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INTRODUCTION 

This report is an update and expansion of the original work published in part in 1998 
under the title, The Evolution of Safety and Design Standards for Underwater Breathing 
Apparatus. Proceedings of the 14th Meeting of the United States -Japan Cooperative 
Program in Natural Resources (UJNR), Panel on Divi11g Physiology, Panama City, FL, 
1997, U.S. Department of Commerce, NOAA, National Undersea Research Program, 
Washington D.C .. Since tl1at ti1ne, a need for further explanation and more current content 
has become apparent, and this report satisfies that need. 

Resistance-Based Standards 

Our disc11ssion of design standards for Underwater Breathing Apparatus (UBA) 
begins in 1945 with the \Vork of Silverman et al. They stated that breathing apparatus used 
at high ventilatory rates should have an inspiratory resistance less than 4.5 cml-120· L-1 ·s 
(0.44 kPa·L-1·s) and an expiratory resistance less than 2.9 
cmH20· L'1 ·s (0.29 kPa· L · ·s) at a flow rate of 1.42 L'1 ·s. 

Mjl Speo Resistance is one compone11t of respiratory 
hnpedance; specifically it is the ratio of driving respiratory 
pressure to in-phase respiratory flow. Since Silverman's 
standards were applied to non-diving equipment, the 
standards did not explicitly refer to gas density. 
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The next significant change to breat11ing resistm1ce 

standards came 10 years later. Jere Mead ofl-larvard 
University stated that for standards applied to diving and 
UBA, the total flow resistance of the diver and the UBA 
should be less than 12 cmH20·L·1·s (l.18 kPa·L·1·s). Since 
diver internal resistance increases as gas density increases, 
allowed UBA resistance must decrease with depth if the total 
resistance is to remain fixed (Mead, 1955). 

Figure 1. MILSPEC standard for SCUBA 
regulators. That standard is now abandoned. 

Pressure-Based Standards 

A diving medical officer at the Navy Experimental 
Diving Unit, Ed Lanpl1ier, opined that if peak inspiratory and 
expiratory pressure remained belo\v 10-15 cml-I20 at peak 
flow, then a diver sl1ould be able to breathe comfortably. If 
peak pressures exceeded 20 cmH20, then the diver is likely to 
experience definite discomfort (Lanphier, 1956). In contrast to 
the earlier resistance standards, Lanpl1ier's stm1dards were 
based purely on peak pressures. 
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Figure 2. Cooper's constant \vork rate 
standards. The solid line is a limit, the dotted 
line a goal. 



In the U.S., 1nilitary standards for Scuba regulators 
were published in the l 960's which reflected both 
engineering realities and Lanphier's standards (Fig. I). 
Peak pressures were allov.'ed to increase linearly v.•ith 
depth from a minimu111 of about 5 cmI-120 at the surface to 
a maximum of about 20 cml-120 at 200 fsw (61.3 msw). 
Those so-called MILSPEC standards remained in force 
until 1988. 

Cooper (1960) took a different tack by defining 
standards based upon work rate or power. He stated that 
po\ver should increase linearly with respiratory n1inute 
volu1ne (Rtv1V) as shov.'n in Fig. 2. {Using Newton's 
notation for differentiation, RMV is indicated by (VE), the 
first derivative of expired ventilation.] 
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Interestingly, Cooper's slope of the 1naximum 
permissible curve work rate li11e was constant at 2.45 J/L. 

As shov.1n elsewhere (NEDU Technical tv1anual 01-

Figure 3. The slope or Cooper's standards reveal 
constant pressure goals and limits. 

94 ), that translates to a constant pressure. That is, 
Cooper's standards were simply constant pressure 
standards that ren1ained invariant across all R!v1Vs 
(Fig. 3). Gas density was not explicitly mentioned 
in Cooper's standards. 

First Prol1ahilistic Standards 

In 1973, Bentley et al tested the effect of 
inspiratory resistance on 158 nline rescue workers 
exercising on a tread1nill at 1 atm abs. The solid 
curve in Fig. 4 is the average probability of 
discomfort for varying peak pressures in Bentley's 
study. Dashed curves are the 95% confidence limits 
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for the average probability curve. The authors Figure 4. Bentley's representation of the 
defined an acceptable peak pressure as one where probability of discon1fo11 \vith elevated 
no 1nore than 10% of the test population peak pressure~. 

experienced discomfort. Consequently, they stated that during unmanned tests of 
respiratory protective equipment, the inspiratory pressure drop should not exceed 20 
cmH20 (Fig. 4 }. Not surprisingly, density v.1as not explicitly n1entioned. 

