure In the__fnspired ges wes assumed to be zero in the present study.

f. _End-tidel cerbon dioxlde tenslon = elveolar carbon dloxide tension. The rationsle behind equeting the
partiel pressures of end-tide] geses with those of geses in the alveoli hes long been recognised; the
originel method for collectlon of end-tlosl samples being described by Heldsne and Priestley in 1905.'*?
This clessic method, in which the ges at the end of e forced expirstion is diecretely sempled and
anelysed, does, however, lead to falsely high velues for cerbon dioxide tension end felsely low values
for oxygen tenslon as e result of the effectlve breath-hold of the forced expiratlon end of the cross-
over of meen veiues described above. The letter pheromenon elso renders end-tidei sermpling techniques,
which eim to semple the last pert of e normal expiratlon, prone to discrepancies. Continuous monitoring
of one or more expired geses hy mass epectrometry or, es here, by & single ges enslyser allows the
whole of esch bresth to be considered. Although it has been demonstreted thet meen slveolar cerbon
dloxide tension s best represented by & sample taken shortly after the mid-expirstory point'®*, a
further correctlon Is required to account for the timing error introduced by measurement st a site
other than the lung. When trensport time to the mouth wes considered, Rehn and Fearhi estimated the l

best sampling point to be about four-fifths of the time of expiration, *** An even lster point would be
required to compensste for the time delay to the remote analyser employed in this study. Thus, it wes
considered thst the errors introduced by ressurement st the pesk deflection of the carbon dioxide
trace, Insteed of et e slightly earlier point, were sufficlentiy smell to be disregarded, end that the
peek deflectlon could be essumed to represent rneen elveoler carhon dioxide tension.

Further support for thls epproech is provided by the results of studies In which end-tidel gas tensions
were compered with directly measured blood ges tenslons. Thus, Berker et al, in 1949, estlmated
alveoler ges tensions, by five dlfferent explratory methods simultaneously, end found there to be
egreement to within 2 mmHg (0.26kPs) of cerbon dioxide tensions messured directly in erterial
blood. *** More recently, Jones et el (1966) have demonstreted thet Pg;CO, - P,CO, Is virtuaily zero
st rest, rising to only 1,2 mmHg (0.16kPe) during moderste exercise, ***

g. Subject deed-spece remained constant, end mask deed-spece = 150 ml. The totai or physiological
desd-spece is thet volume of eech breeth dellvered to the respiretory tract which does not perticipate 1
in ges exchenge, It Is the sum of two components, themselves termed the snstomicei (or series) desd- 1
] spece end the slveolsr (or parsilel) deed-spece. The former is the volume of those psrts of the

respirstory trsct which are consistently ventilstad but not perfused, ie the conducting eirways; while
the lstter comprises the volume of those slveoli which ere ventilsted but for which no perfusion is
svellsble when the remalning slveoli sre being ventilsted and perfused with a V/Q ratio of one. Mean
anstomicel desd-spsce Is usuelly quoted es ~ 150 mi in heelthy young menti3, s figure hesed on casts
of bronchlsl trees end from results of single-breath enslyses. The volume is, however, affected by
physicel fectors such es ege, sex, haight end welght. Relstionships between these factors and anatomical
desd-spece ere the basis for the empliricel methods used to determine the letter, (Tabl!e 2.1,
p24), 2 t1v, a1 Fauetion [7] (p53) demonstretes thst totel desd-space volume, and changes thereof,
wlll Intimately sffect slveolsr ventllstion and hence gss exchsnge. Accurete messurements of total dead-
space, end perticulerly of the alveolsr component, sre, however, freught with difflculties, Controversy
hes surrounded the princlpsl problem of whset constitutes siveolsr ges since st leest the early 1500s'*’,
snd onca ageln the verlebillty In composition of siveoler qss in time snd spsce, even within e sinale
respirstory cycls, Is the underlylng problem. The principle behind most calculations of cesd-space volume
Is the clsssic relstlonshlp, descrlbad by Bohr in 1891, which stetes thst the totsl smount of any gas
axhaled Is the sum of thet from the slveoll and thet from the desd-spsce (assuming thet qas
concentretions In the Istter ere the same o3 Insplred concentrstions). For csrbon cloxide, this
relstlonshlp may be expressed by equstion [15)

v » « v []5]

FaCo, - Fco,

FuCO, - FCO, H

I The precise numericsl velues to be used for slveolsr csrbon dloxlde gives rlse to the debste.

Notwlithstsnding this difflculty, the rslstionship between desd-spsce volume and respiretory frequency, '. L
totsl lung volume and tidal volume sre of particulsr relevencs to the present work. Thus, physlologicsl i
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dead-space has been reported by Bouhuys to be unsffected by changes in resplratory frequency of
between 5 and 80 bresths.min ~' during both rest and exerclse.?¢’ On the other hand, anatomical dead-
space increases allnearly with total lung volume as a consequence of increased alrway calibre due to
mechanical stretching, as will occur durlng exercise and during +Gz acceleration'*® The incresses are
not great, however, and have been reported as ~ 2.5 - 3.5 ml per 100m! Increase in lung volurme during
single-breath studles.'“® Alveoler dead-space is also incressed by exercise, hut to a lesser degree than
the increase caused by +Gz sccelerstion ss & result of the exsggersted V/Q inequality discussed above,
p51.**7 There sare conflicting views on the magnitude of effect of tidal vohsme on dead-space.
Certainly, the anatomical component is affected little, but most authors report an increase in total
deed-space with & rise in tidal volume, when the latter is accomplished by hyperventilation, or during
bresthing at a constant or elevated carbon dioxide level.'*® Scme authors have reported a constant
dead-space:tidal volume ratio '*’, while others have shown an incresse in dead-space of only 185 ml for
a rise in tidal volurme to 3.3L and have claimed that this reflected the small alveolsr component seen
in healthy young men.**° It is clear from these studies that a rise in physiological dead-space volure,
with increesing total or tidal volume, is primarily the result of changing alveolar dead-space, itself s
consequence of altered V/Q distribution.

In the present study, use of the Bohr equation could only have been possible if mixed expired carbon
dioxide levels had been recorded. In view of this, and because of the conflicting evidence on the
magnitude of changes in total dead-space, and becasuse there were no very great changes in recorded
tids! volume (mean maximum tidal volume = 1.33L(BTPS)) during flioht, it was decided to neqglect the
possible effects of in-flight events on dead-space. A high empirical value for anatomical dead-space
(Table 2.1, p24) wes assumed on the grounds that any change in total dead-space during flight would
probably have been upwards. It was calculated that alveolar ventilstion woul¢ have been under-estimated
by ™~ 8% if dead-space had itself been under-estimated by 50 ml; with approximately pro rata chenges
in the magnitude of the error for other under-estimstes or over-estimates.

A water displacement method was used to measure tha dead-space volumes of oro-nassl masks mounted
on a dummy head. Volumes of 150 ml and 128 ml were esteblished for the large and sinall version of
masks respectively. Since most of the subjects wore the large size tRBS mask in this study, and
although veristions in mask dead-space volume are known to exist as & result of the size of facial
features and of differing degrees of adjustment of the mesk to the face, it was felt thet a constant
value of 150 ml was appropriate.

h. Inspired ges was_dry. Gaseous oxygen supplied for human use in aircraft is required to be of & very
high standard of purity, and to contsin <5.0mg.m~*> water at 15°C and 760 mmHg (10.13kPs).'** Such
was the standard of oxygen supplied to the pilots in the present study end, although there imay have
been some water vapour present in the general atmosphere of the cockpit, it was felt that with the
point of measurement so close to the oxypen source this would have had little influence; particularly
since rabin conditioning systems in their own right are known to dehydrate the cockpit environment.
The inspired gas at the point of flow messurement was therefore assumed to be dry.

The likely repercussions of the assumptions made on the varighles derived are summarised st Table 4.6, A
guentitative estimation of the final movement in derived values has not heen sttempted, althouch en overall
trend is suggested. Most importently, it can be seen that an over-estimation of energy consumption has
probatly cecurred, but the orders of magnitude of the results obtained implies that the combined effect of
the assumptions wsas not great.

Value nf derived varisble moves in direction
shown as s result of the assumption made

Effect of Assumption
nn Derived Varlahle 7 1 ; . X
Low Ve vV, Pg;CO, PCO, VCO, VO, Erergy

Stendy-stote ~visted n/le nle 1 te T 1 1
R =1 t ' n/a nie " (X 1
Caloric equivalent = 5.047 n/ja  nle nfe n/a n/a nl/a e
P¢1CO, = PaCO, n/la nle n/a ' ' ' '
Vp constant n/a e n/a ' t t '
Overall trend X t te t ' ' i

[n/a = not affected nr not spplicable, * = principal effect]

Table 4.6
The effect of assumptions made on the values of derived varlables

4.1.5 Respicatory Inter-relationships. The shove descriptinn of changes in individus! respiratory ,:: v wns 8
recognised, logical and convenient spproach to the presentation of date. Quite clearly, however, sich variables
should not just be considered in isolation since each will influence, and be influenced by, the nthers, Inter-
relatlonships between resplratory responses sre often used to denonstrate cpuses and effects, snd to provide a
further insight to respiratory behavlour.

The primary purpose of the respiratory apparstus is to support the process wherehy sufflcient oxygen for their
needs mey he delivered to body cells, and whereby most of the carhon dioxide formed by the cefls is
eliminated to the atmosphere. To this purpose may he attrihuted the alterstione in the ohysiological variahles
reported here. Thus, an incresse in enerqgy needs, and hence oxyqen needs, at the cellular level wlill be
manifest as an increase in oxygen upteke {and a parallel increass in carhon dioxide output) itself achieved by
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a rise in minute ventiletion, and meora specifically in alveoler ventilation. Flgure 4.12 shows the relationship
between energy expenditure and alveolar ventiistion seen in tha present study for all phases of all sorties
during which carbon dloxide tensions were measured. The relatlonshlp was shown, by regression, to be linear
over the range of expendltures seen during fllght, but may have been expected to platesu if the physlnioglcal
maximum for pulmonary ventilatlon had been approsched. No such limit was spproached In flight. The Increase

in alveolar vantilatlon reflects a simllar rise In totel minute ventllation, and thls relstlonship, which was also
linear, is shown at Figure 4.13,

Energy PCO; sorties
expenditure (except 14,40,41,42)
(kcal.m2.n"1)
o =ibg2 y=0.0070x~0.0002 o o
200}
i 1501 4
1004
501
‘7 Vo (L(BTPS).min™)
0
2.8 7.8 12.8 17.8 228 271.8 32,8
Figure 4.12
Relationship between energy expenditure snd alveolar ventilation
(all phates combined) F
] v All sortles r
1 L (except 14,40,41,42)
(L(BTPS).min"~") S .
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3 ye10090x+87820 .
30,
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4
)
10,
VA(L(BTPS).min ™)
0 T v 3l +
8 t8 28 38

Relstionship betwesn siveolsr ventlistion and total minute ventilstion

! Figure 4.13 ‘
(all phases combined)
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Increases in minute ventilation may themeelves be achieved by an Iucrease in raspiratory frequency or an
incresse in respiretory depth (tidal volume) or by a combination of both. During light exercise at ground levei,
the incresse in mirute volume is primerily tne resuit of an immediste rise In tidal voiume; ss the level of
exeicise Incresses, so there is an incresslng contribution from an elevated resplratory frequency.'*® igures
4,148 and 4.14b show respectively the effects of tidsl vclume and respiratory frequancy on minute voiume
during flight. It can be sean that the slope of the former exceeds thet of the latter (slope = 15.97 cf 0.74
respactively) su incicating thet, for tha relatively light exercise levels encountared, incressed minute volume
was, as In other sltuations, principally the consequence of incressed tidei volume.

