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SUMMARY

The stability of aircrew breathing equipnent depends not only on the
stability of the oxygen regulator, but slgo on the inpedance of the systemit
feeds, which includes the user's respiratory system A nethod of neasuring
the human respiratary i npedance, in the range 5«50 o/s, by conparing oscillat-
ing pressures at two points in an external reference system is described;
and results are given for nose and nmouth, heavy and light, breathing. The
effect of altitude, and of increased external resistance to breathing are
briefly discussed. The inportance of correct representation of men's inped-
ance in dynamc testing of oxygen equipment is illustrated by reference to
the characteristics of a present-day simulator and system and an inproved
type of simulator is suggested.
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1 INTRODUCTION

Oxygen equi pment in militery airoraft consists essentially of a high-
pressure supply; a regulator delivering oxygen, or an air and Oxygen nixture,
on demand at pressures aporopriate to anbient conditions; and a system of
pi ping, valves and mask conuecting the regulator to the man. The regul ator
is a conmplicated servo-meohani smfeeding the systemand the man®s respiratory
system and endeavouring to maintain a constant datum pressure at its outlet,
while man i s al so a servo-mechanism trying to extract a desired flow of gas
from the system  The arrangenent is shown schematically in Fig,1., Having two
sensitive control mechanisms, and piping and valves with their own pneumatio
and mechanical characteristics, such an arrangement is likely to give rise to

undesirable pressure oscillations, and, in fact, practically all aircrew demand
oxygen equi pments exhibit sone formof danped or sustained pressure oscillation
with frequencies from5 ¢/s upwards. The word 'instability' has been used in
this connection to describe any oscillation of pressure which is of such
frequency, anplitude and duration as to cause physiol ogical, psychol ogical or
mechanical trouble.  This somewhat |oose use of the word will be continued in
this Report

As far as the nmechanical effects of instability are concerned, pernm ss-
ible limts my be established by endurance testing; but physiol ogi cal and

psychol ogical limts are |ess easily determ ned. Sanuelf could detect no
decrenent in performance of aircrewin a flight task sinulator when subjected
to a continuous inspirstory pressure oscillation at about 5¢/s of undefined
anplitude;  but the pilots gave the inpression that this would worry themin
the air, and one stated that he woul d declare an aircraft unserviceable if he
percei ved such an instability. Thus it seems that the problemis mainly
psychol ogi cal ; and therefore that no instability perceptible by the user
should be allowed. The results obtained fromsome brief experinents to
establish the level of perception of subjects wearing a stardard aircrew mask

are shown in Fig.2. Athough the scatter between subjects was large, all were
particularly sensitive to pressure oscillations in the region 20-50 c/s (where
sone coul d apparently perceive anplitudes as |ow as *Q,05 amw. 5) and | east
sensitive to low frequency oscillations, where they subconseicusly adapted
their breathing to the pressure oscillation

It is thought that no breathing equi pnrent woul d be acceptable in air-
oraft i f instability above the |ower level of perception were susteined for
a large part of the breathing cycle, and it is therefore necessary to
establish tests which will show up any such effects.



Instability may sometimes be traced to one conponent such as a val ve,
and cured by small nodifications. Cccasionally the regulator my be unstable
initself, sothat it aots as a pressure oscillator, independent of the system
This is basically a fault in design or construction, and its cwe nust lie in
the hands of the makers. Both these types of instability will be detected in
steady flow testing, or dynamc testing with alnost any type of sinulator, or
any user.

But sonetines a | ess obvious type of instability ocours, which is a
function of the whole system A slight change in the piping between the
regulator and the mask may produce instability in a previously stable system
or a system which is stable when the user breathes through his mouth my be
unstable when he breathes through his nose: or it may be unstable for a small
proportion of wusers only. This is the case when the stability depends on the
inpedance fed by the regulator, that is, the conbined impedance of the system

ard the user. This effect wll be discussed in more detail in Section 2.2

Hence, in order to ensure conplete stability, 1t iS necessary to use a
dynamic nethod of test including an inpedance representative of man's
respiratory system  But in order to construct the necessary analogue, either
mechanical or pneumatic, we need to know the human inpedance presented to air-
crew oxygen equi pment, that is the impedance of the respiratory systemand
face of healthy young nen, seated, for various types of breathing.

A study of the literature showed that several methods have been devel oped
in recent years for measuring the impedance of parts or all of the human
respiratory system  Unfortunately, fromour point of view, a large proportion
of the literature is devoted to finding variations due to pathological condi=
tions, Often with the subjects |ying down, so that data on healthy seated
subjects is limted. Also, since aircrew equi pnent sees the complete human
system (including part of the face, the nouth or nose airways, the airways
and lungs, ad the mechanical effeots of the diaphragmand chest wall,) none
of the numerous papers in which the flow through the mouth is compared with
al veol ar pressure (measured either by an interrupter technique or by an
cesophagal balloon) is strictly relevant to our problem since the chest wall
is here deliberately excluded. The nearest approach to our conditions is
described in papers by Dubois et a12 and lellroy et a13, where the inpedance
of the whole respiratory system is neasured, though excluding the face.

Dubois applied a sinusoidal pressure oscillation at the nouth, measuring the
flow and pressure there. Though the results given extend to about 15c¢/s,
it is stated that abwe about 8 ofs there were difficulties in measuring the
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flow, due, apparently, to phase shift in the flowreter used. MeIlroy used a
nethod for obtaining the resistance and conpliance of the reshiratory system
by conparing the expired volume with the flowrate in relaxed expiration at

constant flowrates. H's nethod obviously gives characteristics at very |ow
frequency, and any inductive component of impedance is deliberately excluded.

An al ternative approach to the problemis to construct an anal ogue,
usually electrical, based on the extensive anatom cal data available. Again,
nmost suah analogues described in the [iterature refer to parts of the
respiratory system only, and, even so, are extrenely conplicated. (See, e.g.
Ref.h.)Shephand,however5 gives a conparatively simple circuit, includirg al
the system we need except the face. A copy of this anal ogue was oonstruoted at
R A E, and the inpedance results obtained fromit are shown in Fig.3. The
author however states that this analogue did not agree exactly wth his experi-
mental results wusing the interrupter technique

Thus it was thought that the published data available was insufficient
for our purposes, since except for Shephard's somewhat inconclusive work none
referred to frequencies above ebout 15 co/s, ard al so none included the face,
The published data will be discussed. further in Section 3.2.2,

A programme Of work was therefore umertaken to determ ne the impedance

of the human respiratory systemas it affects aircrew oxygen equi pment, that
is, the face within the mask cavity and the overall effect of the nostrils

and/or nouth, the airways and |ungs, for the various types of breathing Iikely
to occur in aircraft. The frequency range was deternined by the equipment in
use at 5-90 ¢/g, covering the ranze of at |east many of the instabilities
noticed previously. The investigation was confired to tie sort of subjects
likely to use aircraft equipment, that is, healthy young men, and in the

posture usually taken by aircrew, that is, seated

There is no reason why the nmethods used shoul d not be applied to other
groups, or inert systems, and in fact some tests on breething simulators and
aircrew systens were al so carried out.

2 GENERAL THECRY AXND EXPERI MENTAL " METHCD

2.1 Definition of inpedance

The inpedance of a pneumatic or pneumo-mechanical assenbly may be defined
as the ratio of the pressure drop across the assenbly to the volunetric flow of
gas into it. Thisis equivalent to the definition used in acoustics, although
the acoustic wording = the ratio of sound pressure at a source of sound to the
strength of the sound at the source ~ appears rather different.



If the pressure is measured in dyneq/cmz, and the flowin cmB/%, the unit
of impedance which might be called a pneumatic ohm is the (gm/em 32)/(cm3/s),
or gmcm4 5"1. In medical respiratory work, the pressure is usually measured
in cmwater gauge (em w.g.) and the flowin litres per second (1/s), so that the
medical unit of impedance iS (cm w.g.)/(1/s). The nunerical value obtained by
the first definition must be nultiplied by 1000/g = 1.02 to give the val ues
under the second definition, so that, for nost practical purposes the two units
are nunerically identical, The first unit will be used in this Report, and
called an ohm unless confusion wth eleotrioal units is possible.

The inpedance can be shown to consist of resistanoe, inductance and
capacity (or conpliance) analogous to the eleotrioal quantities, which gives
rise to an overal | inpedance conprising 8 resistive and a reactive term It
IS possible, if certain limts on dinensions are observed, to lunp the inpedance of
SOne pneumatic ard pneumo~mechanicel itens as sinple resistances, induciances,
or capacities, The calculation of the values for different pneumatic and
mechanical oonponents, derived partly fromRef.6, is given in Appendix A but
we shal |l here state the forms for some of' the oomponents used in the experi-
nmental work to be described later in this Section and in Section 3.

A snmoot h-bore pipe of length ¢ om radius r cm where & is short conpared
with the wave-length of sound at the relevant frequencies, may be treated as an
irductance and resistance in series. The inductance i S given by

& or

L = (¢p/m°) gn cn Henry (1)

where the gas density is p gm cmi>.

For air at normal tenperature and pressure, the inductance Of a pipe
1 netre long, radius 1 cmis 0.038 Henries.