NEDU Standards 

In 1974, LT Steve Rein1ers, an engineer at NEDlf, proposed standards for UBA 
based on Bentley's work. I-le proposed that external work should be limited to 0.17 
kg·m·L- 1 at an RMVof62.5 U1nin. Interestingly, Reimers was the first person from 
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NEDU to use the term "respiratory 
in1pedancc". 1--le stated that such impedance 
standards are "consistent with current 
n1edical knowledge". As will be seen in this 
historical perspective, that medical 
kno'A1lcdge has expanded tl1rough tl1e 
decades, and respiratory in1pedancc-based 
standards have evolved in keeping with 
science dcvelopn1ents. 

In 1980 NEDU's Jim Middleton 
published standards for Scuba regulators, 
which were extended in 198 l to include all 
UBA in NEDU Technical Report 3-81 
(Middleton and Thalmann, 1981 ). 
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Those reports tightened Reimer's 
standards for Scuba such that the allo\vable 

f<igure 5. Middleton and 'fha!mann Performance Goals fro1n 
NEDU TR. 3-81 . 

external "work of breathing" (WOB) sl1ould not exceed 0.14 kg· tn· L" 1 ( l .37 J/L) at an 
RMV of 62.5 U1nin and a depth of 132 fsw. 

NEDU Report 3-81 ( 1981) has beco1ne one of the n1ost \Videly reported design goals 
for UBA, especially SCUBA. Those goals were repeated vit1Ualiy unchanged in NEDU 
Tech !\1anual l-94. What is noticeable about the :t\.1iddleron and Thaln1ann design goals is 

that they vary with types of UBA ~up 
to 5 categories of UBA are described 
with varying goals for each (Fig. 5). 
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Figure 6. Morrison and Rei111ers' standards. Solid line= 
desired liinit, dashed line= maxi1num liinil. 

European Standards 

Canada and Europe have 
generally adopted t11e standards of Jin1 
rvton·ison and Steve Reimers ( 1982) 
which are independent of UBA type. 
Those standards allo\v tl1e so-called 
work of breatl1ing (WOB) to increase 
linearly \Vith RMV (Fig. 6). Again, gas 
density is not explicit to the standards. 

We now know that what has been 
called the work of breathing is not a 

measure of \Vork at all. It is an average "111outl1" pressure, averaged over a breath, with 
units of kP;:1 ( 1 J/L = I kPa). The slopes of ll1e Morrison and Rei1ners standards therefore 
have units of k.Pa·L-1·min, which is an expression oftlow resistance. Consequently, the 
I\.1orrison and Rei1ners standards are constant resistc111ce stan£larlls, son1ewl1at akin to the 



early Silvern1an .standards. Indeed, the solicl line in Figure 6 representing desired UBA 
resistance has a slope of J .2 k.Pa· L- 1

• s, \Vhich is considerably above Silvern1an 's resistance 

limits for respiratory protective equipment, but approximately equivalent to Mead's liinit 

for total resistance. The slope of the dashed line is twice that of the solid line. 

New Probabilistic Approach 

Clarke et al (I 989a,b; 1992) supple1ne11ted the probabilistic approach initiated by 

Bentley ( 1973 ), and co1nbined it with the pre1nise of Mead ( 1955) that the total flow 

resistance or vcntilatory load to which a diver is exposed sl1ould be limited. Total 
resistance is cotnposed of the su111mation of internal and external sources of resistance; 

hun1an airways and UBA, respectively. As a diver descends, gas density increases, and 

consequently internal resistance also increases. Since, according to Mead's premise, the 

total resistance should be fixed, the tolerated external resistance 1nust decrease \Vith deptl1. 

In probabilistic terins, as gas density increases in response Lo dive depth, and n1outh 

pressure increases in response to UBA resistance, the probability of a diver successfully 

completing a period of heavy exercise din1inishes. 

Whereas several design limits l1avc used ventilatory rate as an independent variable, 

the probabilistic approach assu1nes ventilation is reasonably well fixed at that required for 

heavy work, with VE roughly bet\veen 60 and 75 L·1nin· 1
• Instead, the independent 

variable is gas density (p). The total viscous (resistive) impedance (Z) to \Vhich a diver is 

exposed can be estin1ated by the following en1pirical equation: 

Z = k · f',P + a · p + b 

where Z has units of resistance (cn1I-I20· L-1·sec), and b.P is peak to peak pressure 

mea..,ured at tl1e diver's n1outh. ~p is an index of external resistance if VE is constrained. 