When the same dsta were plotted both for individual pheses and for combined routina vs combined
manocauvring phases, no significant differences in the relationships were detectable so confirming the overali
ronstancy of respiratory Inter-relationships.

s,
ye10.0780n 0 85400
il AN sertiee
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nes0t
40|
30
0]
19/
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8. Relationship between tidsl volume and minute volume
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b. Relationship between respirstory frequency and minute volume

Fiqure 4.16
(ell phases combined)

4.2 Sumrery

Resplratory frequency, Inspired minute volume snd pesk lnspiretory fiow ail varied directly with the dearee of
in-flight stress, as assessed In terrne of applied ecceleration, A clear difference weas demonstrated between
routine and manoeuvring pheses of flight; and, of the verious phases comprising the lstter, air combat
manoeuvring was the most demending. Convercely, end-tidal carbon dioxide tension was at its orestest mean
veiue just befor= and during take-off, so re-inforcing the belief that the earily routlne stager of a military
flight sre the most demandlng, in terms of enerqgy nseds, es a consequence of dressing, walking or running to
the elrcraft and strapping into the seat. This wes confirmed by a translatlon of the carbon dioxide and
minute volume dats, using several assumptions, to a measure of energy expenditure. This was relatively low
during most phsaes of flight and hlghest, with the exception of air combat manceuvring, low level fiight und
rolls, during the early post-entry steges !n the cockpit. The pattern of end-tidal carbon dioxide tensions
throughout the whole of each flight revealed an oversil downward trend Indicetlve of mlld hyperventilation, so
lending support to another long-held suspicion.
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Part 5 - GENERAL_DISCUSSION ANC CONCLUSIONS

The study of physlology outside the controlled conditlons of a lsboratory has slways been & challenge, encd in-
flight investigation Is a supreme axsmple of this. Similerly, the study of physiology during physical activity of
any kind, but especlslly within confined and potentiaslly hostile arees, is also extremely difficult. The cockpit
of e militery combat aircraft embraces both of these obstacles to successful experimentation and more, since
the unique need for operatlonal effectiveness, combined with acceptst'= ievels of sefety, precludes the use of
the more adventurous techniques avasilable to most investigators. Nevertneless, this study hes shown thet it is
possible to record, accurately and relisbly, verious indices of respiration almost routinely during high
performance flight, albeit in a dedicated research aircraft. This hss only been possible because technology has
edvenced to the point where scceptsble methods exlst to meesure and record those indices accurately with
equlpment sufficiently small to be accommodseted, yet sufficiently sophisticated to be indeperdent of the
continually changing environment of flight. The small, sensitive pressure transducers, responsive and un-distorted
durlng the application of high susteined accelerstions, the infrae~red cerbon dioxide snalyser besed on &
similerly responsive mechanism and the likewise robust high-fidelity on-bosrd magnetic tape recorder were just
three of the modern instruments essential to the success of this study.

The results have shown thet, by using & bresthing system of low added externel resistance to avoid
influencing respiratory behaviour, respiratory responses during various phases of fiight were iargely as might be
predicted. Velues for respiratory frequency, minute volume s&nd peak inspirstory flow were significantly
incressed during all pheses of routine flight, with further merked elevations durina manoeuvring fiioht. No
minute volumes in excess of the stendards presently required of sircraft bresthing systems by Western air
forces were recorded, but pesk inspirstory flows of the magnitude ceen in this study clearly outstrip both the
standards themseives snd the systems striving to attain them, The significance of this chortfail, with 7.45% of
sll pesks >I50L(BTPS)min~' and 1.4% >200L(BTPS).min ‘', is not immediately spperent, but it seems likely
that if naturally occurring physiologica! needs are not being met there may be & detrimental effect, The
words of Nunnely end Jsmes in 1977, siready guoted, sre most epprcpriste here and bear repetition: “In the
future, physiological conditions ... traditionally regerded es ... innocuous, may sctusliy limit total system
effectiveness”, *°

The same sentiment may be read across to the demonstrstion &nd possible significance of hyperventiistios,
sithough very mild, throughout & 20 - 30 minute flight. Studies of performance decrement as a consequence of
hyperventilation have tended to confine themselves to the etfects of more profound hyperventilation, and of
shorter duration, than that observed here, But any effect on perfoimance wili he adverse and may become of
immense importance st times of high cockpit stress, perhaps during emergencies or in combat.

Notwithstanding the assumptiona necessary in this study to compute metatolic results from the recorded
verigbies, the finding that high performance fiying has & reistively low cost, in terms of energy expenditure,
was expected in view of previously published work. It wouid indicate that fiying en aircraft, slthough
seemingly strenuous, in fect mekes littie energy demsnd on the body; probsbly as & direct consequence of the
sitting posture adopted (cf the high energy cost of any mobile upright ectlvity). Accordingly, walking to the
sircraft, having first dressed in bulky sircrew clothing, and the reistively high physicai effort involved in
entering the cockpit and strepping into the seat, wes sppropriately more expensive.

The spplication of susteined Gz acceleration slso had & predictably clesr snd disruptive effect on respirstory
function, most obvlousiy manifest as & fall in end-tidai cerbon dioxide tensions during such menoeuvres, snd
explicable in terms of sltered ventiiation/perfusion reistionships es identified by studles in man-carrying
centrifuges,

Other findlngs included that of the significant dlfference between RAE and TWU pilots in some varisbles, and
particulerly minute volumes during routine flight. The phenomenon is not resdily explicable elther in terms of
obvlous subject group or sortie differences, or of varlation in experlmental conditions, Even the cockpit
ternperature profiles, as refiacted in the inspired gas tempereture records, showed no consistent pattern
sithough the RAE phase was flown during late autumn and the TWU phase during iate summer. Of course, the
cebln conditioning system was st all times controlled by the pilots to ensure comfort.

All the experimental equipment performed well. The on-board carbon dioxide snalyser, although subject to
electrical problems If power surges occurred, worked very well indeed snd must be regsrded as sn Important
step forward in techniques of in-filght measurement, Likewise, the in-flight callbration unit provided invaiushie
corroboratlon of pre-flight and post-flight calibrations. The ultresonic digitizer also proved to be & relisbie,
effective and time-saving tool, which allowed processing of very large quantities of dsts. The subsequent
pictorial representstlon of whole sorties points the way to the possibility of highiy detaiied sanalysis nf
individual breaths. But the digitizer should perhsps be reysrded as just a stepping-stone tn on-iine analysis of
recnrded dete with direct snd immediate snslogque-to-digital conversion the ultimate sim.

What else of the future? The concept of a totsl physiologlcai monitoring system for in-fiight use has perhaps
been brougnt e iittle nesrer hy this study, but the ideal system embodylng complete cardio-respiratory data
collection is still a long weay off and must await yet further technologicel advances, There is no doubt that
such a system would be of immense value for both bpeslc snd appiied research, but untll multi-qas recording is
possible, combined with continuous messurement of heart rate and blood pressure, anlargement of the data
bese will be limited to the variables studied here. Applled physiology, for example the effects of drugs such
as  -blockers upon cardio-respirstory function in flight, is of vital Importance to the aviation world but its
study, too, wlll be obliged to weit. A method for tha non-invasive measurement of blood pressure is
particularly vital, and all possible avenues require exploration; for example, the combined use of doppler
ultrasound and pulse wava velocimetry.

In the short term, howevar, much further useful work, employing the tachnlques used here, could be directed
towards asteblishing tha respiratory behaviour of pliots before and during flight, for exemple whlle wearing
chemical defence clcthing; with complimentary laborstory studles of breathing flow patterns at rest snd during
exercise, both with and without speech, at ground ievel end at simulated asltitudes In a hypobaric chamber.
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Part 7 - APPENDICES

7.1 _Appendix A - Pilot Briefing Sheet for the LRBS and CO, Analyser

1. General. Thank you for teking part in this flight research programme. Experiments underteken using the low
resistance breathing system (LRBS) and the on-boerd CO, enalyser are designed to further our knowledge of
basic respiratory physiology and energy expenditure in pilots of high performance aircraft. Such knowledge wlll
assist in the determinatlon of the specifications of life-support systems in future aircraft.

2. Equipment. For these experiments the subject pliot will use the LRBS and not the standard Hunter aircraft
oxygen system. The LRBS consists of a continuous flow of oxygen from the high pressure sircraft supply to a
reservoir mounted on a 'shoe' positioned behind the port ejectlon seat. Delivery from the reservoir is via anti-
kink hose routed on, and attached to, the left-hend side of the seat. The hose terminates st a connection for
the special-to-task mask assembly. The mask assembly consists of a modified Type P/Q (Med) series mask. A
wide-hore mask hose is connected to the conventlonal explratory port of the faceplece but provides the
inspiratory pathway. A non-return Inspiratory valve is located in this port. Expiration is via two, identical,
non-return velves located in the conventional inspiratory port end the enti-suffocation vaive port. A mask
tapping, to ellow sempling for the CO, enalyser, is mounted in the right-hend side of the mask.

It must be noted that the continuous flow LRBS will not provide safety pressure or pressure breathing
facilities and thet a good mesk fit is ESSENTIAL. A good mask fit is also essential to the success of the
study. The eircraft is limited to a maximum aititude of 35,000 feet wh2n the systern is in use. Note also that
operation of the LRBS will be indicated in the cockpit by a continucusly white doil's eye.

In the event of an oxygen system emergenry, @ high flow of oxygen is availebie via the LRBS. This flow is
initiated by rotating the barometric by-pass valve mounted aft of the port console aend is sinnalled in the
cockpit by @ red indicator light mounted below the 70 Ib.in=? doll's eye on the instrument panel. The
barometric valve will operate automaticelly if cabin eltitude exceeds 25,000 feet but it wiil not reset when
cabin altltude falls below this level. A further, Independent, oxygen supply, from the standerd Mk 7A
emergency oxygen set, is aveilable to the pilot via the mask-hose connector.

A control box for the CO, analyser is installed in place of the starboerd gunsight. Thls box has a system
ON/OFF switch positioned helfway down on the right-hand side. ON is selected by the switch in the up
position and a red light-emitting diode will then indicate 28 volts supply on. The unit requires no more than
45 seconds to settle after switching on and a green ready light, below the switch, will iiiuminate after this
time. The instrument is then sampling CO,. The semple pump, housed in the sensor unit, wlll be operative
when internal power is applied to the eairborne tepe recorder and it mey be assumed that the pump is running
whenever there is power to the tape recorder.

