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Pressure breathing in high-altitude agile aircraft

Profl J Ernsting

FAF Sehoel of Avianign Medicine, Parmior o

Pressuse breaching with counterpressure ap-
plied to the triunk and lower limbs is emplayedd
in new=generation agile alrcraft o enhanee
the roteranee o rapld onset and igh Gz pnd
fo provide prviection against fypoxia follow-
ing decompressivee of the pressure caltln ar
feiph altitudes. The phvsiological requiremeinis

for the relationships between the pressures

reigiired fn the mask, eliest and lewer-body
craterpressure. garments and Gz accelera-
tion and wlticwde and resivtance fo respiration
during pressure hreathing, together with te
extent uf the coverage witlch shapld e pro-
vided by e conpterpressare parments, dre
reviewed, The imtegpration of these pressure
hreathing fucilities with the molecular sieve
sxygen-gererating systems fo he emploved in
the new peneration of highly ayile airoraft is
deseribed, and areas in which tere dre con-

flicts between the  requirements of high-G

peatection amd  Righ-eltitede provection are
explored. The resnlis of experimenial studies
designed to resofve these potential conflicls
are describeid

Keywords: Pressure breathing: High shtitude

0 perativmal reguiremiénts have been for-
mulared during the last decade for highls
atile interceptor aireraft capable of operaling at
altitudes well above the ceiling of many corrent
military  airerafl of 13.716m to 13240 m
These highly agile aircrafl will be capable of
operating at +Gz accelerations of up 0 90
sustained for many seconds and with accelera-
tion onsetr rates of the order of 15-20G/ Con
siderable advances have been made o the
design and pecformance of aircrew life support
equipment to meet the hich G acceleration and
high-altitude environments to which the pilots
of these new combat aircraft will be exposed
The lopistic and operationul advantapges of zen-
erating breathing gas on hoard the aircrsfi. thusy
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aholishing the need to provide liguid oxypen,
has also recerved considerable attention. Huwe
ever, mteeration of these various gascous Ll
support svstems o provide the optimum . en
lancenment of the performanee of the pilar pres
ehts o puntber of problems, some of which e
considered in this paper.

Protection against high-onsel-rale
sustained +(:, accelerations

Several stiudies have demonswared that positive
pressure breathing with chust counterplessure
und inflation of G wousers, especially il the
coverdge of the latter is greater than that pro-
vided by the conventional in-service G trousers,
pravides enhanced tolerance of high sustained
accelerations [1—2]. The rise of pressure within
the chest produced by pressure breathing s
transmitted to the heart and great vessels wilhin
the thorax. thereby raising the systemic arterial
blood pressure. The pressute applied to the
chest by the pressure waisteost cases breathing
and prevents overdisiension of the lungs. The
pressure. apphied to the abdomen and  lower
limbs by the extended-cover (3 trousers virtually
prevents pooling of bloed in the circulation be-
low the neart. therehy maintaining venous re-
turn to the night side of the heart. and prevents
descent or actuzlly elevates the diaphragm ro-
duging the work of breathing and reducing the
heart-to-head distance. Pressure breathing with
(i (PBG)Y when used with full-cover G trousers
will ensure the maintenance of cerchral blood
Mo and prevent any mpairment of mental per-
formance or vision in the seated subject with no
musele tensing or expiralory  strain (ant-G
straining manocuvre. AGEM) at §-20G sus
tained tor manv seconds

The O protective system camprises an oro-
nasal pressire mask,

demand pressure
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fo-the pressure delivered by the unbi-G valve on exposine o
13 during pregaurne bec

The anti-G valve infiaes the & trouse
preszure demvand fepubator

waisl-coat covering the chest and the full-cover
G trousers [Figure 1), Sealing of the oronasal
mask at high breathing pressures and high
O orequires some method of avtomatically in
crecasing the foree with which the facepizce 15
held apainst the skin of the face. Most auro-
matic mask lensioning svstems developad 1o
date employ o pneumatic hladder, placed either
between the hack of the pilot's head and ths
shell of his protective helmet. or bepaeen
rubber facepicee of the mask and its supporiing
exoskelelon The bladder 15 connected into the
delivery hose 1o the mask so that the Torce due
tir the rise of pressure in the mask, wending
to lift the mask off the face. 1= counterbalan-
ced by the force generaled hy the inflated
bladder. The pressure waisicoat 16 connected
inte the breathing pas debivery hose between
the pressure demand regulator and the orona-
sal mask. so that it applics a pressure to the
chest wall equal 1o the breathing pressure. The
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pulot of & high-altitude agele atecralt, The warceatl cquipmient