The resistance is given by

R = (8 pe/nr*) om (2)
where the dynamic Vviscosity of the ges is p gm on ' s For air at norm
tenperature apd pressure in visoous flew the resistance of a pipe 1 nmetre
long, radiva 1 em is 0. 047 ohm Equation 2 holds so long as the £law i S Viscous,
but end-effects in pipes, equivalent to the inolusion of orifices in the line,
and irregularities in the bore, my nmake the flow turbulent, so that a nore
reliable definition of the resistanoe is
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R = pressure drop (P)/flow (F) (3)

measured for steady flow. The value of R will generally depend on the
magni tude of the steady flow, but for small changes relative to the steady
flow it may usually be treated as a constant.

A rigid container of sinple formand of small dinensions conpared with
the wave-length, may be treated as a pure capacity. For a volume of"' V cm3,
the capacitance is given by

C = (V/czp) gm"1 on* s or Farad (1)

where the velocity of sourd in the gas is ¢ cm s

For air at normal tenperature and pressure, the cspacitance of a
1 litre container is 0.00072 Farad.

The above definitions can only be treated as constants if the pressure
changes invol ved are small conpared with the nean pressure, that is, if the
changes in gas density are small, and it is only pernissible to use |unped
conponents in this say if the dinensions are small compared with the wavel ength
of sourd in the gas at the relevant frequency. It is usually held that the

di nensions should not exceed & of the wavelength.

An assembly consisting of a pipe leading into a closed volume will
obey the equation

L(ar/at) + RF -I-I (F/IC dt =P (5)

Ir the pressure is oseillating sinusoidally at a frequency f = w/2=,
-_— Pi ,

(JuL+R+1/jwC) F = p; (6)

so that the inpedance of the assembly is given by

Z = X+ ¥ JoL+ R+ 1/jwC

R+ j{wl = 1/0C) (7)

"



That is,

the resistive term X R 1
and (8)
the reactive termY wL-‘!/wCJ

This circuit with the equivalent electrical Circuit is shown in Fig,k(a).

2.2 Oxygen equi pmrent and man as a oontrol system

In order to understand how a man using breathing equi pment can affect the
stability of the system we shall look briefly at the schematic oontrol oirouit
shown in Fig.1(b). In the diagram Zr I's the inpedance of the regulator, 331
and Z_, form the inpedance of the piping and mask, and Z is the inpedance the
mn presents to the equipnent

The man requires a volunmetric flow Fi‘ He accordingly sucks on the
system which reduces the pressure at the regulator outlet to pr. The
regul ator responds by emtting a gas flow, F obtained fromthe high
pressure oxygen store at o, if it is set for pure oxygen, or froma mxture of
this store and anbient air if it is set for air-mx. F. is linked to the
pressure at the outlet by the equation

F, = Np; = p,) (9)

wher e Py I's the datumpressure, and N is the transfer function of the regulator

The flow is transmtted through the system to the man, and nodified by it,
so that he receives a flow F o H s adaptive neohani smrepresented by Gin the
diagram conpares the flow he is receiving with what he requires, and he either
suoks nore or |ess hard, or modifies his flow pattern. At the sane tine, the
flow of gas R, into the systemw || terd to raise the pressure at the regul ator
outlet, so that, in the absence of further excitation from the man, the demand
wll be reduced, and F} wi || decrease.

Thus, there are in effect two servo-nmechanisms, the regul ator controlling
the pressure at its outlet, and the man controlling the flow he receives, the
two linked by the system

Al the functions and impedances in the diagramarc conplex am
conpl i cat ed. The function Gis not fully understood, but is undoubtedly very
involved7. The function N, for a very sinple regulator, is derived from two
secord order, non-linear differential equations for continuity and NMBSS balonce
in the demand chanber of the regulatora.



However, to see how the inpedance of systemand man can affect stab-
ility, consider a pneumatic ecircuit with the regulator replaced by a sinple
reduci ng valve, having the transfer function

2 402 2
N = Kwo/(D + 2hw D + wo) (10)

where D is the operator (&/dt) which can be replaced by jw for a sinusoidal
input of frequersy f = w/2m, o is the circular natural frequency of the
valve, h is the danping coefficient, and X is a gain factor.

Let the valve feed a passive system of inpedance
z = x/(4 + DT) (11)

where T is the tine gonstant of the systemfed by the valve, and X tho

resistance to steady flow

Then, follow ng Sivyer's work9, the open loop equation is

b, = Nz(pd - pr) (12)
end applying the Nyquist criterion, We can show that the nechani smwill be
stable if

(Tw )? + 2n(Tw ) + 1 > KX(Tw )/2n (13)

Fromthi s inequality we can draw two general conclusions.

(1) Large val ues of w s T and h tend to pronote stability,
(2) Large values of X and X tend to decrease stability.

But for rapid response we need h to be fairly small, and for good
sensitivity we need X to be large, so that, even in this very sinplified case,
we need very large values of T, and very small values of X to be sure of
stability.

Actual breathing equipnent is too conplex to be dealt with by this
sinple type of analysis, but since, even with this sinplified foarm, the
stability can be shown to depend on the pneumatic loading, it is plain that
the more conplex equipment will do so too. Dynami ¢ testing with breathing
sinulators therefore will not reproduce instabilities unless the breathing
simulator has the correct inpedance for a man.
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2.3 Principles of inpedance neasurenent

Any nethod of neasuring the dynamic characteristics of a pneumatic or
preumo~mechanical i npedance requires a source of dynam c pressure or flow
injecting either a sinusoidal wave or a step of pressure into the unknown
i mpedance either in isolation or ii conbination with known inpedances. It
I S neoessary then either to measure the pressure drop across the unknown
inpedance and the flow into it, or else to conpare the pressure drop across
two parts of the eireuit, one or both of which include the unknown inpedance
in conbination wth known inpedances

A sinusoidal input is generally preferred, conmpared with a step input,
as in electriecal measurenents, because of the relative sinplicity with which
results may be analysed, There is also practical difficulty in producing a
true step function of pressure in a pneunatic system It was therefore
decided to use a sinusoidal pressure generator as the power source.

Since the primary intention was to neasure the inpedance man presents
to oxygen equipnent, including the part of the face enclosed by the nask, it
Was necegsary t0 use some systemexternal to the man, terminating in a msk
of the gnrrect shape which could be sealed onto the face. It was thought at
first that the best solution would be to use a typical aircraft system and
sone attenpts were nmade with an actual systemof flexible piping leading to
an airorew-type mask conplete with inspiratory amd expiretory valves. It was
found inpossible, however, to obtain any consistency fromsuch a system ¢wing
to the flexibility of piping and nmask which varied wdely according to their
mechanical support and the effcct of the valves in varying the i npedance
between inspiration and expiration. It was therefore decided that the external
system shoul d termnnate in a rigid val vel ess mask, and be connected by a
moderately stiff pipe to the pressure source. It was found convenient to use a
pipe of rmoderate length, since this helped in adapting the system to different
subjects and also protected themto a certain extent fromvibration and noise.

The alternatives then available for measuring the inpcdanoe were:

(1) To measure the flow into the nask, and the pressure at the inlet
or in the mask

(2) To measure the pressure at two points in the external system

It has already been explained in the introduction, that other experi-
menters have found difficulty in dynamc fleow measurenents at frequencies as |ow
as 8 ¢/s, and it was intended to work up to 90 ¢/s. In any case, conparison of
pressure and flow involves neasurement of two factors with instrunents which
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are unlikely to have equal responses over the full range of frequencies.
Moreover, al nost a1l methods of measuring flow involve the inclusion of
additional pneumatic impedance in the circuit, which was thought to be
undesirable as it would increase the work required of the subject in breathing.

It was therefore decided to use the second alternative, and conpare the
pressure within the mask with the pressure at the source as shown in Fig.k(b).
Simlar transducers, simlarly connected to the system could then be used, so
that their response was also simlar. This methed greatly sinplifies calibra-
tion and analysis of results.

At an early stage of the investigation, it was thought that sufficient
was known about the structure of the human resniratery system to determ ne
the inpedance by amplitude measurenments only, as recorded on a zalvanometer
recorder. That is, we Shoul d assume a circuit similar to that proposed by
Shephard (shown in #ig,3) with the addition of a circuit for the face, and
assess the values of the different conponents solely fromthe ratio of
anplitudes of pressure at two points in the external circuit. Thi s sunposition,
whi ch has been described in detail in Ref,40, broke down for two main reasons,
apart from the difficulty of solving the equations involved.

(1) Though the generator used produced a pure sine wave when fed into
a transducer alone, the addition of non-linear elements distorted the wave
form especially at |ower frequencies, so that it was extremely difficult to
estimate anplitude accurately. Examples eof some records are shown in Fig.6.

(2) It becane obvious that our information was inadequate, that is,
the nodel was too sinple.

It was therefore decided to neasure both amplitude ratio and phase shift
between the two transducers using g Resol ved Conponents Indicator, which
conpares only the fur&mental frequency, ignoring harnmonics; and to consider
the result as a single inpedance, W thout reference to the sub-elenments of
which it must be conposed.