3. Flight Protocols. The format of each experimental flight will be planned from instructions issued to the
captaln on the basis of previous resuits. The subject pilots will fly the sorties wearing normel Hunter AEA,
with the cxception of the modified mask essembly, Prior to steapping-in, the 70 Ib.in~? gaseous oxyaen supply
must be turned ON and the functlon of the emergency high flow oxygen system confirmed. The latier is
achieved by turning ON the barometric by-pass valve and noting that the red indicator light functions. The
by-pass valve must then he turned OFF. Strapping-In Is in the normai manner but remember that the LRBS
oxygen delivery hose is routed from the left of the seat. Once strapped in, confirm that the seat/aircraft
break connections, on the left-hand side of the seat, are secureiy rmade. For these experiments there is no
requirement to restrict speech or M| manoeuvres.

The pre-flight oxygen system checks may be surrmarised thus :

LRBS PRE-FLIGHT OXYGEN SYSTEM CHECKS

Before Strupping In
Cenfirm 70 Ib.in"* supply ON
Rarometric By-pass Valve ON
Confirm high flow red Indicator light ON
Barometric By-pass valve OFF

After Strapplng In
Contirm Connections Made
Confirm Contents Sufficient
Confirm Supply Pressure Normal (70 Ih.n-*)
Confiem 70 Ib.in"* M] Contlnuous White

-
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4. Emergency Procedures. When the LRBS is in use, the procedures ta be adopted in the event of an oxygen
system emergency are as follows:

PASS CONTROL TO SECOND PILOT

PRESSURIZATION

Pressurization Failure
Rapid descent to below 20,000 feet cabin altitude
Manitor oxygen cantents

Fumes
High Oxygen Flow .cceccee.. ON
Pressurization ..eeeeeeesesesee OFF
Rapid descent to below 20,000 feet cabin altitude
Monitor oxygen conterits
OXYGEN
Hypoxia

Connections ......eeeeeess. Made
Contents ....... Sufficient
Supply Presaure . . Normel (70 Ib.in~2)
High Oxygen Flow ... ON
Monitor Oxygen Contents
If oxygen supply not restored
Emergency Oxygen ....... Operate
DO NOT DISCONNECT MAIN OXYGEN
Descend to 10,000 feet cabin altitude or below

Suspected Contamination
Emergency Oxygen ....... Operate
Disconnect Main Oxygen
Descend to 10,000 feet cabin altitude or below

Continuous Black MI
Connections .......cee... Made
Contents aeeveeersns Sufficient
Normal
High Oxygen Flow ...... O
Descend to 10,000 feet cahin altitude or below

5. The endurance in minutes of the oxygen system for both pilots, during routine and emergency operaton, at
various stages of flight, is shown in the table :

Contents Cauge

Configuration Full 34 1/2 1/
LLRBS at 7 L.min-?

196 147 98 49
Mk 17 on Airmix + SP
I.LRBS at 40L.min-?

47 35 73 11

Mk 17 on 100%"

(NB * Cabin Altitude of 14,000 feet assumed)

6. Reports Requited. A log is required of tape index numbers at the following events :

a. Start of take-off rall,

h. Entry to straight and level flight,

c. Entry to 2, 3, & and 60 turns,

d. Entry to loops, rells and spirals,

e. Change of flight level and stert of next manoeuvre,
{. COy4 calibrations during flight.

g. Any period of deviation from the trial sequence,

The log will be maintsined by the second pilot (captair). When applicahle, the use and effectiveness of any
M} manoeuvres performed should be reported.

Finally, the magnetic tape recorder must be switched to STOP, even in flight, when the index display reaches
500.0. This will leave sufficient tape to accommodate the post-flight cslibrations,

S




7.2_Appendix B - Typical Flight

Profile Log

IAM FLIGHT TEST DPERATIONS SORTIE REPDRT

PROJECT TITLE: LRBS/CO, - BRAWOY TRIAL

PRDJECT NUMBER: 616/A/18/05

PROJECT OFFICER: Sgn Ldr Harding

SORTIE NUMBER: 25 DATE: ©4 Awy
AIRCRAFT: Hunter T7 XL563 Subject Pilot: PJ Safety Pilot: MB
TAKEOFF TIME: (03¢ SORTIE OURATIDN: .45

FLIGHT PROFILE: Strap in, texy, teke off

TAPE EVENT INDEX:

INDEX

Climb to FL350

6G descending splral to FL200

Further 6G spiral to FL70

Loops, 6G level turns, hi G barre! rolls
6G descending spiral to 2000

RTB

SasvasWania Radas Bgyreach

EVENT

cecofuis
1311
1e4Y
266
Aa2®
340
ig 1
296 ¢
168
3ea§
[RRWY
31494
43t
leas
ixt0
iseo
$er2
Je%i
3448
L3R LY
M3
4ecc
44cs

Strap in/start
Taxy

Teke off
Level FL35D
Cal
Y4G spiral
Level FL20C
Cel

6G spirel
Level FL70
Casl

Loop 1

Loop 2

6G turn 1

6G turn 2

Hl G barrel 1
Hi G barre! 2
6G spiral
Level 2000
Cal

69
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7.3_Appendix C - Celibration Correlation Coefficienta for variabies recorded

Sortie Temp Cabin PCO, Flow iviask
Altitude (all) Pressure
1st Phase (RAE)
1]} 0.9999 -0.9909 - 0.9976 -0.9993
02 0.9998 -0.9987 - 0.9993 -0,9999
03 0.9998 -0.9987 - 0.9991 -0.9997
04 0.9994 -0.9997 - 0.9993 -0.9998
05 0.9995 -0.9996 - 0.9996 -0.9993
06 0.9995 -0,9998 - 0.9997 -0.9957
07 0.9992 -0,9994 - 0.9993 -0.9992
08 0,9997 -0.9994 - 0.9995 -0.9986
09 0.9999 -0.9995 - 0.9997 -0.9993
10 0.9995 -0.9997 - 0.9987 -0.9996
11 0.9991 -0.9995 - 0.9997 -0,9997
12 0.9989 -0.9996 - 0.9987 -0.9994
2nd Phase (TWU)
3 0.9999 -0.9997 0.9976 0.9999 -
14 0.9999 -0,9999 0.9984 0.9997 -
15 0.9999 -0.9999 0.9982 0.9996 -
16 0.9999 -0.9999 0,9991 0.9996 -
17 0.9999 -0,9999 0,9979 0.9989 -
18 0.9995 -0.9999 0.9952 0.9997 -
19 0.9998 -0.9998 0.9952 0.9988 -
20 0.9999 -0.9999 - 0.9995 -0,.9997
2] 0.9999 -0.9999 0.9982 0.9995 -
22 0.9999 -0.9991 0.9968 0.9993 -
23 0.9999 -0.9997 - 0.9998 -0,9993
24 0.9999 -0,9999 - 0.9997 -0.9997
25 0.9999 -0.9999 0.998]1 0.9996 -
26 0.9999 -0,9998 06,9985 0.9597 -
27 0.9997 -0.9999 0.9966 0,9993 -
28 0.9992 -0.9998 0.9984 0.9976 -
29 0.9999 -0,9999 - 0.9997 -0,.9999
30 0.9999 -0.9999 - 0.9995 -0.9995
3 0.9999 -0.9996 0.9974 0.9995 -
32 0.9999 -0.9999 - 0.9993 -0.9999
33 0.9999 -0.9999 - 0.9997 -0.9999
34 2999 -0.2998 - BI9002 -0,9998
35 0.9998 -0,9999 0.9977 0.9996 -
36 0.9999 -0.9999 0.9979 0.9945 o
37 0.9997 -0.9998 0.9812 0.9996 -
38 0.9998 -0.9999 - 0.9995 -0.9954
39 0.9999 -0.9592 - 0.9997 -0.9956
40 0.9999 -0.9991 0.9836 0.9997 -
4] 0.9999 -0.9991 0.9958 0.9993 -
42 0.9999 -0.9991 0.9888 0.9995 -
43 0.9999 -0.9999 - 0.9992 -0.9998
44 0.9999 -0.9999 0.9987 0.9999 -
45 0.9998 -0.9998 0.9943 0.,9991 -
46 0.9999 -0.9999 0.9984 0.9991 -

7.4 Appendix D - Statistical Analysis

Ali of the data presented in Part 4 were derived from the raw values obtsined durina flight. In & study of
this nature, however, some influence on the results must hsve been exerted by the varishility of end hetween
individuai subjects, wbject groups (RAE or TWU), sortie types sand pheses within sorties. A comprehensive,
Incomplete biocks, analysis of variance was therefore performed tn assess the influence of these various
factors on the overaii results, The ansiysis was performed on the dsta ss extracted msnuaily minute-hy-minute,
and as extracted breath-by-breath by the digitizer with subsequent conversion to minute means. No correction
was made for the the possibie instrumental or messurement errors discussed sbove, p36.

Two anslyses were conducted for sli measured verisbles. The first was an investigation of variation in
physioiogical measurements with sortie type, snrd was besed on cata meaned over each minute with & separate
anaiysls for each individual phase. For this snslysis, three influencing factors were identified: suhject (S),
subject group (T (RAE or TWU)) and sortie type {3). S was trested as a random effect while T and G were
regarded as fixed. S was nested under T and crossed with G, aithough not ail suhjects flew sll sortie types.
Two models were examined:

a. the maln effects of S, G and T, and the GT interaction.

b, the main effects of S, G and T, the GT intersction and the GS interaction (not applicehie for those
phases which contalned only one minute of observation per sortie),




71

For both models, the analysis of variance consisted of three stages 8s described by Kendsll and Stuart)®?
Initlally the mesn squares due to terme Involving the random effects (S and GS) were estimated by least
squares in the presence of flxed effects; GS being estimsted in the presence of S, whereas S itself wes
estimated excluding GS. On the basls of a separate analysis of dummy data, the components of veriance due
ic § and GS were calculated from the mean squeres and were then used to construct e co-variance matrix
for the raw data, negative components being trunceted to zero. The fixed effects, including the general mean,
were then calculsted from a weighted least squares anslysis based on the co-varience matrix. The estimates of
all the fixed effects would be unbiesed if the experimental design was balarced in e general wey but, with
the unbaelanced analysis underteken here, there was no proof that all the estimates of effects were completely
unbiased.

Tha second analysis was an investigation of differences between pheses, and was based on phase data mesned
ovar each minute. Four factors were identlfied for this enslysis: S was treated as & 1andom effect as before,
with G, T and, additionally, phase (P) as the fixed effects. S was nested under T and crossed with G ond P.
Two models were agsin examined:

c. The mein effects S, G, T and P.
d. The main effects S, G, T and P, end the GT, GP and GS Interactions.

Since all messurements of PCO, were from the second group (TWU), the terms involving differences between
aubject groups were discarded from anslyses of this verisble. Practical limitations on the number of deqrees of
freedom which could ba attributed to terms fitted in the models precluded the inclusion of @ PS interaction,
so inducing a further possible bias in this test. Becsuse of these slrictures, and the neglect of a possible
effect (PS on PCO,), comments on differences between phases must be viewed with some caution, aithough
the results do provide clear indications of whera the differences lie even though statements regarding
probabillties may be imprecise. There was evidence of some differential variance within the various phases on
the basis of this snalysis but, since the number of minutes in each phase varied considerably irom sortie to
sortie and from phase to phase, tests for differences between phases must be regerded es indicative rather
than precise.