The parameter k was assumed to be of unity magnitude with units of sec· L" 1. The 

probability that a particular respiratory load would cause a diver difficulty, prove to be 

eventful, can be described b~l the Hill equation where P is the probability of some 

untoward event and Z~o is the impedance tl1at results in a 50% probability of that event. 

The event can be either respiratory distress or impending C02 narcosis due to 
hypoventilation. 

Z" 
P=---~ 

(Z"+z~(/") 

The above equations were fit to a database of 240 well docun1ented n1an dives 

conducted al NEDU, involving a variety of diving equiptncnt under a wide range of 

conditions using a fixed exercise protocol. The dive outco1ncs were rated in a binary 

fa'>hion as either eventful or uneventful, and the paran1eters a, b, n, and Z50 in the above 

equations were found by ma."\imum likelihood estimation tecl1niqucs. 

I I) 

(2) 
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Figure 7. De marcation between eventful and uneventful NEDU d ives involving heavy exercise. As gas densit y 

increased, the peak to peak mouth pressure required to keep a dive safe decreased to wards zero. 

Other data was collected at the Naval Medical Research lnslitute, so that all to tal 386 trials 

involved exposure to either dry (1 46) or wet (240) exercise, using either salvage diving or special 

warfare dives, with depths down to 450 msw both in the U.S. and Germany (Summary provided 

in Clarke, 1992). Out of the 386 dives, 9 I were eventful, for an event rate of 24%. 

The various types of dive events, their causes and interrelalionships are described in Figure 

8. An untoward event is something which leads to premature dive termination. It can be due to 

diver breathlessness (dyspnea, Dysp. in figure 8); loss of consciousness (LOC), diaphragmatic or 

other respiratory muscle fatigue (Diaph). A diver's ability to remove arterial C02 can be 

compromised by high work levels and high respiratory impedance (internal or external), leading 

to either dyspnea or loss of consciousness as arterial C02 rises to intolerable levels. 
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Figure 8. The network of dive failure modes due to respiratory impedance. SLL is static lung loading, Zi =internal 

impedance, Ze =external impedance. Ztot = total impedance, W =work, LOC = loss of consciousness. Details may 

he found in Clarke ( I 999h). 

From Figure 7 we can estimate that beyond a gas density of 8.5 g/L, hard work 
cannot be conducted, even with no external impedance. As verification of the 
reasonableness of that assertion, NEDU's deepest dive to date was at 1800 fsw in 1979, a 
dive which temporari ly confined some divers to their bunks due to respiratory and other 
difficulties. The estimated gas density for that dive was 9.3 g/L. 

Figure 9 is a plot of the resultant estimates of event probabilities versus mouth ~p for 
various gas densities (in g· L' 1

). It differs in two respects from Bentley's probabi lity 
estimates (Fig. 4). First, pressure is peak-to-peak instead of just peak inspiratory. Second, 
the probability estimates cross the abscissa away from 0, due to a modeled threshold in 
diver tolerance. 
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Figure 9. Best e~lin1ate of dive cvcnl probability in NEDU data as a function of peak to peak n1outh pressure and gas 
density. 

Even the easiest breatl1ing (lowest iI11pedance) UBA will produce respiratory 

pressures that increase monotonically witl1 gas density and flov.'. Therefore, design goals 
that allow respiratory pressures to rise son1ewhat v.1ith increasing flow, such as those of 
Middleton and Thaln1ann ( 1981) or Mor1ison and Rein1ers ( l 982), are necessary fron1 an 
engineering standpoint, and reasonable from a psychopl1ysical standpoint. The 
psychophysical power laws of Stevens ( 1962, 1967) and Borg ( 1962), as well as lheir 
antecedent, the Weber-Fechner la\l.1 (described in Geldard, 1972), are all rationales for 
reducing respiratory pressures at low flow rates, and allowing it to rise at higher f!O\l.' rates. 

Constant I1npedance Standards 

The sun1 of UBA and internal respiratory i1npedance has a n1aximu1n value that will 
allow useful work. 111is is a restatement of the claims of Mead ( 1955). 

Expressed inathen1atically, 

Zallowed = Zniax - Zaw 

where Za1101•ed is the allowed UBA in1pedance, Zmax is f\.1ead's proposed impedance 
(resistance) limit (1.8 kPa· L" 1·s), and Zaw is the flov.' in1pedance of the diver's airways. 