2.4  Experinental  equiprent

A diagram of the experinental set-up is shown in Fig.k{s), (¢) and (&)},
together with an electrical anslogue, and a photograph of an experinent in
progress is shown in Fig.b5. The output of the pressure generator is fed
through an adjustable restriction into the end of a referense systen compris-
ing a stiff tube leading to a rigid mask seal ed onto the subyect's face.

A short length of pipe is connected to the other side of the source, to
prevent complete | 0ss of signal through the effective open circuit an open
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tube would present.  Pressure transducers are connected Near the source and
into the mask, and thear anplified outputs are fed in turn to tke Resol ved
Conponents Indicator.

(1) Pressure generator

This apparatus, nmade by the Hymatic Engineering Co. Ltd., produces a
sinusoi dal pressure wave by means of the oscillation of a pistonin a closed
cylinder, The piston is driven through a secotch yoke and cam nmounted on a
shaft driven by a constant speed motor through an eleotronioally controlled
magretic clutch. The frequency range is 5-90 ¢/s, and the maxinmum pressure
range is *6 in wag,

(2) External reference system

The external system consisted of a length of thick-walled rubber tubing,
54 cmlong, of nominal inside diameter 4 in, leading to a rigid mask of
internal volume, when sealed to a dummy head, of 230 cm3. In order to ensure
that the same area of face was enclosed by the rigid mask as by a standard
mask, the contour of contact was drawn on the dumy head, and the mask built
up in fibre-glass fromthis 1ine, A thin layer of rubber was then glued to
the edge to forma seal. |In some |ater tests a closed vol ume was used instead
of the rigid msk, consisting of a  cylinder of the sane internal volune.

(3) Pressure transducers

The oscillating pressure was measured by means of varisble inductance,
differential transducers, type SE 70, made by SE Labs. Ltd., range *5 psi.
The oscillating pressure to be measured was only of the order of 1.5 cmw.g.,
but the quasi-static pressure was sometines of the order of 5 cmw.g. It
woul d have been preferable to use transducers of a ran_e about 25 cm w.g,
(about 4/3 psi), but none were readily available which possessed good Irequency
response over the required range, and were of equally small Size and weight =
an inportant consideration, since one transducer was mounted on the mask. The
output was fed into Type IT 1-g=5ianplifiers.

(&) Resolved conponents indicator

This equi pment, made by Solartron Ltd., was used to conpare the output
of eaoh transducer in anplitude ard phase, with the output of a synchro-
resolver mounted on the shaft of the pressure generator. The instrument
conpares the pure sine-wave output of the synchro with the fundamental of the
transducer output, so that any distortion is disregarded, The results obtained
are two conpl ex nunbers 1 and P, By being the ratio of the output of the
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transducer at tie source to the synchrooutput, and p_ the corresponding ratio
for the mask-nounted transducer. The output of the R.C,I.was fed to a digita
voltmeter, SO that readings could be taken to 3 figures.

(5) Bicyele ergoneter

Thi s equi pment, made by Zentralwerkstatt Cottingen GmbH, was used in
some tests to enable the subjects to work up a heavy breathing rate. The work
| oad for a subject pedalling on it can be adjusted by varying the position of
a permanent magnet relative to a copper disc on the rear wheel, so that the
subject has to work against the magnetic forces.

2.5 Prelinmnary tests

(1) Transducer calibration

The two transducers, comnected to anplifiers which gave approxi mately
the same sensitivity in static calibration, were joined to a T-piece the
third armof which was connected to the pressure generator, The Jull range
of frequency {5-90 o/s) was then run through at several different anplitudes,
and the outputs compared using the Resolved Conponents Indicator, which had
been careful |y adjusted according to the naker's instructions. It was found
that the anplitude ratio was constant throughout the ranse, and the phase
di fference never exceeded 1°. This test was repeated at intervals through-
out subsequent testing.

(2) Measurement Of characteristics of reference system

The rigid mask was seal ed onto a dummy head, the input transducer
connegted near the source and the output transducer to the mask cavity. The
anplitude ratio and phase shift between the two  transducers was determ ned
for the range 5-90 ¢/s, with several different flow rates through the system
The anplitude ratio gave the famliar second order response curve, with a
resonance at 45 ofs, agreeing very well with the figure calculated fromthe
dimensions, and the danping factor varied from 0.03 to 0.05 for different flow
rates

The external system could thus be regarded as

an inductanoe L 0.062 Henry L

0. 0002 Farad

(14)

and capacitance C [

associated wth negligible resistance
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Asimlar test was carried out with the same pipe and the closed vol une,
the latter being adjusted to give the same characteristics. The figures quoted
above were used in all subsequent work, except in sone tests at altituie, Where
the values of L and C are modified by the changed air density.

2.6 Derivation of inpedance fromexperinental results

The inpedance required was in every case paralleled wth the capacitance
of the mask or closed volune, as shown in Fig.4(b). The value of" the inpedance
at a frequency f = @w/2x is given by

Z = X+§ = (R . j0L)/l(p/p,) - (1= LCGE + jRCW)] (1)

where (pi/p,) is the conplex ratio of the outputs of the source ani mask
transducers. The detailed derivation of this equation and of the values for
X and Y are given in Appendix B. Equation (15) is the basic equation used
for all the experimental work.

2.7 Accuracy of inpedance neasurenments

The basic accuracy of the ratio of the outputs of the pressure transducers
when coupled to the Resolved Conponents Indicator is reckoned to be nearly as
good as that of the RC 1. itself, which is better than 2%, Some analysis of
the probable errors in inpedance which this mght give rise tois givenin
Appendi x C, where it is shown that the probable error depends not only on the
error in the original readings, but also on the relative values of the
resistive and reactive conponents of the inpedance and. on the frequency.

Based on the figure of 22, calculations show that for most of the tests the
probabl e error throughout the range of frequencies is of the order of *0.5 chm,
Anot her possible source of error is a variation of the canacity in the mask
due to different facial contours. In Appendix Cit is shown that a possible
error of 4¢: in the volume woul d produce a maxi mumerror of about 0.5 ohm at
the maxinum frequency, with correspondingly less at lower frequencies, and

this error woul d, of course, remain sensibly constant for any one subject.

Exceptions nust be nade for the measurenents of the human impedance
exoluding the face with nose-breathing (see 3,2,2), where difficulties in
sealing onto the nose caused wide scatter; and for the measurement of the
face inpedance (see 3,2.3), where the relative values of the resistance and
reactance could cause quite large errors, especially at |ow frequencies.
Fortunately, both these tests are of somewhat academic interest only.
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Variations in anbient pressure, tenperature and humdity lead to changes
in air density and consequently to changes in the values of the reference
inpedance. ~ The variation in gas density over the range of atmospheric pressure
740-780 mm Hy, tenperature 14°-26°, hunidity o-1005is from 1.135 to 1.262 gm/
litre, Hence, over +his rather extrene range the density is 1.2 gm/litre
+0,064, and an error of &% is possible. Thus, for the maxi num val ues obtained
for the human impedance is equivalent to about 0.3 ohm so that errors from
this source are not likely to be inportant.

Anot her apparent gource of error was the variation between val ues
obtained in inspiration and exmiration Wi th human subjects. thile at
frequenci es above about 20 /s, the readings on the RC . were almost
I ndependent of whether the subject was breathing in or out, at |ower freguencies
there were quite large swngs between the two conditions, that is, all four
conponents fluctuated over quite a wde range. Attenpts were nade to neasure
either during inspiration or expiration, by making the subject inhale or
exhale Slowy over a long period, but the tine available was still insuffioient
to obtain steady readings on the RCI1., partly, it is believed, because the
subj ect subconsciously varied his geonetry during the period. In any case,
such breathing i s artificial, and may introduce effeects which would not be
present in normal breathing.  Some records Were therefore taken of the output
of both transducers during complete braatning oyoles, using a galvancmeter
recorder with high paper speeds, so that records with about 1 in/ecycle of the
osoillating pressure were obtained. Part of a record is shown in Fig.6. It
w |l be seen, that, though the traces are too conplex to determine the actual
anplitude ratio and phase shift wthout using Fourier analysis methods, the
relations between the input and output remain unchanged, though the anplitude
Is less in expiration than in inspiration. It was therefore concluded that
it was legitimte to use the mean values observed on the RCI. at these
frequencies, wthout |oss of aceuraey, though there is obviously error in
judging the mean val ues.

Anot her source of variation in neasurenents of human inpedance is varia-
tien in the individual himself, That is, the subject may tighten or relax his
facial nuscles, or his stomach nuscles, or shift the mask on his face, or vary
the depth of his breathing, or the width of his nouth opening. Al these
effects, though they will tend to increase the scatter between results, can-
not bhe classified as errors, since they represent possible conlitions,

“la may therefore conclude that for nost of the tests, the error was
unlikely to exceed 4 ohm with a probable nmean errar not greatly in excess of
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0.5 ohm  Errors at the lower frequencies were somewhat greater, owing to the
difficulty of judging mean val ues.

3 TESTS WITH HUMAN SUBJECTS

3.1 Range of tests and experinental procedure

The tests conducted can be divided into three groups. The first Croup,
oonmprising tests A, Band Cin Table 1 (below), were direoted to determ ning
the inpedance of the respiratory systemand face, for |ight and heavy, nose
and mouth breathing, and the effect on it of reduced gas density, and increased
resistance to breathing.