s and predsure warstooat supploed by pressore dessaonl resulator

ezl prosides pressuce beesthong inorespoge
v pressure brescheng al plltudes wbave 000801
athing udis 10 FCApOnsc o 4 preumatie siasal from the

flow of breathing zas from the supply svstem is
controlled by & pressure  demand  regulator
which provides the desired level of pressure
breathing in respopse o the pressure in the con-
nection between the anti-G wvalve and the &
rrousers (Frigure 1), This arrangement ensures
thar the pressure demand regulator will not de-
liver pressure breathing unbess the G lrousers
are inflated, Pressure breathing and exposure to
hugh @ rapidly produce unconsciousness if the
trowsers are nob inflated. The O Trouserss care
inflated on exposure 1o 1 Gz willl cogled enyine
breed air the pressure of which is controlled by
g high fow capacity anli-G valve which com
mences delivery at 2 0 G oand maintains @ pres-
sure in the G trousers which increases lincarly
with the applied acceleralivn W # pressure of
10531 in = at B G This pressure—G schedule s
very similar to that emplayed in the current air-
eraft: the rate of inflation s, huwaver, some-

wnal greater, the pressure i the € trousers
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Fipure 2. The phyvsiolugieal fimits $or the el
cabimaltitnde for a high-allitade agile combat aircran
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rising to 90% of the steady-state value within

1.0 5 on an instanianeous application of accel-
ErHLIGT.

Ihe optimum hreathing pressure in such a
syste is GO mmHg ar 240 In ordes te avoid
pressure breathing at low levels of acceleralion,
where it 15 nat required, pressure breathing is
cominenced at 4 G, Above 4G the breathing
pressure increases linearly with acceleration at
12 mm He/G o o mme Fp al 9 G

fmel; ) Aevespaee Med, 3807 1999

izhps Belwe

i thie concenteation ol vxwgen n the hreathing ghs wnd

Extensive man-carrving centrifuge and in-
flizht studies performed hy the RAF Institute of
Aviation Medicine have demomstrated  the
cffectiveness of such o PBG system In ¢nhanc-
ing O tolerance to such an extent lhat sustained
excursions o 9 G can be repeated in a - sorbic
withuut impairment of pilot performance. or
excessive farimne. U s also considered Thal
this  svstemn will eliminate  Geinduced  loss
of consciousness (GLOC) o pilots operal-
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Protection against hypoxia at high
altitudes

Ui praniry method of prdechion agamst hy =
sor ] decompression sickness at altitades 1=
|

[PEEESIITEALION of the arrcratt cabin and the de

livery of Breatlunge pas 1w the prlot which has

parlil pressore of oxsygen [pll:) of an
edd el Cinspared traches] pOsr The caban
pressure schedule employs a dilferential pres
gure of S0 hanT ul aycralt alimudes preater
s TH2E0 m

Geveral etors detecrmine the compositie ¢
the breathing gas requircd by the pilot of a
high-altitude upile plreraft [% A]. The pimimum

cancenteation af osyveen 15 sl primarily

requirement 1o muintain the alvenlsr pO: equal
i thiat which exists when a1 breathed a
sround  level (e un  alveolar pla  of
{03 mmbe) whilst the cabin is pressurized
{Frgure 2}, The maximum concentration of Ls 15
set by the reguirement to avoid lung collapse on
gxposure o+ accelerations, ldeally. 1o mecl
this  requiremsnt, the eoncentiation of ™.
{together with argon) n the inspircd pas should
nit be less than 40% ifaccelerarion alelectasis
g (o be avoided Thos, with the cabin prossur-
jeied e concentration of Oy in the breathing gas
chould not exceed 6% (Figure 2. The concen-
iration af (s in the mapired gas must, however,
rise rapidly to 100% when the cabin altiude
cxceeds 8230-9144 m in the event of a decom-
pression at high alfitudes. Even it THO% )y is
delivered to the respitalory tract within ong
breath following sudden decompression 0 nll -
tudes orealer than about 9144 m. F'O in
alveoar zas must be greater than 105 mnd
significant impairment due Lo hypoxia is nol Lo
follow the decompression. This form of fran-
sient hypoxia can be avoided by increasing the
concentration of O in the gas hroathed prior to
the decompression, so that the atveolar pO3
dues not fall below 30 mmHg during the de-
compression (Figure )