The full numericel results of the analysis of variance are listed below for all variables considered. The dsta
(excludino those from sorties 14 and 40 - 42) were analysed for all sorties comblned, and separately for those
fiights involving carbon dioxide measurement. Tables are presented for both analyses respectively. Tshles A4.]
to A4.1% list mean values for all physiologlcal veriables for both trlal groups (RAE and TWU) and ell sortie
types, basad on the phase by phase analysis. Dashed (-) cells in the tebles were empty in the original date.
The entries in the column labelled 'Grand Mean' are the weighted means over those trial groups and sortie
types present In the original dats. The term 'Sigma Squared (¢? ) within Phase’ is a measure of varistion
between minutes within each phase separately, while ‘'Sigms Squared between Subject’ is a measure of
varistion between subjects. The quentity ®Error Ratio’ is the ralio of variance between subjects within phase
to the varlance between minutes within phase. A high value signifies a high varisbility between subjects and
suggests that either the minute concerned wes well-defined (aligned) in terms of event, or that the pilots
were handling the manoeuvre ln different ways. Wlithin phase differences will clearly be markedly affected by
misalignment. It should be noted that @ ' may be regarded as the square of the standard deviation.

Tables A4.14 and A4,15 list comparisons, using a multipie compesrison procedure, between sortie types, within
trlal groups, for ell sortiss combined and CO, sortiea respectively, €ach sortie profile in these two Lshles is
represented by a number (GHl = 1, SCM = 2, GH2 = 3, ACM = () and these are listed in rank order in
each cell. Tebles A4.16 and A4.17 llst comperisons between phases, with sortie type end trial, agsein for sall
sortlas combined and CO, sorties respectlvely. In these two tabies, each phase Is represented by its usual
number (ss listed In Tables A4,1-13) and these, too, ere listed in rark order in each cell. In all four tsbles
of comparisons, where the numbers are written without annotatlon, no significeiit difference hetween sortie
types (Teblas A4,14 & 15) or phases (Tables A4,16 & 17) was detectabie. Where a sub-set of nurbers is
marked with a bar, there was no signlficent difference between the conditlons so marked. Where a difference
was detacted, Its significanca Is stated.

Tablas A4.18 and A4.19 list the results of tha analysis of variance for tests of differences between Lrinl
groups, sortle types or phases, for each phase separately (using model b), whiie Tabie A4.20 lists probabiiltles
and the algnificence of diffarances for all phases comblned (using model d). Teble A4.21 provides a summary
of the probabilitlas and striklng slgnificance of differences for routine vs manoceuvring phases of fiight,
together with Indicetlons of the sources of verlation. Where the apparent degrees of freedom did not support
the accurate cslculstion of probability levels, s dash (-) is placed in the cell. The * values were derived by

examination of published values; and, where the prohsblllty is given as 1.0, the sssocisted hypothesis couid not
be tested.

The overall conclusion from the statistical analysis, perticulerly from Tables A4.18-21, is that the marked
differances seen between the two subject groups (RAE snd TWU), the four sortie profiles and the 24 phases
within thase sorties ware &s reportad In Part 4 of this study.

Finelly, tha relstionships betwaan pairs of physlologlcal variables (p59 et seq) wer: celculated in two sisqes.
A regression was first calculsted sepsrately for each pair of variebles in each sortie. The reqression
coefficlents and intarcepts wera then investigested using the incomplete blocks analysis of varlance (model a.
being sssumed in each case) and consolldated significent slopes and intercepts determined.
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Sigma Sigma
Phese &M h st s 6¥2 AR Gread Sqazred Error Sqeered
(oag) (4] (RAE) (1vy) (vy) (1ve) Heea vithia Ratlo  Ratwesa
Phase Ssbject
1 Strap-in - 17.90 - 18.72 18.36 16.45 18.10  10.0816 0.386¢ 3.8575
2 Texy (pre-fiight) 20.19 19.63 19.85 19.36 19.55 18.05 19.49 5.7684 1.3808 7.9650
3 Teke-off 18.33 19.56 19.17 18.21 19.15 17.16 18.80 6.0391 0.6578 3.9725
4 Cliad 20,46 19.97 19.22 18.39 19.88 19.42 19.05 7.8306 1.1729 9.1845
5 Cruise 18.58 19.10 19.46 18,12 19.29 20.89 18.99 8.3234 0.9736 8.10%
6 26 Turns 20.75 21.18 - - - - 21.03 5.3311 1.8347 9.7810
7 36 Turns 21.25 22.86 - - - - 22.33 5.5975 1.9876 11,1256
8 46 Turns 22.61 2,21 - - = - 23.99 3.6380 3.6012  13.8288
9 Loops 21,98 2h.% 24.24 24,45 - - 2412 9.0000 1.077% 10,5585
10 Roils 21.84 72.62 - - - - 22.%2 6.6434 0.7503 4.9846
11 Aerobatics 21,67 25.01 - 22.7% 25.30 - 24,41 6.303¢€ 2.2086  13.9222
12 Migh 6 Spirels - - 23,12 26,16 - 2443 3h.8748 0.0863 3.0045
13 66 Spirals - 19.21 28.69 26.85 - - 27.25  20.1609 0.8070 16.2698
1% Level Turns - 24,81 25.23 26.21 23,02 - 25.20 6.7708 2.5960  17.57M
15 Barrel Roiis - - 24,55 25.58 - - 25.13 4.3333 L5191 15,2494
1% Low Leval - - - - 19.78 - 19.78 5.8633 1.6733 9.5¢99
17 Stesp Turns - - - - 18.24 - 18,24 1.1667 8.29%9 9.6762
18 Wind-up Turns - - - - 23.60 - 23.60 8.°000 0.6782 5.7647
19 ACM - - S = - 26.94 26.9%  11.5245 0.1407 1.6356
20  Recovery 20.85 19.91 23.13 23.38 21.00 24,15 21.56  10.1215 0.7258 7.3462
21 Osscent/RT8 18.39 19.54 21.11 20.96 19.80 17.9% 19.73 8.6287 1.0904 9.4087
22 Circuits - 20.63 22.80 20,82 20.46 - 20.95 5.8954 1.4h04 5.6109
23 tand 21.67 9.7 18.67 20.49 18.85 19.80 20.01 11,2157 0.1874 2.1018
2h  Texy (post-fiignt) 19.53 19.77 19.38 20,3 18.18 15.89 19.31 5.1841 1.5118 7.8373
Table A4l Mean values for Iratory frequency - all sorties cravbined
min -]
Sigma Sigme
Phass [1}] (1)} N+ St (11 AR Grend Sqearsd Error Squersd
(mag) (1vy) [(113] (1ve) (vn) (we) Meaa vithia Ratio Retvaas
Phase Subfact
1 Strap-in - 17.92 - 17.86 18.25 15.83 17.73  10.8890 0.4009 4. 3654
2 Texy (pra-flight) - 19.68 . 19.50 19.61 17.54 19.28 5.8463 19279 1.2mM
3 laka-off - 19.36 - 17.54 18.12 16.84 18.32 7.4418 1.3122 9.7652
4 Cliab - 18.7% - 17.50 19.30 19,74 18.01 5.0789 2.7553  13.99%0
5 Cruisa = 18,32 - 18,14 19.55 21.38 18.76 7.3928 0.7667 5.6680
6 26 Turns - 19.85 - S o - 19.85 5.3333 1.2173 6.4923
7 36 Turns - 21.36 - - - - 21,36 5.9942 1.6223 9.7244
8 4G Turns - 23.51 - - . - 23.51 2.0256 9.2759  18.7896
9 toops - 22.18 - 23.16 - - 22.79  15.9286 0.2977 47419
10 Molls - 2. - - - - 22.12 4.5020 1.0353 %9310
1 Aerobatices - 24,23 - - 23.53 - 23.72 4.2679 6.6051  25.6289
12 Kigh 6 Splrais - - - 2N o a 261 3.1250 0.0006 0.0000
13 66 Spirals . - - 28,13 - a 28,13 11,2000 2.9192  78.2150
1% Leved Turas - 25.00 - 25,59 20,39 - 3.0 9.4333 1.3598 12,8274
15 berrel Rolis - - - 26.37 - - 26,37 12.5000 0.2560 5.2000
1% tow teval o - - - 18,02 o 18.02 3.8113 2.3709 9.0363
17 Staap Turns - - - - 17.62 - 17.62 0.6333  28.7219  18.1905
18 Wind-up Turns - - - 22,50 . 22,56 12,5000 0.0000 0.0000
19 AW - - - - - 26.9% 26,95 11,6245 0.1097 1.2792
20 Recovary - 19.28 o 22,9 20,90 25,19 20,82 7.1867 0.4223 3.0549
21 Oascant/R18 - 19.22 - 21.20 18.50 1743 39.51 94772 20632 11,3006
22 Circuits . 20.38 - 20,53 19.09 - 20,21 35,1379 4.9228 2.8953
25 Land - 19.43 - 20.07 19.43 20.50 19.40 2.9418 3.1736 9.3360
24 Taay (post-flight - 12.13 - 9.7 18.49 15 70 18.81 5.9149 2.5826 10,1106