In the second group, Tests D and E, the face was by-passed. These
results mght be conpared directly wich published work.

The third group, Tests ¥ and G were of academc interest only.

The tests are summarized in Table 1,

Tabl e 4

Range of tests with human subjects

Test | External , No. of | mpedance
NO. system Type of breathing subj eot s det er m ned I
Al 1 Mout h/ 17 ght 6 Respiratory Syst em
2 1 Mout h/ heavy 3 with face, at
1 Nose/ | i ght 6 ground | evel
i Respiratory system
Bl 1 I\/buth/!|ght 1 with face, at
2 1 Nose/ | i ght 1 8000 ft
Rest;aifratory S)ést em
, with face, an
| resistance
- Respiratory system
D 2 Nout hf lllght ) exoluding face, at
2 2 Nose/ | i ght 7 ground | evel
Respiratory system
E 2 Mout h/ 11 ght 1 excluding face, at
8000 ft
7 9 : - 3 Face only
| ;
G | 2 j Nose/ | i ght 5 Muth cavity
| |
Notgs te Table §s Fer tests A B, C, F see F’lgob(b}
Fer tests D 1, E searigdi{e

For tests D 2, see Flgals{d}

2!
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External system 1 means the rigid mask and pi pe.
External System 2 nasthe closed volume and pipe.

For 1light breathing the subject was seated confortably and breathed at
an easy rate. The peak flow wasabout 15 1/min,

For heavy breathing the subject peddled on a bicycle ergometer until
his breathing rate reached approxi mtely 35 1/min as indicated by a flowmeter
downstream of the pressure source.

In tests a3, B2, C, D2, nose breathing, the subject kept his nmouth

dosed.
In tests Al, A2, B1, D4 and E, nouth breathing, his nostrils were

plugged with cotton wool.

In tests D and E,mouth breathing, the subjeot closed his lips round a

1in outside diameter short pipe leading to the closed vol ure.
In test D2 he fitted his nose into a special end-plate to the closed

vol ume keeping his nouth closed.
Tests Bt, B2 and E were conducted in a decompression chanber.

In all the tests except C the static resistance to breathing was about
1in w.ge at a flowrate of 30 I/min (about 5 ohm). In test € this was
increased to about 10 ohm

In test ¥, the subject held his breath for the period necessary to take
the readings = about 30 seconds.

In test G the subject placed his nouth over the outlet pipe of the
cl osed vol ume, breathing through his nose and sealing off the nouth cavity
with his tongue.

The subjects used throughout the tests were healthy men in the age range
18-45 years, all technicians or B.AF. Oficers working in the Humen Engineer-
ing Division of Mechanical Engineering Dept.

The tests A and D were carried out with as many subjeots as could
conveniently be fitted in.  The other tests were carried out on fewer nunbers.
Only one subject (G T R) was used in every type of test. No-one with a cold
was tested since aircrew are usually grounded when they have colds, but other-
W se no enquiry was made into the subjectst fitness at the time they were
tested.

In every test, the subjeot was first famliarized with the apparatus

ard the type of experiment to be undertaken, and, in tests using the rigid
mask, shown how to oheok that the mask was | eak-tight. This was done by
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bl ocking the open end of the system and allow ng the subject to exhale into s
it. Any |eaks caused a flow of air past the mask seal over the face, which was

easily detected by the subject.  The systemwas passed when no leak occurred
for a pressure of 5 in water.

Readi ngs of the inphase and out-of - phase conponents of input and out put
pressures relative to the synohro output ware taken at 5 ofs intervals in the
range 5-90 e¢/s, with an input anplitude of approximately *2 cmw,z5., maintained
by adjusting the restriction between the pressure generator and the system
After each set of readings at one frequency, the subject removed the mask and
breat hed ambient air for a few mnutes so that re-breathing the C0,~rich Sir
of his exhalate should not over-stinulate his breathing. %Rach test was
repeated three times wth each subject. The derivation of inpedance was made
on a digital computer along the lines described in Appendix B. The average
impedance for the three runs for each subject and condition was determ ned,
rejecting only a few gross inconsistencies, and plotted, and fromthese curves
the results and scatter-bands shown in Figs.7-10 were plotted.

The range of tests does not include all the oases possible in aircraft,
I n particular heavier breathing rates than those considered are possible, and
only very brief tests at altitude and W th increased external resistance to
breathing werecarried out. It is hoped to extend the tests to cover these cases
mre thoroughly at a later date, but it is felt that within the time available

the present tests cover a significant range of conditions.

3.2 Results and discussion

It my be as well, before enbarking on detailed analysis of the results
obtained, to re-state the primary object ofthe investigation, and the linite-
tions of the experimental nethod.

The object ofthe nost inportant tests =~ those using the rigid mask =
was to determne the range of impedance whi oh mght be present to aircraft
oxygen equipment in ordinary use.  Therefore, it was inportant not to inpose
artifioial restriotions on the subjects, and no attenpt was nade to standardize
some of the variables which could lead to different inpedanoes. For exanple,
in the nouth-breathing tests with the mask, the subject was allowed to keep his
muth as wide open as he preferred. The light breathing rate was not carefully
controlled, and neither was the subjectts posture which mght affect inpedance
by nodifying the characteristics of chest walls and diaphragm Al so, since the
subjeots were not nedically examned prior to test, some my, at one time or
anot her have been suffering fromslight catarrh or incipient colds. Hence we
shoul d expeot fairly wide divergence between subjects, and between renested
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tests on the sanme subject. One variable was elimnated fromthe nout h-breathing
tests with the volune, in that the subgect had to fit his lips round a standard
cutlet pipe. We should therefore expect greater consistency fromthese tests,
and this proved to be the case, as is seen by conparison of' the results shown

in Pig.7(2) and 8(a).

The scatter-bands shown coincide very nearly with the gcurves for *2
standard deviations fromthe mean, and mght therefore be expected to cover
95.0f a popul ation of healthy young nen not suffering from col ds.

However, correlation could not be expected between certain tests which
mght appear to yield conparative results. It mght be supposed that the face
I npedance (Test F) could be conbined witn the results for mouth breathing cn
the closed volune (Test D1) to zive the same values as the tests for mouth~
breathing with the mask (Test A). But since the nouth opening was not
controlled in Test Al, and was al most certainly less than in Test D1, no

such correlation i S possible.

3,2,41 npedance of hunan respiratory systemincluding the face

Some general conolusicns can be drawn at a glance from the scatter bands
of Fig.7.

(1) Resistive component at ground level, for low resistance to
preat hi ng

In all three cases the resistance level remains fairly constant through-
out the frequency range, though with a dip in the neighbeurhood of 20 ¢/s in
light breathing. The nean value is greatest for nose-breathing, ard |east for
heavy mouth-breathing, a difference which my reasonably be ascribed to the
difference in area between the nasal passages, the mouth slightly open for
l'ight nouth-breathing and nore wi dely open for heavy mouth-breathing. The ful
range of resistance is between 1,7 0hm and 7.0 ohm,

(2) Reactive conponent at ground |evel for lo« resistance to breathing

The reactive conponent is mainly induetive in all three cases. This is
a little surprising at first glance, since it would appear likely on the face
of it that the volunme of the lung, giving a capacative effect, would be the
predominating factor. It seems from the results that the domnant effect (in
the range of freguencies considered) is due to the inertia of the gas in the
airways and mechanical inertia of the tissues. Table 2 shows the anproximate
val ues of sinple inductance and capacitance in series which woul d cover the
linmits of the scatter in the three cases, for frequencies greater than 10 ¢/s.
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The results at 5 ¢/s in light breathing lie outside tiig band, and woul d be
regarded as doubtful if they were not so oensistent with each other.

Table 2

Reactive conponents of respiratory system including face

Lower limt Upper limt
Test Induotance | Capaci tance I nduct ance Capacitance
(Henries) (Farads) (Henries) (Farads)
Al Muth/light 0.0076 very large 0.013 very large
A2 Mout h/ heavy 0.0084 0. 048 0.035 very large
A3 Nose/light 0.0098 | 0.024 0.013 0.0t

The reactive conponent of inpedance Y, is here given by Y = (2rf L « 1/2nfC),
so that the larger the value of Cthe less inportance it has in the conbined
| npedance.

In all case* except the upper linit of A2, the figures quoted in Table 2
would give curves close to the limts, but in this case the large value of
inductance is required to fit the values of inpedance in the neighbourhood Of
5-20 o/s, and nuch lower values would fit the curve at higher frequencies,

[t is not suggested that the inpedance actually consists of a pips and
vol une having these val ues, indeed, suoh a thing i s physically inpossible,

since the capacities given are equivalent to volumes up to nore than 100 litres.