a7

When the cabmn altitude exceeds 10,000 11

following  decompréssion, then  pressure

hrcathing with 100% O, is essential A0 serious

hypoxia 15 ot Lo occur very rapidly. Very al-
feetive short-duration  Cget-vou=down’  protec
tian against ypossl sn exposure In altitiles
above 18 288 19812 m or even higher 18 pro-

vided by the use of o sunple partial pressure

avsembly comprising an oreasal miask, # paey
sure waiteoat aud G trousers | 7). The sihedule
of pressure breatinme employed with as ay

by s 4 pratter of Compromise beiwean sove
eral tactars, including the accepluble degree ol
hypaxid thoa pel-up-down’ system, thet s
pilm breathing predsure which can b tolerled
using an orongsul mask to delivery presiure
hreathing to rthe respiratopy teact, and he uac
ceptable degree of impairment of the curiicg
cular functwon. Ao tubly  proven schedule 18

[k L5

nressure breathing rising linearly with the fall
of environmental pressure (rom a value of 2-
4 mmHg ar 12,192 to 70 mmi kg al 8,285 m.
Mhe G wowsers must ulso be inflated on expa-
sure to ultitudes above 12,192 m in order w
prevent pooling of blood w the capacily vessels
af the lower limbs, and to supporl (he dia
phragm through counterpressure to the abdo-
men, Thers are advantages, especiully wheo the
respiralory countrepressure s applied onby o
the chest, il the pressure in the G trousers i
greater than the breathing pressure, The opti-
mum relationship hetween the pressure in the G
rrousers and the breathing pressurs has yerto b
pgreed internationally. Research conducted at
the Cunadian Defence and Civil Institute of
Environmental Medicine [R] suggests that the
oressure in the G trousers -during . pressute
hre athing at high altitudes should be faur Limes
the breathing pressure whilse that conducted at
the RAF Institure of Aviation Medicine supgests
that ir should only be rwice Lhe breathing pres
sure, The pressure delivered to the & Lrousers ifl
thase cireumstances is controlled by o pneus
matic signal from the outler of the breathing gas
regulator (Figure 1) The zas breathed during
pressure hreathing at high altitudes should coms

fed  Aerospace Med 3811190

prise |00
gity of the
[reepu o
|15 and

projosed

employ pr
during pre
i5 conside
Pl sy sle
breathing -

Cn-hanr

The prod
cambal ai
fully prov.
several ce
lecular sis
from eng
sorplion.

[r&[ﬂ r.;::
cantral
breathi
tor will




SRR
WEERLE
TORTR TR
iy wl-
[rated
it
i e
ChSIE
W eus-
hedile
his as
o VR
e ol
maxi
lerald
|'l!"1':i|I|'|._|I
he ac-
L=
e 1y
e tall
ol -
IHE m,
ex |-
der
vessels
& din-
aldne-
en the
nly to
TS 14
- npti-
the (i
| Lo b
ted at
e ol
al the
SRS
times
lud at
aaEsls
[Tis-
{a
-
I ras
luring
T

SRELT

prase’ L% G- o order 1o mingmize the inten
sily ol the hypoxia associated with a given in-
rapulmonary pressure, which may lie between
VA ad PO mmble abselute. Although it is
prapesed that some Bile support systemes should
E‘T'I'I|‘.||L'r_‘.' privduc gitn dontamniing only 93-94% Os
during pressure breathing at high altitudes, s
14 eansidered wndesirable and the Uk Iife sop.
port ayslems provide HIG% 03 tor pressure
breathing ol haph altinde