Zallowed = 
/J.P allovved 

v, 

(3) 

(4) 

{5) 
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For f1Paw we use the equation of Pedley et al ( 1977), 

( 
0 5 . 1.5) . 2 LlPaw = a . p . . VE + b . (p . VE ) (6) 

(7) 

When ~Pauowcd is plotted against gas density and flow, we obtain a curved surface as 
in Fig. I 0. The resulting surface represents a UBA design goal that follows the guidance of 

Mead, and that allows UBA pressure to increase with flow in keeping with both 
psychophysical laws and existing engineering based design standards, at least at moderate 
gas densities. This surface also explains the results of Clarke et al (I 989a,b; I 992) who 

found that at high workloads and high VEs the peak mouth pressures tolerated by Navy 
divers dropped linearly as gas density increased. In effect, the surface described by the 
~Pa11owcd equation unified previous design goals. 

By keeping UBA peak-to-peak pressures on or below the allowed ~P. VE, p surface, 
the probability of experiencing a troublesome dive should be low. To the extent that actual 

UBA pressures rise above the ~Pa11owcd. VE, p surface, the probability of a diver 
experiencing an untoward event would rise. 

so I 
· 1 

t 
I 

60 

t 0 
N 

:I: 40 . E 
~ 

~ 
20 • 

5 

Figure I 0. The surface of allowed pressure as a function of now ra1c and 
gas densily. 

An Electrical Analogy 

Specialists in respiratory mechanics use electri cal models as analogs of pneumatic 
systems, especially when describing systems governed by first order, linear differential 
equations. In this case, a simple electrical model illustrates why a maximum impedance 
(resistance) model allows pressure swings to increase with flow rate, as long as the 
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111aximum muscle strength of the respiratory tnuscles are not exceeded. 

/.- ' 
. ( \ .. ·.JI .. R<"•.;11r.1101v 

·- .. j Oo'.' 

Figure l 1. A si1nplc analog of a re~p!ratory systen1 involving vcntilatory flow and hoth internal nnd external 
rcsistHnccs. 

The current (flow) co111es fron1 a sinusoidally oscillating current generator (analog to 
the hun1an diaphragm), and passes througl1 two resistances, one representing resistance 
within human air.vays, and the other being resistance within UBA. Electrical ground is 
shown at tl1e botto1n of the schematic. 

For this example, we translate Mead's total allowed resistance limit of 12 cn1J-I20· L-
1 • s into 12 ohms (0.), in electrical tenns. 

Froin Ohm's Law, 
E ~I ·R {8) 

for a l amp current flowing sinusoidally through this simple resistive circuit, we 
expect a total voltage drop of± 12 volts (V), or a peak to peak voltage swing of 24 V. If 
Rint {for R internal) is 4 Q, and Rext (for Rextemal) is 8 f2, then the voltage drop across 
t11e external resistor will be 8 V. for a voltage s\.ving of 16 V. 

If current (I) is 2 a1nps, t11en lhe allowed pressure drop across Rext is double what it 
\.Vas before. In other words, \vhen current {or flow) increases, the allowed voltage swing (or 
pressure swing in a mechanical analog) increases linearly. 

In this case, the resistance is linear, in that R does not change as current changes. In 
human ai1"\vays, resistance (impedance) is nonlinear as gas density becomes high. 
Equations 6 and 7 illustrate that fact. 

NEDU Performance Goals 

Figure 12 sho\.vs the Middleton and Thalinann goals (red dots on top of red elevation 
lines) superimposed on this surface, as seen from two angles. It's visually obvious that the 
goals are conservative except at high gas density and flow rate. For the most part, the dots 
lie underneath the acceptable blue-green-shaded goal surface. 
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Figure 12. Middleton and Thalmann goals, circa 1981. 

Figure 13 is a plot of the 6Ps measured during breathing machine tests of a U.S. 

Divers Conshelf SE2 SCUBA regulator at depths down to 30 msw with V5 s up to 90 
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L· min· ' (peak flow to 4.7 L· sec- 1 
). A few of the data points from that regulator are seen 

just emerging from the surface in the top panel. In the bottom panel we see that the 

majority of the regulator data points lie well below that surface. 
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Figure 13. U.S. Divers Conshelf SE2 regulator. 

Data from a poorly performing regulator is shown in Fig. 14. Most of the data points lie 

considerably above the ~Pallowcci. Ve, p surface. Even at low gas densities, the data points 
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lie very close to the surface. 
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Figure 14. Regulator involved in a shallow water fatality. 

Respiratory pressures must even tu ally extend far above the P allowed surface as gas 
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density and flow rate continue to 1isc, at least in passive mechanical devices. The region of 
declining UBA tolerance on the right front corner of Figure I 0 therefore describes an area 
where UBA appreciably Ji111it the diver's ventilation. 