These are sinply figures whioh mght be used in constructing analogues.,

Moreover, looking at the results for an indaviduail, denoted by (x) in
Fig.7, We see that though the points all lie within the aoattrr band, the
actual shapes differ widely fromthe shape of the limts, and are obviously
of a nore oomplicated form Thus, while an analogue to represent an
individual throughout the full frequency range woul d be very conplicated, a
range of conparatively sinple adjustable anslogues might be constructed to
cover the scatter bands, the individual being represented at different
frequencies by different settings

(3) Effect of increased resistance to nose-breathing

The results fear subjects breathing against a higher resistance ghow a
wider range of resistance and reactance. The results plotted for one

2C¢
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individual, dencted by o in Fig.-/(c), show an inorease of resistance, but for
other subjects a decrease was observed. Simlarly, the capacitive effect was
increased with this subject but not for all subjects. The chief effect then
seens to be to produce a larger scatter between individuals, possibly owing to
their different methods of achieving the increased effort reguared. The upper
limt of resistanoce is raised a little, in this case, to 7.5 ohm, The

reactive upper limt is hardly altered, but the [ower limt can be renresented
by an inductance of ©.00%Henry and a capacitance 0? (C,C11 Tarad.

(4) Effect of decreased air density

The density of sir at 8000 £t is approximately 0.8 times the density at
ground level. \& should therefore expect, if the reactanoe were due to
pneunatic effects, since both L and 1/C are proportional to the density, that
the reactance woul d decrease by 2% at 8000 ft conpared with the val ues at
ground level . The results, denoted by . in Fig.7(a) and 7(¢), saow that this
Is not so, in fact, on the whole, where it is possible te observe a significant
di fference, the values at altitude are sonewhat higher than those at ground
| evel, except possibly in the neighbourhood of 50 ¢/s in nose-breathing, and
at | owfrequencies i n mouth-breathing. This suggests that the reactance 1s
mainly due to pneuno-mechanical rather than pure pneumatic effects.

The resi stance when mout h-breat hing shows very little dalference from
the results at grourd |evel, but in nose-breathing there was an average
decrease, of about 2% over the whole frequency range. If the resistance were
due to mechanical or viscous pneunmatic effects, we should expect 1t to be
unaltered by gas density; if it were due to orifice effects, we should expect

it to be proportionalto the gas demsaity. This latter case is anwproximately
true for nose-breathing, suggesting that the nose acts as an orifice, or series
of orifices, while flow through the mouth is nore nearly viscous = N0t an
unreasonabl e conclusion, considering the relative size of the openings.

It 18 recognized, however, that the differences to be expected are too
smal | for firmconclusions to be drawn fromthe limted data, since enly one
subjeat was tested at altitude, and it is possible that his physical condition
mght have varied between the tests.

3.2.2 Impedanoce of human respiratory system excluding tae face

Conparison of Figs.7(a) and 8(a)shows tiiat the resistance is somewhat
| ower when breathing through the pipe than when wearing the mask, but the
reactive oonponent is very little affected. This suggests that the face has
little effect on the inpedance, the difference in resistance probably being

due to the rather wider nouth opening enforced by the pipe dianeter.
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The resistance is in fact very simlar to that nmeasured in heavy breathing when
wearing the mask

Conparing 7(e) and 8(b), the differences in nose-breathing anpsar nore
marked, But great difficulty was experienced in sealing onto the nose, and if
a good seal was achieved, it was generally at the expense of npinching the
nostrils.  These difficulties probably aceount for the very wde scatter, and
the higher mean val ues of resistance and reactance, since any decrease in the
oross-sectional area of the nasal airways woul d i ncrease both proportionately.

The resistance range in nouth-breathing was from 1-% ohm The | ower and
upper limts of reactance can be matohed to an imductance of 0.,00%8 Henry ad
a capacitance of 0.063 Farad for the lower linmt; and an irductance of
0.014 Henry for the upper limt.

Conparison with published data

In comparing the results obtained in these tests with results obtained by
other expsrimenters, it nmust be borne in mind that all figures for resistance,
inductance and capacitance are attenpts tc find sinple fornms to fit the nuch
nore conpl i cated resviratory system so that the figures will refer in general
only to specific freguency bands. Hence, unless tests covering the sane
Pfrequency bands are éonpared, we should not expect close agreement for inductw
ance and capacitance. Since the resistanoe is likely to be nore irdenendent
of frequency, we should expect better agreement here.

Fromthe figures given by Dubois et alz, we can extract the mean val ues
quoted, R = 4.6 ohm I = 0,042 Henry, C = C,048 Tarsd, T™ess averages
appear to be based on the |ower end of the results shown, at frequencies up to
about 6 c/s, and agreement with the experinental results is |less good above
about 40 ¢/s. The resistance is very close to the nean of our results, the
inductive termis higher than any of ours, the capacitive term is nuch |ower.
But these figures probably apply to a frequency range lower than we investigated.

MoIlroy et 81’ give val ues obtained from12 healthy subjects, vith a

range from 2.7ohmto 9.0 ohmin resistance, and a nean val ue of 5.26 ohm;
and a range from0.035 Farad to 0.13 Farad in capacitance, with a mean
val ue of 0.087 Farad. The method used, relaxed expiration with steady flow
rates, is obviously applicable for very low frequencies, and excludes induc~
tanoe. The method i S perhaps open to cbgection in that the breathing is in
expiration only, and somewhat artificial; and that the val ues are obtained
by conparing tine constants with two different external resistances, and we
have shown that inoressed external resistanoe may alter the impedance.



However, once again, the resistive neasurenent is near our nean. Both Dubois
and MeIlroy refer to nouth-breathing.

The results obtained from Shephard's analogus® and Shown in Fig.3,

again give very reasonable agreement on the resistive side for hoth nose and
nmout h- breat hi ng, and conparison with the individual results in Fig.7 for the
reactive conponent suggest that the type of circuit given for nose-breathing
I'S correct, though the turning points do not match very well with those
observed here

On the whole then, the published results and ours agree fairly closely
as to tue resistive conponent of inpedance, but less well as to reactance.
Since, however, the frequency ranges covered are different in each case, we
shoul d expect gonsiderable dif'ferences, and the results are probably not
| nconpati bl e.

3.2.3 Inpedance of face

As has been ghownin 3.2.2, the inclusion of the face nakes little
difference t0 the human respiratory inpedance, and this is confirmed, to a
oertain extent, by the results for the face inpedance shown in 1'ig.9. e
cannot expect perfect ocorrelation between the figures for mouth-breathing
with the mask, and the paralleled figures for the face, and for mouth-
breathing through a pipe, as explained in 3.2.2, however, paralleling the
mean val ues fromFig.9 and #ig.8(a), We find that the effect is to reduce
the values in 8(a) by less than 0.5 ohmin resistance, throughout the range,
and the reactance by about 2 ohmat 90 o/s, diminighing to 0.2 ohmat 5 ¢/s,
which is not very far fromthe actual effect, allowing for errors in the
measurement of face inpedance.  As explained in detail in Appendix C, the
probable errors in the face inpedance at low frequency were very large, |east
at about 15c/s, but increasing again to a probable error of about *1.5 ohm
at 20 o/ s.

The nean value for the face reactance is equivalent to ¢,009 Henry and
0.004 Farad, as shown in the dotted line in Fig.9; but a variable resistance
woul d be needed for the resistive component.

3.2.4 Inpedance of mouth cavity

The results, shown in Fig,10, give a resistance that varies widely with
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frequency, but the reactance is effectively a sinple oonbination of inductance
and capacitance. The dotted line is the calcul ated value for L = 0.0223 Henry

and C = 0.004 Farad.
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4 DYMAMIC TESTING OF OXYGEN EQUIPMENT

It is not intended here to discuss in detail the construction of suitable
simulators, or the effects of such simulators in testing. This subject is
covered in detail in Ref.i0., W shall only illustrate the inportance of correct
simlation by describing the behaviour of one present-day sinulator in conjunc-
tion with one current aircrew oxygen system  and suggest methods of inproved
si mul ati on.

The sinulator is the British Oxygen Co's "Beaver" ik,II respirator, used
at present for routine testing of regulators. The systemis the Normalsir
seat ed-mounted system consisting of about {ft of 3" diameter pipe, 2 ft of
3" diameter pi pe, with a quick-rel ease connector, together yith the flexible
mask-tube and mask.  This systemis in the mddle range of size of systems in
current use.

In all tine tests to be described, the equipnent used was the same as in
the tests using humans, the inpedance to be neasured being eonnected to the
outlet of the closed volune.

Lo1 'Beaver" inpedance

™n normal use, the"Beaver' has two different settings, for nominal *lightt
breathing with a peak {low of 30 1/min, and nominal theavy! breathing, with a
peak fiow Of 1101/min, and it has not hitherto been considered necessary to
standardize the pipe-work connecting the "Beaver" to the system under test.
Tests were therefore carried out at both settings, both with the shortest
possi bl e pipe connector and also with a 4 ft length of flexible piping. The
results obtained are shown in Fig.11, The results show that the impedance of
the "Beaver" varies W dely according to the connector used, as mght be expected;
ard 10 a2 less extent according to the setting when a | ong connector is used.
But ayen With the m nimum connector, the inpedance of the "Beaver" is, for nost
frequeroies several times greater than the human impedance.

4.2 Conparison of inpedance of' man amd a typical gystcm, with that of'
<he "Beaver” and the sane system

In order that the impedance the system presents in normal inspiration
shoul d zmpear over the whole breathing cycle, the inspiratory valve of the
msk was renoved and the expiratory valve blocked. Measurenents were made
with twe subjects both for nouth and nose |ight breathing. The scatter bands
obtained are shown in Fig.i2.