On-board generation of breathing pas

Che pmoduction of breathimg gas on board a
combal wircraft has many advantages [9] The
lully proven technique which is now iy use in
several combal adrerall cmplovs beds of mao-
lecular sieve material W priduce breathing gas
from engine bleed air hy pressure swing ad
sorption. The compasition of the breathing
produced by the sxypen concentrator {5 regu-
lated by @ closed-loop system in which the pod.
afl the produet gas contrels either the timing of
lhe eyeling of the beds of the concentrator or
the total flow of product gas from the concen
tratar, Both these technigques provide closs
ctontrsl of the concentration of . in the
breathing pas. A molecular sieve (3, concentra-
lar will cease to produce breathing gas directly
if the supply of engine hiced ar fails, so that a
store of breathing pas is required to-allow de
scent to belew g cabin altitude of 2438 3048 m
or enging re-light when an engine flame-out
cauzes the: loss of the bleed air supply. Consid-
eration of all these vurious cmergency situations
led to the conclusion that the capacity of the
back-up vxvaen supply. which s nothing but
compressed Os (1800 Ib in™), should be at least
0| NTP. This supply is mounted together
with the demand regulalor package on the ejec-
tion seat, so that it can also be used to prevent
hypoxia oo cjection at high altitudes {unti
man/seal separation oceurs), The back-up sup-
ply of 100% O, is selected automatically when-
ever the cabin altitude exceeds 7620 m. It can
also be selected manually by the pilor ar am
fime,

My Aeevspace Med, 3820 1964
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lhe flow and pressure ut which the praduct
gas is delivered o the piloe of the argraft i

hreathing pas regulator provides salely pressure
At all alttudes up to 12,192 i, pressure breath-
g ar altitudes above 12192 m and pressure
breathing with 3 The regulator is also fitted
with a press-ro-rest facility which allows the
seal of the mask and the security of the connee-
tions to be tested during pre-ilighl  cockpil
checks The outlet of the reealator Js Titfed with
a dump valve which o compensated to 1ts pres
sure gontral chamber Lhes dump valve nts the
mask hose pressure rise with hose punpiog, on
ripid decompression ad m the presenee ol asmll

leak through the demuand vabve ol the regulator

Impedance to hreathing

A low impedance to respiration is e €ssential
tearure ol the mtegrated pascéous lile support
sverem for @ high-altitede agile airernfl. The
design of the O, concentrator syslem delivering
breathing gus o the demand repulator, of the
breathing was regulator. of the hoses and con-
nectors downstream of the demund regululor
and the dgircrew mask must be such that the re-
sigtancs 1o the Qow ol breathing gas s moni-
mized. By paying attenrion 1o the flow capacity
of the O concenrraror and demand regulator
and the seat mounting of the regulator, it is
possible 10 ensure that the impedance o respi-
ratten does not excesd the valuees specified in
Table 1. both during normal operation and dut-
ing pressure breathing with +G aceeleralion and
ar high altitudes [6].

Fable 1. Maximum acceptable ienpedance 1y resprrabion
mposyd by antegrated  high-0.  high-altitude  protect

sty

Meak insparatory and
expirabiory flows
(Litee (ATPIT) miin "y

Sasimam swing ol musk
presiure duning respiratory eyele
yimeh waler gauge)

3 2l
i) 34
120 70
200 12.0
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Physiological hazards arising in life
support svstems for high-altitude agile
airerafi

Two potential hazards have been  identificd
during the development of integrated life sup
breathing with

o Froon the

pol systeins providing pressure
caned at hiph alttedes. The first ars
PreSenee il ]"Iri!l‘i'l[{” I.'.'I'-\. |1l..'|'\'ll..'|.".| :.III..' |1ii.i.':'.-'|..||
supply of
following a rapid
arises (rin the possilyility of @ rapid degcom

% s and the mask charrmge il
decompression. | he second

pressnn of 1he cabin ol the wireralt ocoarring

whilst pressure Breathing wih G [ e R A

Dyprayian e rapid decompresiion. Although
the concenteation of O» 1 the breathing gas 1§
adeguate b prevent the PO of the alveolar gas
flling |1L'|t'-u i mamlly vnorapid decompression
(Pgure 2) and 100% Oa from
ELG '~|_1|‘r]'-|} is selected immediately as the cabin
7620 m, the capacity of

the back-up oxy-

altitude exceeds
prpework between the regulator and the
ity st tlelay the derival of 100%; O
cavity that serious hypoy