Table AA.2 Mean values for respiratory frequency - PCO, sorties

{.min ~1)
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Slges Sigma
Phasa [13] [13] St SCM 174 ACH Grand Squared Error Squered
(re) (Twu) (rAE) (iw) () (1) Maen vithie Retio  fatyean
Phase Sebjact
1 Strep-in - 16.40 - 16.06 16.84 17.16 16.41 8.8767 0.5677  5.0393
2 Taxy (pre-fllght) 16.26 16.96 15.22 17.56 18.40 16.98 17.31 4.5183 2.4999 11,0467
3 Teke-off 14.82 18.49 15.52 17.39 19.46 21.60 17.54 6.7600 2.0279  13.7087
4 Cllab 16.44 18.26 12.83 15.03 16.93 18.27 15.07 7.8351 1.2567  9.84b4
5 Cruisa 12.91 16.12 14.56 16.29 17.41 19.99 15.53 7.7553 1.2544  9.7283
6 26 Turas 15.17 16.99 1 - - - 16.36 . 7455 3.6718 17,4245
7 3G Turas 16.50 18.39 o - - - 17.77 6.5624 33745 22.1447
8 4G Turns 19.01 20,10 - - - - 19.67 5.0062 5.507%  27.5709
9 Loops 22.33 2.7 23.70 22.85 - - 22,97 7.0805 2.3027 16,3042
M folle 15.52 22.31 - - - - .17 5.5539 5.2566  29.1948
1 Aerobatles 18,56 23.70 - 18.95 22.7% - 21.77 19.7099 0.6946  13.6905
12 High G Splrals - - 20,22 22.17 - - 21.07 47,2051 0.0157  0.7427
i3 bb Spireis - 27.62 26.73 23.45 S @ 24,56 38,6350 0.3750  14.4881
1% Level Turns - 22.50 22.36 22.82 17.05 - 149 h.6042 3.9470  18.1728
15  Berrel Rolls o - 28,18 26,67 - - 5.1 5.7548 2.3440 13,4893
16 Low Level - - - - 17.28 - 17.28 8,157 0.6504  5.3053
17 Steep luras - - - - 15.5% - 15.54 2.1124 2.7980  5.8261
18 Wind-up Turns - - - - 20.5 - 20.5 24.5732 0.0000  0.0000
19 ACM - - - - - 33.42 33.42 17.2117 0.151%  2.6059
20 Recovery 17.38 19.07 21,42 23.26 21,56 25.69 20.42 14.8795 12211 18,1694
21 Descent/R18 11.66 15.8% 14,80 17.24 17.26 16.79 15.33 5.737 1.8346  10.5259
22 Circuits - i5.96 16.18 20.86 20.05 - 18.30 5.0250 2.6946  13.5431
23 lend 15.49 19.43 13.61 19.27 20.01 20.00 17.94 8.0101 0.8112 6.4978
24 Taxy (post-flight) 12.64 15.70 16.27 18.18 17.07 18.95 8.1 5.4435 6.5771 3,144
Teble A4.3 Mean values for minute volume - all sortles combined
[L(BTPS).min-']
Sigea Slgma
Phasa (1.3 (23] p» St 62 ACH Grend Squered Error Squarad
(]3] (we) (RAE) (1vu) (1ve) (ive) Maan Withie Retic  Ustueen
Phase Swbject
1 Strap-in ~ 16.47 - 17.49 17.04 17.58 16.88 10,4894 0.1408 1.4769
2 Taxy (pre-fiight) - 17.24 - 18.26 8.9 17.39 17.7% 4.1270 1.7058 7.0399
3 Take-off - 18.46 - 18,18 19.12 170 18.82 7.0720 0.6580 4,653
4 Climd - 17.12 - 14.96 16.02 18.41 15,68 7.1284 0.3636 2.5319
5 Cruise - 15.18 - 16.75 16.97 20.10 16.25 4.9338 1.6163 7.37%%
6 26 lurns - 15.67 - - - - 15.67 5.089% 2.7935  th.2166
7 30 iuras - 16.66 - - - - 16.66 6.1361 b 1572 25,3861
8 46 Turns - 18.33 - - - - 18.33 3.9951 7.9543  31.778%
9  toops - 20.82 - 21.78 - - 21.42 8.977% 1,4061 12.6232
10 Rolls - 20,45 . - - - 20.49 5.2325 7.8124 40,8786
11 Aerobatics - 22.28 - - 20.78 - 21,19 9.1989 0.0919 0.8454
12 High G Spirels - - - 18.98 - - 18.98 60,0331 0.0000 0.0000
136G Spirals - o - 23.41 - - 23.41 41,8337 0.0861 5.6019
1% Level furns - 23.82 - 21.98 15,44 - 19.88 8.6504 0.2516 2.0899
15 Serrel Rolls - - 27.44 - - 27.44 6.0204 0. 309% 1.8657
16 Low Leval - - - 19.08 - 15.68 2.9222 0.5122 1.4967
17 Stesp luras - - - - 14,28 - 14.28 1,425 2.2%1 3.156%
18 wind-up lurns o S - - 16.09 - 16.05 0.0024 4.0000 0.0000
19 AM - - - - - 3541 35.01 17.217 0.3489 6.0052
20 Recovery - 17.88 - 24,19 22N 26,04 20,62 3.8266 1,785 17.5228
21 Descent/M18 - 19,44 - 18.12 16.68 17.08 .75 4.3597 1.1802 5.1453
22 Cireults . 14,59 - 19.07 18.50 o 16.40 ¢.9730 1.6941 5.0360
23 Lend - 17.63 - 18.93 17.83 18.84 18.18 5.4027 0.7425 2.5265
24 Teay (post-flight) - 18.98 - 18.66 17.0% 19.23 18.59 4.0928 1,0259 5.1988

Table A4k Mean

LL{BTPS)min =4 ]

values for minute volume - PCO, sorties




g 74
¥

Sigae Sigee
Phase 1}} 61 So SOt 6M2 ACH 6rand Squared Error Squered
(RAE) (Twu) (RAE) (vu) (Twu) (Twi) Mess Vithin Ratio Between
Fhasa Subject
1 Strap-in - 1.08 - 0.96 0.97 1.12 1.04 0.0321  0.5676 0.0182
2 Taxy (pre-flight) 0.88 0.99 .73 0.99 1.00 1.05 0.99 €.0248  0.5052 0.0125
3 Take-off 0.82 1.09 0.81 1.06 1.09 1.30 1.01 0.0167  1.3648 0.0228
L Climb 0.81 1.0¢ 0.68 0.91 0.90 1.01 0.85 0.0792  0.610% 0.0117
5  Cruise 0.69 0.95 0. 0.95 0.94 0.99 0.85 0.0156  0.7130 0.0111
6 26 Turns 0.73 0.89 J = = = 0.84 0.0131  0.7480  0.0098
7 36 Turns 0.78 0.90 o o - o 0.86 0.0122 0.8201 0.0100
8 4G Turns 0.84 0.91 - S - = 0.89 0.0072  3.79% 0.0275
9 Loops 0.99 1.02 0.99 0.96 3 = 0.9 0.0077  1.9309 0.0148
10 Rolls 0.90 1.06 - = - = 1.00 0.0092  2.0709  0.0190
11 Aerobatics 0.87 1,03 - 0.89 0.95 - 0.9% 0.0125  0.5891 0.0074
12 High G Spirals - - 0.87 0.87 - - 0.87 0.0311  0.0000  0.0000
13 66 Spirals = 1.35 0.92 0.90 - - 0.92 0.0226  0.7107 0.0161
14 Level Turns - 0.9 0.89 0.95 0.78 - 0.89 0.0089  0.3688  0.0033
15  8arrel Rolls & S 0.95 1.03 - - 1.00 0.0037  3.4486  0.0127
16 Low Level = = S - 0.93 - 0.93 0.010b  0.0804 £.5486
17 Steep Turns - - - - 0.89 - 0.89 0.0065  1.8152  0.0118
18 Wind-up furns - - - - 0.92 - 0.92 0.019  0.1491  0.0029
19 AN = 5 J . = 1.23 1.23 0.07%68  0.0000 0.0000
20 Recovery 0.85 1.05 0.92 1.02 1.04 1.08 0.99 0.0186  0.5850 0.0109
21 Descent/RT8 0.64 0.92 0.69 0.89 0.94 0.95 0.82 0.0138  1.0413 0.0143
22 Circults = 0.90 0.72 0.99 0.98 - 0.92 0.0098  0.7963 0.0078
23 Land 77 1,02 0.7 0.95 1,03 0.94 0.91 0.0148  0.8431 0.0124
24 Taxy (post-flight) 0.53 1.07 0.82 0.91 0.96 127 0.97 0.011%  1,0322 0.0117

Table A4.5 Mean values for tidal volume - sll sorties combined

[LBTPS).min~ 1]
Sigme Sigue
Phese 6N1 o St SOt 1.3 A Grend Sax rod Errar Squsred
{vat) {iwu) (1131 (Twy) (Twn) (Tvu) Meen Vithin Retie Batvaen
Phess Sakjsct
1 Strap-in - 1,08 - 1.05 1.01 1.15 1.07 0.0391  0.6223 0.0243
2 taxy (pre-flight) & 1.00 = 1.09 1.05 1.08 1.02 0.0296  0.4137 0.0124
3 lake-off 5 1.09 - 1.13 1.1% 1.35 1.1 0.0158  1.277% 0.0202
b Climb - 1.03 - 0.94 0.92 1.03 0.96 0.0190  C.5447 0.010%
5 Crulse - 0.96 - 0.99 0.92 0.96 0.95 0.0135 1,006 0,035
6 26 luras - 0.91 s = = = 0.9 0.0090 11498 0.0103
736 Turns S 0.91 = S = S 0.91 0.0138  0.8050 0.01M
3 46 Turns - 0.89 S = = = 0.89 £.0077  6.8706 0.053
9 Loops - 1.03 - 1.01 = = 1.02 0.0087  3.7722 0,087
10 Rolls S 1.02 - S = o 1.02 0.0087  4.328% 0.0376
11 Aerobatirs - 0.98 5 = 0.54 s 0.% 0.0128  2.3071 0.0296
12 High G Spirals S - - 0.8% = = 0.83 0.0246  0.0000 3.0000
15 66 Spirals - - - 0.86 = S 0.86 00261 0.6609 60172
1 tovel furns S 0.94 - 0.93 0.8% - 0.90 0.0033 2.7% 0.0088
15 Barrel Rells S S - 1,09 = = 1.09 0.0006  31.44%9 0.0204
1% tov Level - - - - .93 - 0.93 0.01%0  1.3570 0.0177
17 Steep furns - - - - BB - 0.88 0.0064 2,3894 0.01%%
% wing-up furns o S - .80 = 0.8 2.01%  0.0000 0.0003
19 ACH = - = = S 1.2% 123 0.0768  0.0000 0.0000
20 Recovery = 1,05 - 1,08 1.06 .09 1.06 0.0150  1.592% 0,020
21 Descent/tI0 5 0.92 - .36 10 .97 0.33 0.0116 .99 6.6116
22 Clreuits - 0.87 - 0.96 0.99 = 0.91 C.OM1 0.9335 0.010%
23 wana - .98 = 0.98 0.99 0.94 0.98 0.0051 43327 9.022%
2% Tany (post-fiignt) o 1.1 - 0.97 0.97 "4 1.05 0.0115 11,4669 0.3168
Table Ad.6 Mean values for tidal volume - PCO, sorties