The mask was then nounted on a standard mask clanp, attached to the
"Beaver" by a short oonnector, and the inpedance neasured for both "light' and
‘heavy' breathing. These results are also shown in Fig.i2.

It will be observed that there are very few frequency ranges in which
the "Beaver" results lie within the scatter bard for the nmen for both
resistance and reactance. 1rith the light breathing setting, the match is
fairly good in the neighbourhood of 50 ¢/s, and again above 80 ¢/s; for the
"heavy' breathing, there is only a possible match at about 65 ¢/s.

It is rather surprising, considering the difference shown to exist
between man and the "Beaver", that there should be even so much agreenent
but it has to be remenbered that the systemis itself modified in attaching
it to a simulator, since the mask has to be fitted onto a clanp, thus prob-
ably varying its characteristics

Thus, with this particular type of system tested in this manner, any
instability discovered except in a few restricted ranges nust be viewed with
suspicion.  Amd the fact that no instability occurs in those ranges, does not
mean that the system is stable even there, since the "Beaver" here represents
only one possible human inpedance

It is probable that the effect of the man, or simulator, on the |arger
systems in current use would be less than on the seat-nounted system and
that the effect would be greater on mniature man-nmounted systens. This
subject IS explored further in Ref.10.

However, it has been dermponstrated that there can be signilicant
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di fferences due to sinulator connectors and mask clanps, and that the "Beaver"

is inadequate to represent man when a question of stability arises, although
its usefulness in mere routine dynam c investigations has been fully proved
(see Ref,11), There is an obvious need of a sinulator with nore representati

mask-fixing, and whose inpedance can be varied over the range likely to occur
in a user.

4.3 Sinulation of human inpedance for dynam ¢ testing

Al'l the conponents of the human inpedance may be sinulated either
pneumatically or nechanically, or by a conbination of both types of elenent.
The choice is largely a mtter of convenience, and depends on the ability to
conbine the configuration with a sinple method of producing the necessary
flowns. One possible solution will be briefly described. Qhers may be

fourd i n Ref,10,

Ve
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The resistive oonponent may be produced as a pneumatic resistance, by
neans of an arrangenent of gauzes such as that shown in ®ig,i3, In this
scheme, a variable resistance is conveniently gomhined Wth a fixed resistance
by means of which the flow may be neasured. The graph shown is fa 400 mesh
phosphor - bronze gauzes, dianeter 2 in.

The imiuctive component may be obtained pneumatically by pipes of
convenient  dinensions, as e¢an be seen by comparing equation (1) wxth the
values required in Table 2.

The capacitive conponent is nore difficult to sinulate with a pure
el enent, since it demands very |arge vol umes, whose di mensions woul d exceed
the allowable limts to which sinple theory could be applied. It is therefore
likely that the capacitive effect can best be achieved mechanical ly.

The arrangenent shown in ®ig.1. offers a possible solution. The flow
is generated by the piston nmoving in the cylinder, the resistance and induct-
ance are incorporated in the outlet pipe. The capacitance is a combination
of the pneumatic effect of the volune of the cylinder, and the spring-rate of
the light bellows closing it. Ir for exanple, the cylinder has a vol ume of
4 litre, then by equation (4) its capacitance is aporoximately 0,003 Farad.
Then, to produce the capacitance necessary for, say, |ight nose-breathing
(0.081 Farad from Table 2), the capacity of the bellows nust be 0.078 Farad.
Using equation (19) of Appendix A for a circular bellows of diameter 20 om
we need a spring-rate given by k = A2/0.078 =1.28 x 106 dynes/cm  This is
equivalent to a pressure of 3.2 x 103 dynes/cm2 (or 3.2cmw.g.) Within the
cylinder for 1 amdisplacement, which appears to be an attainable value.

5 CONCLUSI ON3

A method of neasuring the pneunatic inpedance of the human ressiratory
systen over a wide range of conditions (nose, nmouth, heavy and [ight breathing)
and fairly large frequency range has been denmonstrated. Normal breathing is
used, and no artificial breathing techniques are required.

The inpedance mn presents to oxygen equipnent has been measured over
the frequency range 5-90 ¢/s,

Tne resistive conmponent renmains fairly constant over the frequency range,
varying from about 1 ohm (gn om™ 5"1) to 7ohm according to the conditions,
being greatest for nose-breathing, and least for breathing with the nouth
widely opened. Hence, the resistance tends to be lowest in heavy breathing.
The density of the gas breathed appears to have little effect on the resist-
ance in mouth-breathing, but reduces the resistance in nose-breathing
proportionately to the density: but this requires further confirmation,
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The reactive conponent is chiefly inductive over the frequency range,
lying for the nost part between 0,007 and 0.043 Henry (en cmfa), though for
heavy breathing in the [ower part of the frequency range the value may be as
hi gh as 0.035 Henry. The capacitance has little effect, except at the
| owest frequencies, and may be represented by values greater than 0.024 Farad
(gm_1 ont 32). There is 1ittle difference between the values for nose and
mouth breathing, and the effect of variation of gas density is small. This,
and the large velumeswhich would be required to represent the capacitance
with rigid pneumatic conponents, suggest that the reactance is minly due to
pneumo~-mechanicalef f ect s.

The inportance of standardized Simulators in investigating the stability
of oxygen equipnent, and the inadequacy of one present-day simulator to
represent man for this purpose, have been denonstrated. Suggestions for an
I nproved simulator have been made,

There is an urgent need for a simulator which will truly represent man's
I npedance, as well as producing the required fl ow patterns, axd it is thought
that the data given here will be useful in assisting the design and devel op-
ment of such a simulator,

The data given apply only to healthy young nen, and the range of breathing
conditions is not fully conprehensive. It in hoped at a later date to fill in
some of the gaps, and also to extend the measurenents to higher {recuency ranges,
and to give nore detailed cover to the lower frequencies.

The application of the nethod to clinical work woul d obviously need great
caution in view of the scatter observed between individuals, and the variation
in inpedance of the same individual in different conditions. [t is thought that
unl ess detailed observation of an individual subject could be carried out, only
gross pathological effects are likely to be detected by the method.
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Appendix A
| MPEDANCE OF SOME BASIC ELEMENTS OF PNEUMATIC
AND PNEUMO-MECHANICAL SYSTEMS

In this Appendix the derivation of the dynamc constants wll be given in
sinple terms which can be applied to the dimensions and frequencies used in the
experinental werk, For nore detailed analysis applicable to wider ranges of
dimensions and frequencies, the reader is referred to works on acoustics, or to
detailed studies of particular elem:nts, SUCh aS Ref.f.

Throughout the analysis it is assumed that the pressure changes are smal
conpared with the nean pressure, and that all the dimensions are small conpared
with the wavel ength of sound in the gas for the appropriate frequencies.

We shall, in each case, produce an equation connecting the Plow, F cm3/s,
with the pressure P dynea/cmz, of the form

L af/at + RF + (1/Q frdt = p (a1)

where L, the coefficient of gw/at, represents inductence {gm/om™
R the coefficient of F, represents resistance (gm/s )
C, the reciprocal of the coefficient of fF dt, represents capacitance
(cml" 32/ gm).

Pneumatic el ements

| npedance of a pipe

Consi der an el ement of length &cm of a pipe, radius rem, With a pressure
difference P dynes/emz acrosg it. The gas is flowing at a velocity v em/s, SO
t hat

| nduct ance

The mass of gas in the elenent is p&ﬂrz, so that the acceleration result-

ing from the pressure difference is given by

per® (dv/at) = P’ (£2)
that is,

(pt/m®) (aFfat) = P (43)

25
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The reactive conponent is chiefly inductive over the frequency range,
lying for the most part between 0.007 and 0.013 Henry (gr cn—l") , though for
heavy breathing in the lower part of the frequency range the value my be as
high as 0.035 Henry. The capacitance has little effect, except at the
| owest frequencies, and may be represented by values greater than 0.024 Farad
(gm_1 omL" 52 . There is little difference between the values for nose and
mout h breathing, and the effect of variation of gas density is small. This,
and the large vol umes which would be required to represent the capacitance
wWith rigid pneumatic components, suggest that the reactance is mainly due to
pneuno- mechani cal effects.

The inportance of standardized simulators in investigating the stability
of oxygen equipment, and the inadequacy of one present-day sinulator to
represent man for this purpose, have been denonstrated. Suggestions for an
i nproved sinulator have been nade.

There is an urgent need for a sinulator which will truly represent man's
i npedance, as well as producing the required flow patterns, amd it is thought
that the data given here will be useful in assisting the design and devel op-
ment of such a simulator,

The data given apply only to healthy young nen, and the range of breathing
conditions is not fully conprehensive. It is hoped at a later date to fill in
some of the gaps, and also to extend the measurenents to higher frequency ranges,
and to give nore detailed cover to the lower frequencies.