L) the mask
s resulis, fdeally, the
maximum volume of pgas which has o he in-
spited following a sudden decompression before
Lhe concentration of Oxin it rises to greater than
99% should not excecd 600 1l (ATPD). Rapid
decompressions of a pridolype integrated life
support system i which this velume was |2
mduced unacceptable hvpexia [10] 1he hack-
up supply of 100% O: must be: deliversd di-
rectly o the inlet of the breathing gas regulator
and the capacity of the pip '-'u_lll* frem the
regulator fo the mask should be m 'l
very large addinenal velume n" g
containing 40 50% Ms which would be intro-
duced when a rapid decompression occars with
Ithe prossor inflaled during pressurs
breathing induced by & high-G manuvee would
certainly produce unconsciousness due o Ay-
poxia. A non-return valve is required in the
connection between the breathing gas deliveny
hisse and the Dladder of the pressure waistcost
tor prevent the mas in the bl

The respiratory tract | he presence

witisloat

dder passing imto
of this non-

return valve necessitates (he provision of o
compensared dump valve wherehy pas in the
waistcoat can be vented directly to the snvarpm-

ient during mspiration.

Fenring of fung say on r'.-:l.r.'.'.'! r.ir.'-'.:'.'uul,r.';'.:.'.\-
srort Rapid decompression of the cabin whan
usitig o conventional pressure demand sysrem
with a well-sealing oronasal mask can leaedl 1o
luny damage by overexpansion ol the luhgs as
the compunaated outlel valve ol the mask s
held shut by the differentinl [Irusare croeiled in
he liose between the demand regulator and the
ler valve of the mask. This hazard 15 overs
cone inomwdern demand systems by fitting
compensated dump valve al the outlet of the
which vents: the pas

breathing gas regulilor,
trapped (0 the hose detween the repulator and
the mask, 9o that the rise ol pressure in the hose
o w rupid deconipression is mimmized and the

expanding  was (rom e lungs can escaps

theoueh the sutlel valve of e sk, The gur
rent requirement for a pressare demand regulo-
tor mask swstem 15 that the  mask  cavily,

presaire shall not exceed 40 mmHg on & rapid

decompression in 0.1 5 [6], The addition of the
aas trapped in the pressure waisteout swlen the:
laster i inflated 1o provide pressure breathiog

with €7 increases greatly the prassure which is
ated in the system. A rapid decompression
stexcculing ¢ high-G manoeuyre so that thes
prossure vedisteost s already Inflated to & pres-
sire of 3U—A0 mmHe — & realistic scenario in ging
will raise the pressure in the mask angs
the pressure watsteoart ta 1 30=200 mmHg ahove
that in the cabin. The inflated waisteoal in=
cregsis the volume of the zas trapped betwgen
the outlet of the regulator and the masl from
about 460 ml o V=21 Thesive of the compens
sated dump valve at the outlet of the breathing
regulator would have to be increased manyfold
Lo allow the gus tapped o such a system 1028
cape during a rapid decompression. The soles
ton Lo this potential hazard i to wdd @ oo
eturn valve and a compensated dump valveld
the connection  into the  pressure waistcoal
which allows the gas trapped in the waisicost i

combart
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sseape 1o the cabin, Rapid decompression of
sueh systems has demenstrated the effectiveness
of his arcungement in reducing markedly the
pressures generated i the mask and pressure
walslooast, Mot only does this arrangemen? re-
duce the peak pressure in the ok bt the dif-
ferenee belween  the prossares o the mask
and the pressure waisteoal does not exceed
210 ounl g thronghour o rapid decompressien
in .1 s The presence of this counterpressure 1o
the chest, together with the pressure in the wh-
dovunal blodder of the G rimmers, will prevent
distension ol the longs by o rapid decompres:
ston when pressure bremhimg with G s opera
Live

Sumnmnary

Pressure breathing using the appropriate coun-
terpressure 1 the trunk and lower himbs en
hances greatly the tolerance of a pilot 1o high
sustained +G acceleralions and provides good
protection aguinst hypoxia on éxposure to aln-
tudes above 40,000 fr [he design of a single
inteprated  gesembly which will provide this
high-Ci and high-altitude protection 1o the pilo
ifan agile aireraft which is required to opersie
at high altitude gives rise Lo o number of poen-
tHally serious inleractions which require specific
attention. The avoidance of serious hypoxia and
lung damage on rapid decompression al high
allitudes have been considered in this peper.
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