[LBTPS).min~*)

i m o oy e

RS S




P s i 1

75
Sigme Sigme
Phasa [13] (13 SCm S (174 ACM Graed Sqearsd Error Sqeerad
(AE) (ve) [{T13) (nve) () (Tvi) Meoe Withie Retio Setvess
Phase Subject
1 Strep-in - 12.62 - 1.2 1M.22 12.09 11.99 5.6804 0.3604 2.0472
2 laxy (pre-flight) 10.19 12,47 6.9% 12.31 12.25 12.25 12.05 4,0193 0.2978 1.1969
3 Teke-off 8.38 14.37 8.48 12.72 13.70 16.19 12.22 5. 1494 1.1956 6.1566
4 Clisb 9.02 13.40 5.89 10.11 10.72 12.38 9.30 6.3048 0.4599 2.8996
5 Crulse 6.01 11.45 7.05 10.82 11.20 13.27 9.42 3.9642 0.9649 3.8250
6 26 Turns 7.33 .27 - - - - 9.92 3.9401 1.0381 4.0902
7 3G Turns 8.7% 12.27 - - - - 1.1 4,819 1.4210 6.8479
8 46 Turns 10.67 1341 - - - - 12,34 4.2681 2.9619  12.6417
9 Loops 13.36 16.00 15.13 14.85 - - 15.06 3.6904 2.1892 8.0790
10 Rolls 157 16.06 - - - - 14,34 4.2663 3.5108 14.9781
11 Aerobatles 11.39 15.89 . 12.82 14.99 o 14,46 7.7925 1.0048 7.829%
12 High 6 Spirals - - 1.75 13.00 - - 12.29 27.8751 0.0000 0.0000
13 66 Splrels - 20.80 16.19 14,60 - - 15.26 27.7149 0.2156 5.9753
1% Level Turns - 1h.64 12.92 15.20 9.95 - 13.34 2.8556 2.8342 8.0935
15  Barrel Rolls - - 14.17 17.31 - - 15.95 3.2249 2.9874 3.0341
i iow Level - - - - 11.12 - 1M.12 7.3250 0.5706 4.1796
17 Steap lurns - - - - 9.84 - 9.8 1.8970 1.7337 3.2889
18 Wind-up lurns - - - - 13.21 - 13.21 16,2740 0.0000 0.0000
19 ACM - - - - - 23.66 23,66 12,4833 0.2523 3.27%4
20 Recovery 9.73 13.95 13.42 15.57 14.36 17.58 13.59 10,4658 0.6897 7.2183
21 Osscent/RTM 4.79 .04 6.94 11.03 10.96 10.67 9.01 3.7741 1.0973 51414
22 Clreults - 11.47 7.65 13,40 13.12 - 11.85 3.551%4 1.8636 6.6184
23  Llend 8.40 13.43 7.22 12.08 12.86 12.21 11.05 5.3160 0.6901 3.6686
b Texy (post-fllght) 3.69 14.20 9.12 .15 10.97 12.83 1,64 3.5807  0.5453 1,952
Table A4.7 Muen values for slveclar ventllation - all sorties comblned
[L(BTPS).min ']
Sigme Sigme
Phase (11 (13 pr ] 1 (174 ACH Graed Squersd Erres Squerad
(RAE) (1vr) (rae) (tw) (1vy) (1) [ T Vithie (3 Betvese
Phase Sedject
1 Strep-In - 12.62 - 12.1% 1M.72 12.35 12.40 6.6441 0.4471 2.9706
2 Tlaxy (pre-flight) 12.40 - 12.36 12.50 12.2% 12.38 3.8799 0.2680 1.0398
3 Teke-off - Th. 1 - 13.01 13.17 16.00 13,83 3.3212 0.49¢8 1.6367
4 Clled - 12.59 - 9.79 10.29 12.%% 10.54 5.7780 0.055% 0.3230
% Cruise - 1.09 - 11.10 10.88 13.29 1.1 2.7212 0.9647 2.629
6 26 Turns - 11.05 - - - o .05 3.0722 1.1616 3.5687
7 36 lurns - 11.69 - - - - 11.69 4 1638 1.5304 6.3417
B 46 Turns - 12.3¢ - - - - 12.38 3T 2.109% 8,896
9 Leops - 15,23 h,cb - - 14,64 4.7562 1.6388 7.7948%
10 Rolls - 14.97 - - - - 14,97 3.8986 3.8765 S5.128
11 Aerobatics - 15.40 - - 13.63 - h2 7.5593 0.0000 0.07°4
12 Migh 6 Splrals - - - 10.9% - - 10.99 19,1016 0.0000 0,0000
13 66 Splrals - - - 16,01 - - 14,01 32.1510 0.0235 0.795%5
1% Level Turns - 14.25 - 14,63 9.55% - 2.9 2.4469 0.5199 1.2721
15 derral folls - - - 18.86 - - 18.86 1.4385 4.1288 5.93%
1% lov Level - . - - 10.27 - 10.27 ¢.5223 0.3250 0.8197
17 Steep lurns - - - - 9.21 - 9.2% 1.6782 0.C267 G.04h8
18 Wird-up Tures - - - - 9.66 - 9.66 1.1552 0,0000 0,0000
19  ACM - - B - 23.66 23.66 12,4833 0.3773 4.7099
20 Recovery - 13.43 - 16,70 15.25 17.96 1486 6.6187 1.3384 8.8584
21 Descent/RIt - 10.76 - 11.23 11.08 10.77 10.96 2.8137 0.3 1.4972
22 Chicelts . 10.33 - 12.73 12.75 - 11,57 2.6845 1.3609 3,653
28 Leng 12,25 - 2.1 11.82 11.45 12.06 1.7851 0.9906 1.7683
2y Taxy (pest-Tligat) - 14,54 - 11,98 1.10 13.2% 2.6, 5,135  0.27137  0.8583

valuse for slveolar ventilation - PCO, sorties

{L(BTPS).min -']
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Sigme Sigme
Phase L (1] R ] SN (173 AN Grand Squared Error Squered
(RAE) (1wy) (RAE) (1vy) () (${1)] Mess Vithin tatio Setween
Phase Sedject
1 Strep-in - 86.27 - 77.59 80.79 81.35 82.74 127.2370 3.2466 413.0876
2 Texy (pre-flight) 86.33 81.24 80,04 73.72 81.84 79.45 7..%6 128.2520 2.1767  279.0892
3 Teke-off 93.06 86.35 76.72 73.83 80.74 91.75 82.1 147.8520 2.3720  350.7049
b Climb 93.27 87.40 81.92 744 82.93 81.85 79.77 186.1310 1.5422  287.0512
S Cruise 84.13 79.68 87.13 86.93 84.93 103.60 84.41 233.3390 1.2441  290.2970
6 26 Turns 19.75 76.99 o o = = 77.9¢ 160.6260 2.1 3490564
7 36 Turns 79.61 82.34 - - - - 81.45 180.7690 1.7063 3084461
8 4G Turns 86.70 91.62 - - - - 89.7 236.9460 2.4992 592,175
9  Lloops 101.45 102.60 112.29 95.78 - - 101.72 83.9229 44787  375.8655
10 Rolls 95.47 106.40 - - - - 102.23 140.8380 4,013 621.2787
11 Aerobatics 127.29 86.96 - 77.96 100.82 - 94.15 269. 6800 1.3577 366. 1445
12 Kigh 6 Spirals - - 92.98 103.29 o o 97.45 251.7820 1.9621 44,0215
13 66 Spirels - 113.07 112.23 95.89 - - 101,36 256.1550 0.6564 1%8.1401
14 Level Turns - 148.88 101.17 98.48 72.70 = 95.93 56.0278 7.6087 26,2987
15  8arrel Rolls - - 108,03 110.90 - - 109. 65 13.9611  25.8279  360.5859
16 Low Level g = o o 91.49 - 91.49 290,8890 0.5762  167.6102
17  Steep lurns - - - - 75.10 - 75.10 11.8310 3,763 418.6393
18 Wind-up Turns - - - - 91.83 = 91.83 95.6403 7.3018 6983463
19  ACM - - - - - 144,91 144,91 254.5680 2.8183  7M7.4490
20 Recovery 92.67 94,20 105.83 101.07 99.67 123.72 98.47 22.1150 1.8736 53,6267
21 Dascent/R18 78.57 90.60 79.20 80.59 85.21 86.77 82,96 159.1920 1.3696 214,845
22 Circuits - 94.23 89.03 92.79 82.40 - 90.66  1%3.267C  2.0268  290.3736
23 lend 79.34 99.56 73.83 85.67 93.23 102.50 87.45  232.4300 0.6476  150.5217
2h  Texy (post-flight) 52.02 101,84 78.39 88.57 86.55 103.97 90.94  130.3570  1.1996  156.3763

Table A49 Mesan values for pesk inspiratory fiow - all sortles combined
[L(BTPS)min =*]
Siyma Sigme
Phese (13} 4] SCH SCH GH2 ACH Grand Sqesred Error Squered
(RAE) (wuy ({113} () (W) (1vy) Meen Within Retio Satunan
Phese Sebject
1 Strap-ln %0.79 = 91.45 101.32 87.36 91.54  120.9070 3.8145 41,1998
2 Taxy {pre-flignt} - 85,87 - 77.04 90.81 80.43 83.22  139.3840 1.5926  221.9830
3 lake-oft - 89.57 - 82.65 97.7M 98.82 89.64 60,6576 9.0028 46,0882
4 Climd - 91.61 - 75.48 90,39 81.54 80.49 140.2520 2.1089  295.777%
5 Cruise = 79.25 - 89.63 89.58 107.20 85.64 187.4820 1.821% 5414797
6 26 Turns = 77.20 - - - - 77.20 73.3982 6.4927  476.5525
7 36 Turns - 81.10 - - - 81,10 197.5680 2,0407  403.1770
8 46 luras - 90.8% - - - - 90.85 219,1330 4.7625 1043,6209
9 tloups - 99.77 - 90.23 = = 93.87 102.1230 2.9947  297.657S
10 Rolls - 103.36 - - - - 103.36  117.9770 10,3207 1218.510
11 Aarcbaties - 86.41 - - 100.58 - 96.64  169.2150 4,3878  742.4816
12 High G Spirals - - - 94.81 - - g4.81  368.1880 0.6506  239.5431
13 oG Spirals - - - 92.67 - - 92.67  302.1620 0.3427  103.5509
W Lavel Turns - 158,46 - 95.10 Thakk - 92.50 46.7928 9.8305  459.9966
15 Rarral Rells - - - 113.24 - - 113,24 0.3120 0.0000 0.0000
16 Low Leval - - - - 91,10 - 91.10  236.0650 1.6357 386,1415
17 Stesp lurns - - - - 1127 - 77.27  87.1607 11,0137 959.9613
18 wind-up lurns - - - - 67.18 - 67.18 49,0050 0.0000 0.0000
19 ACR - - - - 14%.91 164,91 254.5680 3.8428 978.2539
20 Recovery - 93.20 106.70 101. 3 127.5% 100,494 244,1890 1.9524 476,754
21 Descent/RIR - 91.09 - 89.43 89,67 93.96 90.82  127.9560 2,4290  310.8051
22 Circults - 93.35 = 97.06 84,46 - 93.00  115.1680 2.4173  278.3956
23 Lend - 99.85 - 86,1t 103.87 109.53 96.18 62,4584 6.5221 407.3599
24 Teny (post-flignt) - 94.81 - 87.56 82,62 10v. 32 91.81  119.7920 2.2435  268.7534
Table AA10 Mean values for peak inepiratory flow - PCO, sorties
1L(BTPS).min-*)
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Sigme Sigme

Phasa L0 & SO4 M (174 ACH Gread Squared Error Squared
(aa€) () (rae) (e} (o) (1w} Meaa Vithia tetia  Betvean