The application of the method to clinical work would obviously need great
caution in view of the scatter observed between individuals, and the variation
in inpedance of the same individual in different conditions. It is thought that
unl ess detailed observation of an individual subject could be carried out, only
gross pathol ogical effects are likely to be detected by the method.
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Appendi x A

IMPEDANCE OF SOWE BASIC EIEMSNIS OF PIBUMATIC
AND PNEUMO-MECHANICAL SYSTEMS

In this Appendix the derivation of the dynamc constants wll be given in
simple terms which can be applied to the dimensions and frequencies used in the
experimental werk, For nore detailed analysis applicable to Wi der ranges of
di mensi ons and frequencies, the reader is referred to works on acoustics, or to
detailed studies of particular elem:nts, such as Ref'.6.

Throughout the analysis it is assumed that the pressure changes are snal
conpared with the mean pressure, and that all the dimensions are small conpared
with the wavelength of sound in the gas for the appropriate frequencies.

We shall, in each oase, produce an equation connecting the flow, F cm?/s,
with the pressure P dynes/bmz, of the form

L g¥/¢t + RF + (1/CQ) JFrdt =P (A1)

where L, the coefficient of aw/at, represents inductance (gm/cmh)
R, the coeficientof F, represents resistance (gm/s omh)
C, the reciprocal of the coefficient of fF dt, represents capacitance
(on* o°/zm),

Prneumatio el enents

Impedance Of a pipe

Consi der an el ement of length £em Of a pipe, redius rem, with a pressure

difference P dynes/cm2 across it. The gas is flowing at a velocity v em/s, SO
t hat

Inductance
The mass of gas in the element is p&ﬂrz, so that the acceleration result-
ing from the pressure difference is given by

p&?trz (av/at) = prr= (a2}

that is,

(pt/n®) (aF/at) = P (43)
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Hence, the inductance, L, is given by
2
L = p&/mr (Ak)

This formula only applies strictly for parts of the pipe distant from
the ends. To allow for end effects it has been su;gestedgzthai an effective
pipe-length &' = ne/3shoul d be used.

Resi stance

If it 1s assumed that the fiow of gas in the pipe is viscous, the rela-
tion between a constant flow and constant pressure drop, as given in works on
aerodynamcs is

(Bp&/ﬂrl") F =P (45)
Hence, the resistance, R is given by
I
R = 8ug/xr (46)

But this law only holds for parts of long straight snooth bore pipes
distant from the ends. Roughness of the pipe-bore, bends in the pipe, end-
effects, or high gas velocity may all tend to produce turbulent flow and
consecuent increased resistance. The inclusion of an orifice, for exanple,
where the flow is governed by a fornula of the form

F2 . p % const ant (A7)

gives a resistance proportional to the gas flow.

However, the pipe used for the reference inpedance in the experimental
work was found to have resistance al nost independent of flow The nunerical
val ue was however, approximately 10 tines the value calculated fromequation {46},
though still so low as to be negligible in subsequent cal culation

| mpedance of sinple volune

Consider a sinple container of volume V cmj, with internal pressure

P dynes/cmz, and gas flowing into it at a rate ¥ cmj/s. Then the pressure and
dernsity of the gas are connected by the formula

P/pn = constant
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where n = 1 for isothermal. changes; and

n=y, the ratio of specific heats, for adiabatic changes;

Y

1.4, for air.

Differentiating,

dp/dt = (p/rP) dP/dt (48)

The mass of gas in the container is p¥, so that

alpv)/at = ¥ (49)
that is,
(v/ep) (ap/fat) = F (410)
or,
(nP/Y) JF dt = P (&11)
For isothermal changes, therefore,
C =VIP (a12)
For adiabatic changes,
c = VP (#13)
or, since the speed of sound is .
c = (y®/p)® ,
2
C = V/pe (a14)

Ixtension of this fornula to a pipe of noderate bore, where the capacity
term cannot be neglected, shows that for a length £, radius r,

C = 'it&rz/poz (415)

Mechanical el enents

| npedance of bellows System

Consi der a bellows of stiffress k dynes/cm danping force g dynes s/cm
carrying a rigid diaphragmof area A c:m2 and mass W gm with a pressure
difference P dynes/cnf between the inside and outside.

Then the di aphragm di spl acenent is given by

W c12;c/dt2 +q ax/at + kx = Pi (416)
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The flow of gas involved in the diaphragm displacement is

F = Adx/dt (m7}
so that
(u/a?) aF/at + (o/A%) ¥ + (1/a°) fF dt = P (418)
Hence, for this mechanical system
L = W/A2
R = q/A2 (419)
C = £/ |

Thus for a weight of 1 kg on a sprang of stiffness 106 dynes/cm

0. 01 Henry |

,_
#

c = 0,1 Farad J

Simlar forms apply to siwple flexible diaphragns, except that the flow and
the effective mass 4, depend on the shape of deformation of the diaphragm, so

t hat
F = A' dx/dt , say (220}
Therefore
L = w/aa
R = o/aA! L (421)
C = s )

Two particular oases will be considered. The fornulae for diaphragm
defl ection and natural frequency are taken from Ref,12,

Stretched circular menbrane
Consi der a stretched menbrane of radaus b cm thickness £+ cm of materia

of density d gm/cmB, with peripheral stress s dynmes/cm. The nenmbrane deflec-
if the centre deflects a short

tion under pressure is spherical, hence,
: . . 2
di stance x, the volunme of gas disnlaced is nxb /2,

Therefore
A = 4/2 (A22)
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The displ acenent

x = b P/AS (423)
so that

k = k=8 (A24.)

The lowest natural frequency is given by

£ = (2uaspisma (425)
_ 1
and SINCE
&= KA T s ux b2 t3/2.45° = 0.67 Atd (226)
1
Hence
L o= W/AAY = 1,33 ta/A |
(527)
C = Ak = A%/25.4S |

Built-in  diaphragm

For a built-in eireular di aphragm of the same dinensions, made of
materaal with Young's modulus E0 dynes/omz, and Poisson's ratio v, the defle¢-
tion at a distance r, fromthe oentre of the diaphragm when the centre deflects
a distance x, is x('b2 - rf)%‘bl", so that the volunme of gas displaced is ubzx/i.

Therefore
A= A3 (428)
The displ acement
2 = 31 - v2) b&' B/16 Eo ‘b3 {(A29)
so that
K = 16x E, t3/3(1 - vz) b2 (A30)

The lowest natural frequency is given by

= (52t E /32 (1. VD) (431)
2
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The flow of gas involved in the diaphragm di splacenent is

F = A dx/at (a17)
so that

(9/a%) ar/at + (g/a°) ¥ + (x/a) [P dt = P (A16)
Hence, For this mechanical system

L = w/al
R = o/° (419)
AE/kJ

(qp]
it

6

Thus for a weight of 1kg on a awring of stiffness 107 dynes/cm

L = 0,01 Henry

(]
i

0.1 Farad

Simlar forms apply to sample flexible diaphragms, except that the flow and
the effective mass #*, depend on the shape of deformation of the diaphragm so
t hat

F = A ax/at , say (420)
Therefore
L = W‘/AA'
R = ¢/AA (a21)
C = AAY/K

Two particular cases will be considered. The fornulae for diaphragm
deflection and natural frequency are taken from Ref.12,

Stretched Circul ar nenbrane

Consider & stretcned menbrane of radius b cm thickness t cm of material
of density 4 gm/cms, W th perighersl Stress g dynes/cm The membrare deflec-
tion under pressure is spherical, hence, 1f the cemtre deflects a short
di stance x, the volunme of gas displaced is mmbg/z.

Therefore

A (422)
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The displ acenent

= b /L3 (A23)
so t hat
K = Lx$ (a28)

The |owest natural freguenoy iS given by

wi1 = (2.450)° s/td (425)
and. since
= KM, U s km b td/eust = 0.67 A (£26)
4
Hence
L = /MY = 1.33 ta/a|
L (427)
¢ = Mk = /2505 |

Built-in di aphragm

For a built-in eiroular di aphragm of the same di mensions, mde of
material with Young's nmodul us Eo dynes/cmz, and Poisson's ratio v, the deflec-
tion at a distance », fromthe oentre of the di aphragm when the centre deflects
a distance x, is x(b2 - rf)%b“, so that the volume of gas displaced is ﬂbzx/B.

Therefore
A= A3 (A28)
The displacement
2y k& 3
x = 31 =v°) v B6 E, b (429)
so that
K = 16x E, +,3/3(1 - uz) p? (A30)

The lowest natural frequency is given by

wiz a (5.1?t/b2)2E0/3d ( = v2) {(a31)

29:
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and since

Hence

ti

Tt /AA!

AV /x

it

kiﬁi = 0.61 Atd

1. 83 td/A

26 5, ¥

33

(432)

(A33)
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DERIVATION OF IMPUDANCE FROM IEXPIRIMENTAL RESULTS

Constants of reference system

The reference system when closed by a dummy head, was found to give rise
to the normal results for a second-order |inear system wath |ight viscous
danping. Wth & sinusoidal pressure input pieJmt, and out put poe‘](wt'(}s).

j& 2 .
(py/P,) € = (1 - LCW) + jRCW (31)

Wen & = n/2, at © = @, say, we have

. 2
J(pi/po)w0= 1-LCw + JRCw

so that
LCLO?) = 1
and (B2)
D - /.
RCw, (py po)aJ
)
For convenience in later work, we wite
£, = mo/z'n (B3)

and
h = RC wo/2

Thus, the val ues of @ s fo, end h may be determned experimentally, and
the absolute value of L or C found fromthe di mensions of the system

Measurement of human inpedance

Referring to Fig.k, Where 2 represents the inpedance to be neasured,
we find that

(/o) o = (1-104&" + jrCw) + (R + jLw)/z (B4)
whence
2= X+ =@t jpe)llo/p) e® - (1 -10d + jure)]  (25) -

Usi ng equation (B3), and putting £/, = oo/wo = a, and p./p_ = 8, ve find .
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X = (a®sin &+ 2h8 cos & - 2n)/A
3 2 -
Y =(a’ +afcos @~a+ h“a«2n8sin &)/r (B6)

wher e
A = [(8cos 8~1+a°)° + (0 sin &-2na)?] 2nc s

Tn the experinmental system h was found to be so small that the error in
omtting it was negligible.  The forms actually used were, therefore,

80 sin &/2nCf [(® oos @...1+9,2)2 + (8 sin @)2]

X =
(87)
Y = a(® oos &~ 1 + 9.2)/21EC f‘o [(6 cos &~ 1+ 32)2 + (6 sin §-)2]
Using the experinental values of fo ard C,
a = f/45
(28)

2RCf = 1/17
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Appendix C
PROBABLE ERRORS | NMEASUREMENT OF IMPEDANCE

The readings on whkich all. the results are based are, for each condition
and frequency, the two conpl ex nunbers (al + jbi) ani(ab + jbo), representing
the ratio of the transducer outputs to the reference voltage. Fromthese
nunbers, the ratio €, and the phase angle & between the output and i nput
pressures are cal culated, using the forns

=

8 = (a:z.L + bi)/(ai + bi) L

!
1
i

_ -1 . -1 ;
& = tan (bi/ai) tan (bo/ao §

(c1)

If the probable fractional errors in each of the four figures is the
same, say E, the probable fractional error in & can be shown to be 2E, ard the
probable error in & is 2E radians.

New differentiating equation (B7)of Appendix B with respect to & and §&,
we have

8x = -(%0/6) A + (88) B, & = -(%0/86) A ~ (863) B {(c2)
wher e
A = X+ hxCf XY (1-2a%)/a L
and {c3)
B =Y ~2r0cr (XE—Yz) (1-a2)/a,l
Then, since

(hele) = (88) = 2E |,

the probable errors E_ and Ey in X and Y, are given by

E2
X y

]
t;jt\)
H

LE° (4% 4+ BP)
LS (R« V) [{1+270 £ ¥(1- ) /a1 + {20 £ X1~ a%)/a}?]
(k)

The probable errors in the electronic equi pnent were of the order of 1-2..
Cal cul ations based on this figure, show that for nost of the experinents, the

2v
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probabl e error was less than 0.5 unit. But in the experinents to deternine
the inpedance of the face, the probable error at low frequencies was so |arge
a.3 t0 make the results al nost meani ngl ess.  The minimumerror of about #C.5
unit occurred at 15 ¢/s, increasing again with increasing frequency to about
Lounits at 90 c/s.

Error due to variation in capacity

Anot her possible source of error in the experinments with the rigid mask
was a variation in the volume within the mask due to differences of facia
contour between the subjects. Suen variations would obviously alter the value
of Cin equation {B7) of Apperdix B, and by shifting the natural frequency of
the reference system would also vary the value of the frequency ratio a.

Since

a = f/fy amd f_ = 1/20VI0, & = ba® £ 10

S0 that

. 2
a (da/ac) = 2% £° L (c5)

Dirferentiating ¥ and Y with respect to C, we find

(8x) = -(8C) hx £X7Y L
a (c6)
|

(5y) = (SO 2n f (-7

The nominal value of Cused in all the calculations was 2.0 x 10"“, and
it is thought that the variation in volume, to which Cis directly proportional
was not likely to exceed iCi. Calculaticns based on thas Pagure, show that the
errors in nmost of the experiments were unlikely to exceed #+0.5 units, az the
maximum frequency, irith proporticnately |ess at |ower frequencies. (noe again,
the error in the measurements of the face inpedance was larger, giving an error
of *{ohmat 90 c/s,but less at |ower frequencies.
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SYMBOLS
Description

conpl ex inpedance, (Xc 3Y)
resistive conponent of inpedance
reactive component of inpedance
regulatar | Npedance

pi pi ng inpedance
mask inpedance
human resjyiratory impedance

inductance
cepacitance

resi stance

flow

demand. flow of human

regulator exit flow

flow received by human

pressure differcnos
pressure anplitude of sinuscidal input

pressure anplitude of sinusoidal output
regulator datum pressure

regul ator outlet pressure

velocity of sound in gas
vel ocity

dynamic viscosity of gas

gas density

acceleration due to gravity
vol ume

ratio of meduli of input and output pressures,

Pi and Po

ratio of angular frequency to natural angular

freguenoy Of reference system

phase angl e between input and output pressure

signal s s and P,

angul ar  frequency

on” 8

dyne cm

dyne em
dyne Cm-2
dyne em 2

dyne on™2
cms™!
om 8
gmom . 8
gmem
cms

om

degrees

. -1
radi ans s

~N
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probabl e error was less than 0.5 unit. But in the experinents to determne
the inmpedance of the face, the probavle error at | ow frequencies was so |arge
as to nake the recults al nost neaningless. The mnimmerror of about 0.5
unit occurred at 15 e¢/s, increasing again with increasing frequency to about
1.0 units at 90 ¢/s.

Anot her possible source of error in the experiments with the rigid nmask
was a variation in the volume within the mask due to di’ferences of facia
contour between the gubjects. Such variations would obviously alter the value
of Cin equation {57} of Appendix B, and by shiftang the natural frequency of
the reference system would also vary the value of the frequency ratio a.

Since
- 2 2 2
a = f/f‘o and £, = 1218, & = nx £ L0,
SC that
2 2 \
a (ds/3c) = 21° £° L (c5)

Differentiating ¥ and Y with respect to G, ws find

-

(6x) = ~(8C) 4= FXY L

and

(cé)
(&) = (SO o= f (XZ"Yz)J

The nominal value of Cused in all the calculations was 2.0 x 1o"h, and
1t 1S thought that the variation in volume, to which Cis directly proportional
was not likely to exceed 102, Caloulaticns based on this figure, show that the
errors in nost of the experinents were unlikely to exceed 0.5 units, at the
maxi mmfreguency, Wth proportzonately |less at |ower frequencies. Once again,
the error in the neasurenents of the face inpedance was |arger, giving an error
of #t ohmat 90 ¢/s, but less at |ower frequencies.
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SYMBOLS
Symbol Desoripticn wn it
Tt
. \ -1 -1y
7 conpl ex inpedance, (X+ 3¥) gm & on
X o _ -1 -4
resistive component of inpedance gn 8 om
Y reactive conmponent of inpedance gn 57! o
Zr regulat or inpedance g 3'1 cm
z pi pi ng 1mpedance g at cni?
54
Z mask | npedance gm 3-1 om-4
52 -1 -4
Zm human resiiratory inpedance gn 8 ]tm
L inductance gm om”
C cepacitance &2 cnit gm
R resistance gn s-lcﬁw
F flow o 5
Fi demand flow of human on'§ 3_1
Fr regul ator exit flow cm3 3".1
Fo flow received by human 0m3 3_1
P pressure difference dyne cm
pi pressure anplitude of sinusocidal imput dyne om_z
po pressure amplitude of sinusoidal output dyne cm 2
Py regulator datum pressure dyne cm_2
pr regulator outlet pressure dyne cm_z
o velooity of sourd in gas cm s
v vel ocity cm s_l
H dynamic viscosity of gas £n em--l 3'1
p gas density gn cm'3
=4 acceleration due to gravity cm 3_2
v vol ume cm3
0 ratio Of moduldi of input and. output pressures,
P, and P, -
a ratio of angular frequency to natural angular
frequency of reference system -
¢ phase angle between input and output pressure
signal 3 pi and po degrees

W angul ar frequency radians s-l
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SYMBOLS {Contd)

Descri ption

natural angular frequency of reference system

periodic frequency

nrtural periodic frequency of reference system

pol ytropi 0 irdex

ratio of' specific heats of gas
regul ator transfer function
summing unit of human

danpi ng faotor

gain factor

time constant

pi pe length

effective pipe length

pipe radius

radius of stretched menbrane
thickness of stretched menbrane
di spl acement of menbrane centre
di stance fromoentre of diaphragm

cross-sectional area of rigid diaphragm
effective surface area of flexible diaphragm
density of stretched nenbrane

| owest natural angular frequency for

stretched circular mnenbrane

| owest natural angular frequency for
built-in circul ar diaphragm

spring rate

damping force per unit velocity

peripheral stress of nenmbrane

di aphragm mass

effective mass for sinple flexible diaphragm
Young's moduwlus for diaphragm

Poisson's ratio for diaphragm
probabl e fractiensl errors in & and &

units

. -1
radi ans s

(eycles/sec)
(cycles/sec)

s om* gm"1

)
cm
om
cm
e
cm
cm
cm
cnf
cmz

gm cm 3

A
1

radian.3 s~

. -1
radians s

-1
dynes cm
-1
dynes s cm
dynes em™
gm
&n
-2
dynes cm
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