Phasa Sabject

1 Strap-in - 43.76 - 42.01 b1.66 37.: k2,53 4.486F  3.0093  13.5009
2 Taxy (pra-flight) - 41,64 - .11 41.13 37.%5 40.71 1.2942 117592 15.2185
3 Taka-off - 42.66 - 43.3% 43,12 41,18 42.78 4.0809 1.9037 7.7689
4 Climb - 40.38 - 36.51 37.85 38.22 37.51 8.6155 0.3337 2.8750
5  Crelse - 36.82 - 34.92 36.30 25.70 36.20 5.6484 0.9888 5.5852
6 26 Turns - 35.83 - = - - 35.83 4.3696  5.5892  24.4225
736 Turns - 35.55 - - - - 3555 4.9516  4.0845  20.2250
8 kG Turns - .3 - - - - 34,37 5.771%  3.0969 17,8735
9 Loops e 35.21 - 34.13 - - 3h.5% 09092 15.0317  13.6673
0 Rells : 36.66 5 - - - 36,68 5.8357  2.0121 117421
11 Aerobaties - 36.65 - - 4.6 2 35.98 15591 6.7900  10.5866
12 High 6 Splrals - - - 33.39 - - 33.%9 1.2360  3.994%6 49374
13 66 Splrals S S - 33.80 S - 33,80 3.5489 12743 4.5224
% Level Turns S 26.07 - 34.51 33,32 S 33.56 0.977%6 5 136 5.2922
15  Barrel Rolls - - - 35.31 - - 35.5 8.8200 0. 1,56 1.3724
16 low Lavel = = - - 40,05 - 40,05 1.9709 5.0300 9.9138
17 Stasp Turns o o - - 35.33 - 35.33 1.8156  5.2161 9.4695
18 Vind-up Turns - - S - 30.21 - 30,21 0.0220  0.0000  0.0000
19 ACM - - - - - 35.58 35.58 3.9456 0.847% 3.3435
20  Recovary - 36.35 - 35.78 33.33 35.97 36.02 3.5938 40588 14,5864
21 Oascent/RT8 - 37.97 = 36.94 37.01 37.31 37.41 3.0851 §.5791 14,121
22 Clroults S 37.98 = 40.46 37.57 - 38,60 1.8898  1.2136 2.2935
23 Land o 39.06 - 38.17 n.n 39.09 38.48 6.4862 2.3246 15.0779
24 Taxy (pest-fllght) o 36.98 - 36.23 35.75 37.47 36.51 1.9432  6.6924 13,0087

Table A&.11 Mean values for carbon dioxide tensions
mmHq]
Sigme Stgma
Phase & [ S8 S8 6K2 ACH Sreed Sqeared Error Sqeared
(me) 4] (me) 4] () (w) Meaa Vithia tetio  Batveas
Phese Subject
1 Strap-in - 0.63 = 0.59 0.56 0.55 0.61 0.0205 0.1270 0.0026
2 Taxy (pra-flight) - 0.59 - 0.60 0.60 0.57 0.99 0.0095 0.2338 0.0022
3 Taka-of! - 0.69 S 0.65 0.63 0.79 0.68 0.0114 0.0000 0.0000
4 (Clisd - 0.60 - 0.42 0.45 0.55 0.46 0.0188 0.0000 0.0000
5 Crulse - 0.47 - 0.44 W46 0.54 0.46 0.0066 0.5241 0.0035
6 26 Turns - 0.45 - - o - 0.45 0.0069 0.3822 0.0t26
7 56 lurns - 0.48 - - - - 0.48 0.0083 0.5137 0.0042
8 4G Turns - 0.48 - - - - 0.48 0.0080 0.8388 0,0067
S Leops - 0.61 - 0.57 - - 0.58 0.0073 0.5503 0.0040
10 Rells - 0.63 S - - - 0,63 0.0072 4.3845 0.0316
11 Aerobatics - 0.67 - - 0.54 - 0.58 0.0126 0.2793 0.0035
12 Righ G Splrals - - - 0.42 - - 0.42 0.0242 0.0000 0 0000
13 66 Spirals - - - 0.54 - - 0.5 0.0383 0.129¢ 0.0050
1% ULsval turns - 0.43 - 0.59 0.3 - 0.51 0.0039 1.5117 0.0059%
15 Rerrel Rolls - - - 0.77 - - 0.77 0.0001 31,0656 0.0128
16 low laval - - - - 0.48 - 0.48 0.0064 0.1294 0.0008
17 Stasp lurns - - - - 0.37 - 0.37 0.0031 0.0000 0.0000
18 ¥lnd-up lurns - - - - 0.34 - 0.3 3.0013 0.0000 0.0000
19 AM - - - - - 0.9 0.96 0,0193 2.9 0.0421
20 Racovery - 0.57 - 0.6 0.60 0.77 9.52 0.0117 1.5011 0.0175
21 Osscant/RIR - 0.42 - 0.48 0.48 0.46 0.47 0.0045 0.7553 0,003
22 Circults - 0.45 - 0.59 0.55 - 0.51 0.005% 0.9744 0.0058
23 lend - 0.55 - 0.5 0.4% 0.52 %53 0.0065 0.0618 0.0004
24 Teny (post-fttght) - 0.60 - 0.52 0.48 0.49 0.54 0.0052 0.0428 0.0002
Table AA.]12 Mean values for curbon dioxide production

LL(STPD).min ~*}
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Sigma Sigma
Phasa [1.)] GH1 N} o4 173 M Grand Squarad Error Squared
[(113] (iwu) (RAE) (Twy) (Tue) [} Mean Vithin Ratio Betweee
Phase Sebject
1  Strap-in - 101.62 - 92,04 87.88 85.85 96.55 0.5172 0.0997 0.0516
2 Tany (pre-flight) - 94.33 - 94.80 96.40 87.87 93.73 0.2339 0.2562 0.0599
3 Take-off - 110.00 - 101.83 101.33 125.50 107.68 0.2848 0.0000 0.0000
4 Ciimb - 94,37 - 65.47 71.67 86.20 73.0% 0.4574 0.0000 0.0000
S Cruise - 74.62 - 68.62 n.m 8440 72.81 0.1651 0.3988 0.,0658
6 26 Turas - 72.15 - - - - 72.15 0.1735 0.4210 0.0730
7 36 Turns - 76.22 - - - - 76.22 0.2177 0.6748 0.1469
8 46 Turas - 77.20 - - - - 77.20 0.2004 0.6297 0.1262
9 Loops - 98.36 - 88.56 - - 92,30 0.1663 0.6499 0.1081
10 Rells - 100.74 - - - - 100.74 0.1893 3.7754 0.7147
11 Aerobatics - 105.17 - - 87.8% - 92.65 0.3348 0.8804 0.2947
12 High & Spirals - - - 65.11 - - 65.11 0.5728 0.0000 0.0000
13 66 Spirals - - - 85.63 - o 85.63 1.6051 0.1014 0.1019
14 level Turns - 70.00 - 97,14 o0 66 - 80.17 0.0918 0.9867 G.0500
15 Barrel Rolls - - - 121,75 - - 121.75 0.0045  18.9910 0.5355
16 Low Level - - - - 76.49 - 76.49 0.1719 0.0000 0.0000
17 Steep Tures - - - - 59.85 - 59.85 0.0834 0.0796 0.0066
18 Wind-up Turns - - - - 50.50 - 50.50 0.0245 0.0000 0.0000
19 M - - - - - 151.33 151.33 0.4969 1.5302 0.7603
20 Recovery - 90.10 - 108,32 95.12 120.52 97.85 0.29%2 1.3670 0.4021
21 Osscent/RT8 - 7h.52 - 76.09 76.46 .57 7484 0.1160 0.5477 0.0635
22 Circuits - 73.1 - 95.39 88.55 - 81.99 0.1621 0.6209 0.1007
25 Land - 87.80 - 84.50 80.50 82.00 84,73 0.1603 0.0000 0.0000
24 Taxy {post-flight) - 93,44 - 81.58 79.62 92.40 85.62 0.1362 0.034S 0.0047
Table AA.13 Mesan vaiues for energy expenditure
[kcalm=2,h-1]
Respiratory Minete Tidei Aiveslar Peek
Freqeancy Veluwme Veivas Vestiietion lespiratery
Paass flov
RAE w RAE v RE W QAL L] (113 w
1 Strap-in h13¢ 2134 2314 3 e 234
2 Taxy (pre-tlight) 21 a231 21 1423 21 2154 2¢1 4521 2 1 2413
3 Tlake-off 12 k231 12 23y 21 2 24 1 23 1% & 314
4 Climb 21 2431 21 2o i Tt 21 328 21 2340 agrl 243
5  Cruise 12 215 12 1234 12 3214 12 2314 WS 1324
6 2G Turns
7 38 Turas
8 4G lTurns
9 toop 12 1 10 12 1¢ 2 b P 1 Ue 21
10 Rolls
11 Aerobatics 2y 2 43 2 g 13
12 High G Spirals
13 46 Spirals U 7 % 21 A 1
16 Level Turns 3 182 312 AT (MY _5__2‘;1
15 Barrel Rolls
15 Low Level
17 Steep luras
18 wind-ur lures
19 AN
20 Recovery 12 1324 12 132+4 12 A B & ) & G K} 15 LS el
21 Descont/t0d 138 132 12 1423 12 21354 12 A3 1 5 £Yan
2 Circuits 312 1,537 1:¢57 Vi T7 Rk
23 Lanag 21 142 ¢ 1 2143 21 213 21 2453 gt 4 A0th
26 Taay (post-flight) 71 itz 12 37461 192 2.\1__"& 142 SN 9 B o i

Tabie A4,J4 Phese comparieons with trisl groups - all sorties combined
| Sortie profilea are here represented by numbers (1 = GH1, 2 = SCM, 3 = (42,
& = ACM) and are arranyed in rank order.

For explanstion, see text pAS]
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Respiratory Minste Tidei Aivesler Peak Carben Carboe Eeergy
Freqesncy Yoiume Yolume Veetiietion lespiratory Dioxide Dioxide Expanditnrn
Parse Fiow Teesioe Prodection
e W b ] wm N M N ™
1 Strap-in 4213 1234 3214 3241 4123 hﬁ;Z‘l 4321 k321
2 Taxy (pre-flight) 4231 1423 1234 4213 2413 4231 h‘l}i sz
3 Tlake-off 4231 2134 1234 2314 2134 4132 321 321
¥ Climb 2143 2314 3241 2341 2431 2341 T30 TIT
5 Crulss 2134 1234 3412 3124 1324 2431 237% 23778
6 26 Turns
7 36 turns
8 46 Turns
9 Lloops 12 12 21 21 21 21 A1 21
10 Rolis
11 Aerodatics 31 31 31 31 13 3¢1 31 31
12 Righ 6 Spirals
13 65 Spirals
1% Level Turns 312 321 321 312 3251 132 312 312
15 Barrel Rolls
16 Low Level
17 Steep furns
18 Wind-up Turns
19 ACM
20 Recovery 1324 ‘1_,52‘ 1324 1324 1324 3241 1324 1324
21 Descent/RTB 4312 1342 2143 1432 2314 2341 4132 4123
22 Circuits 312 132 123 1523 312 J1s? 19372 1532
23 tand 3124 1324 k213 h321 2134 3214 3421 3421
24 Taxy (post-flight) h312 3214 _iZ.‘l__h‘ 3241 3214 3214 3241 3241

Tasbie A4.15 Phase

comparisons - PCO, sorties

[Sortie profiles are here rapresented by numbers (1 = GH], 2 = SCM, 3 = GH2,

4 = ACM) and are arranged in rank order.

For explanation, see text pAS]
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Teble AA.16 Sortie comparisons with trial greags - all sorties combinsd
{Phases of flight sre here represented by nuwmbers, a: lioted in labla A4,]
(pA6) and are arranged in rank order,

xplenation, see text pAS}
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Sertie by irisl Rospiretery Fraquency Nisata Yolewe
L) 1,3,0,24,5,2,21,23,6,22,20,7,10,9,8, 4,11 #.zmﬂwwf
| . ety
s ™ T3020,5,2,21,28,22,20,0, 12,14, 15,13 SadB IR AR DAY
@ ™ 130.20,5,17,2,8,2,25,20,20, 1,11, TS A 223 20,18
e e
A ™ RS 4 1 SRS B0 5, 19
ida] Volume Alvsolsr Veetilatios
ot W ET G225, 2,0,11,9,10,2,1, 80,20, 21,5,6,4,7,25,1,22,8,2,26,14,5,9,20,10,11
N ™ 2,1 ,1&,11.5.2!.22.b.y.1.2,zo.zb,1s.'s 12,21,5,8,23,1,22,2,24,14,3,13,9,20 § 15
L 218,17,5,21,22,23, 76,4, 11,2,1,24,20,3 17,21,5,18,4,25,16,1,22,2,24, 14,3,20,11
[ ] EHII2,0,8.%,3 21,5,4,25,1,2,20,3,20 .5, 19
Poak Inapiretary Flar Cordos Bioaide Tonslen
R ey |
"o B.7.2,5,8,5,8,1.21,24,22,23,9.%,%0,20,1) T08,11,7.8,65,20,10.24,21,8,22,23 5 2,13
o ™™ 3.0501,21,20,22,23,9,18.,20,%2, 19,15 BT 523 5,20, 1,4,22,23 5 3,13
w o WL TIN50, 08 ,20,25,10,16,20,11 *a .11.17.%{1&
[ [ EREERIETNTE SO Bty L3
Corden Sinide Praductios [nergy Lnposditars
w ™ 6,5,7,21,8,4,7,23,22,24,1,2,9,10,11,20,3 6,5,7,8,21,4,14,25,22,24,1,9,2,10,20, 11,3
e ]
[ ] 12,3,20,8,18,23,22,24,13,8,1,2,20,3,15 LK RN
;™ 7,0,21,8,10.23,16,22,280,1,2,20,11,3
an e L ETRT A NE S PRl AT D0,0341
Teble A4.17 Sortie camparisons - PCO, sorties
[Phases of flight are here represent~d by numbers, ss listed in Table ~4.]
(pAé) and sre arranged In rank order. For explonstion, see text pAS)
Respiratesy Ninate Tidai Alvaoler Peak Cerdon Carbon Ensrgy
f requeecy Yelume Veivme Yoetiintioe Inspirstery Dioxida Diaxida Expanditure
Phese  Tarm
fiw Teasioe Productine
Preb Sig Preb Sig Pred Sig Prob Sig Preb Sig Preb Sig Prob Sig  Preb  Sig
1 4 - ns - LM - LN - L} - NS - hd - LY LM
2 6 - LM - N - LM - NS - LN - NS - NS - LM
3 6 - LM - L} - LM - NS - NS - LM - LM - NS
L} 6 - LN - LM - L - g - NS - i 0,000 °°* 0,000 ***
b [ - NS - a8 - L1 - A5 - NS - LM - NS - NS
[ [ 1.000 NS 1.000 NS 1.006 AS 1.006 NS 1.000 NS 1,300 NS 1o NS 1.000 NS
i 6 1.000 WS 1.000 NS 1000 NS 1,007 NS 1.000 NS 1.000 NS 1.000 NS 1.000 NS
8 G 1.000 NS 1,000 NS 1.000 8 1000 NS 1.000 NS 1.000 NS 1.000 NS 1,000 NS
8 9 - ns - NS - LK - LM - ns - NS - NS - LM
10 6 1.000 NS 1.000 NS 1.000 NS 1.000 NS 1.000 NS 1.000 NS 1,000 %S 1,000 NS
N 6 U.619 NS - LM 0.601 NS 0,225 NS 0,116 NS 0,027 ¢ - L} LM
114 1 - L33 - NS - LM - LM - LS - LM - LM - LM
18 [ NS - L1 s L} - NS - LY - xS - NS - NS
s G - LM - L} - LM - NS - L} - 3 - NS N
1~ ] NS . LM - L} - LM - L3 - LY - L3 - NS
‘g & 00 NS 1,60, NS 1,000 NS 1,000 NS 1.000 NS 1.0060 3 1,000 NS 1,400 S
17 6 NS LM - LM - NS - RS - L33 - LN - NS
™ v - NS - LM - N3 - LM - LM - LN - LM - LN
19 W T0ue N .00 NS L0 NS 1.000 s 1.000 S 1.000 NS 000 NS .. N
5 o M . L} - G - L1 - LM - M ]
21 G - N N3 LA - LM - LM - LN - LY - NS
22 4 - LM - 1 200 e - .3 - - - b a
24 6 - ny NS 3 LM - LM - L} - NS - NS
24 4 M LY - LM - LM - LN - LM - LM
[For expionetion, see toat ga®’ {NS = not significant]

Tebie AA20 FPhase by phese walysis

of varisnce - PCO, sorties
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Respiratery Moste T3des AlveeSar Pesk

Pase  Tare Frequescy YeSume Yalme YoutSlatSes hq'!xr:'ury
Preb iy Pres Sig  Preb 359 Prek Sig  Preb Sig

1 § - [} - " - ns - [ 0.50% S
1 1.000 NS 1,000 N$ 1.000 NS 1.000 WS 1,000 ns

& 1.000 NS 1,000 s 1,000 RS 1.000 S 1,000 08

3 € 0.563 NS 0,51 s 0,650 WS 0.012 N3 0,155 NS
1 0.765 a8 042 s o022 * 0.000 ¢ .57 M

&t 0.973 NS 0,508 NS 0.2m NS 0.091  as oy m

3 [ 0726 M 0.329 0,255 NS 0.362 s 0.026 *
1 0.919 a8 0.231 NS 0.0 * 0.004  ** 0.650 ns

L 0.2 w8 0.3 ns 0.779 NS 0.3 M 0.679 N8

L} % 0.383 a 0.0 ¢ 0,008 °* 0.000  ** 0.6
U 0.681 n§ 0.2 0.001 0,001 *** 0.450 nS

1] 0,852 w8 0.8560 w8 0.623 ns 0.9 ms 0821 W

5 [ 0.777 Ms [ 203 I 1 0.952 ns 0.138 ns 0.M0 NS
1 0.85 ns 0.178 s 0.001 °* 0001 0,765 WS

L 0.519 0§ 0.509 NS 0.607 W8 0.7 W 0.7% WS

(] % 1.000 X8 1,000 NS 1.000 0 1.000 NS 1.000 #§
1 0.801 S 0.4% ws 0.0%  * 0.005  ** o ow

&t 1.000 NS 1.000 NS 1.000 a3 1.000 NS 1.000 o8

7 ] 1.000 N8 1.000 NS 1,000 S 1,000 NS 1.000 B3
1 0.93 A5 06T B 0075 WS 0027 0.7 as

it 1.000 8 1.000 NS 1.000 WS 1.000 N8 1,000 a3

L} % 1,000 0 1,000 N8 1.000 w8 1.000 N8 1.000 08
H 0429 ns 0.700 M 0.416 NS 0969 n§ 0.711 WS

11 1.000 w8 1.000 NS 1.000 WS 1.000 M8 1.000 W8

3 % 0,392 ms 0.7 M 0.555 M 0.85t ns 0.mM7
] 0.672 s [N} B H 0.977 M 0.601 S 0.408 ns

e 0.3%7 18 0.7 ny 0.652 s 0.507 N3 0.7t ns

10 % 1.000 NS 1000 n§ 1.000 WS 1.000 N 1,000 a8
1 0575 m S 20 1 0.05 S 0,03 * 0.5m  as

1) 1,000 NS 1.000 NS 1.000 B 1.000 B8 1.000 W

" ‘ L} - [ - [ - " - [}
1 . [} - L} - L) - [} - [}

11 1.000 NS 1.000 NS 1.000 NS 1,000 BS LK. I

17 G 1,000 s 1,000 WS 1.000 @8 1.000 W 1.006 WS
! . L) - L 0.97 M 0.5 NS . ”

% 1.000 X8 1.000 NS 1.000 B3 1.000 B8 1.000 NS

13 & 0,143 n§ 0549 ny 0. 010 ¢ 0.200 B 0.5 ng
! 0.5 m 0.306 NS 073 B3 0.4% S 0.100 WS

&1 o ms 1.000 NS 1.000 B3 1000 B8 1.000 B3

" % - L1 B h [ }] - had hed
1 - s . " - [} . [} s

&t 1.000 w8 1,000 aS 1.000 WS 1.000 WS 1.000 WS

% % . s . L} - " [} [}
1 [} . s - [} - [} ”

L1 L} - s - [} . [ - s

% (] 1000w 1.008 88 1.0 WS .00 W 1,08 W
I 1000 w1 1000 ® 1.0 WS 1.000 W3 1.0 ay
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1.5 Appendix E - Details of Individual Flights
Sortie Subject

1st Phase (RAE)
01
02
03
04
05
06
07
08
09
10
11
12

2nd Phase (TWU)
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
3
32
33
34
35
36
3
38
39
40
41
42
43
44
45
46

Totsl

HM
Gw
RR
JA
HM
AA
AA

JA
Gw

PJ
SwW
KB
DM
AS

MA

LB

RB
PJ
DM
AS
PS
MA

SW
LB
KB

PS
AS
PJ
SwW
MA
LB
KB

GH1
SCM
SCM
SCM
GH1
GH1
GH1
GH1
SCM
SCM
SCM
GH1

SCM
SCM
SCM
SCM
SCM
SCM
SCM
GH2
GH2
GH2

GiH2
GH2
GH2
GH2
GH2
ACM
ACM

cO02 or
MCP

MCP
MCP
MCP
MCP
MCP
MCP
MCP
MCP
MCP
MCP
MCP
MCP

Ccoz2
c0o2
co2
Cco2
co2
Ccoz
[ele]
MCP
co2
[ole]
MCP
MCpP
(ele]
Cco2
co2
co2
MCP
MCP
[ele]
MCP
MCP
MCP
co2
co2
[ele]
MCP
MCP
c02
co2
co2
MCP
co2
co2
Cco2

Durastion
{min)

50
47
48
38
48
51
40
39
39
48
36
37

52
52
56
54
56
58
57
51
55
56
44
46
55
57
52
55
46
47
45
52
43
53
39
57
57
56
5%
52
53
58
56
58
50
50

2304

Breathe
(n)

1043
1041
1280
752
1019
730
929
869
896
84)
691
675

1028

910
1066

938
1122
1219
1211
1151

893
1200

927
1150
1130
1023
1082
1290
1000
1182

661
1034

954
1038

898
1046
1304
1160
1084
10%6
1276
1273
1207

854
1031

937

47141

83
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