The influence of flow rate on acceptable pressures is 1nost noticeable when density is 
low (diver is near the surface). Indeed, in that case the last two terms of equation 7 becoine 

relatively .sinall and flo\v dependency of allowed pressures nears lineru·ity (Figures 11-13.) 

Effect of Flo\v Rate 

The average flow rate (lie or RMV) affects the slope of the line (femarcating 
eventful and uneventful dives as a function of gas density. With lower fio\\' rates, the slope 

is less steep. 

(;{; ------------~ 

' ( . 
' jj) 

Figure 15. Effect of flow rate on density dependence of allowed pressures. 

The relationship between pressure drops in the respiratory system and flow rate was 

first defined using fluid dyn<unic concepts in a now famous equation by Rohrer ( 1915 ). 



t.P = Kl · V + K2 · V' (9) 

Pedley ( 1977) stated 111uch later that "the viscous (resistive) part of the pressure drop 

in lower airways would, at any given lung v0Ju1ne, be given by" 

1 . 3 

t.Pv = K3 · (µ · p)2 · V2 

\Vhen adding static pressure drop and upper airways pressure losses, an additional 

term is involved, such tl1at the full equation is: 

1 3 

t.Pv = K3 • (µ · p )2 · V2 + K4 · p · V2 

whereµ is dyna1nic viscosity. 

(10) 

( 11 I 

The studies of Jaeger and rY1atthys reveal that indeed as gas density varies, tl1e flow 

dependence of /J.P does not differ much from the 1.5 power of flow (ti). 

The similarity bet\veen equation 10 and equation 6 is obvious. Furthermore, cquatio11 

9 makes it apparent that the effects of gas flow rate and gas density are tightly linked in the 

respiratory pressure drop equation. 

Equation l 0 applies specifically to pressure drops across the intra- and extrathoracic 

airways in humans. LiP n1easured during n1anncd testing represents pressure swings across 

equipment in the respiratory tlo\v path e_-rte111al to the diver. Nevertheless, the pressure and 

flow dependencies in UBA are not likely to be qualitatively different than those described 

by equation I 0. 

Indeed, \Vl1en Middleton and Thalmann (I 981) developed the ventilation dependent 

pe1i·ormance goals for closed-circuit UBA, they relied upon an equation for venturi flow 

which has a pressure drop dependent upon V 2 . 

p . 2 
t.P = -· (t.V ) 

2 

Those I\1iddleton and Thaln1ann goals are shown in Table l in tern1s of /J.P. 

( 1 :?:) 
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Table l. The NEDU perforn1ance goals of TM 01-94 for closed circuit UBA expressed in terins 

of f!.P. 

RMV f!.P, 0-150 fsw, f!.P, 0-1500 fsw, 
(Un1in) air, kPa He02.kPa 

22.5 0. 11 0.15 

40 0.32 0.39 

62.5 0.75 0.98 

75 1.08 1.38 

90 1.61 1.96 

The NEDU goals allow a slightly greater external (UBA) pressure in a heliu1n 

environrnenl than in an air or nitrox environ1nent. There is a fluid dynamic reason for that. 

as sho\vn in equation 7. 

As long as mixed gas diving with helium m1d oxygen is restricted to 1000 fsw, which 

is currently the case, it n1akes sense that heliox diving would allow a greater UBA /:J.P than 

air diving to 150 fsw. The density of air at 150 fs\v at human body te1nperature (37° C) is 

6.3 g·L- 1
, whereas at 1000 f.sw in helio.x (P02 = 0.45 ata), gas density is 5.42 g·L- 1

• Lower 

gas density means lower internal resistance, thereby allowing greater external resistance. 

Indeed, NEDU's Pre(/ict software (Figures 14-17, Appendix A) wl1icl1 is based on the 

prol1abilistic analysis of NEDU data, predicts a probability of an eventful dive of 0.039 

with air at 150 fsw and probability of 0.011 with heliox at 1000 fsw. The RMV (v'E ) was 

assun1ed to be 62.5 L·min· 1 in each case. 

Effect of Gas Density 

The effect of elevated gas density on respiratory resistance, especially in divers 

during deep saturation dives, has been one of the 1nost extensively investigated subjects 

funded by the US and French Navies. Exan1ples of these seminal studies arc found in 

Anthonisen el al ( 1971 ), Broussolle ct al ( 1976), Maio and Farhi ( 1967). Pcter~on and 

Wright ( 1976), and Varene et al (1967). 

Clarke et al ( 1982) found on a 457 ms\v ( 1500 fsw) dive at NEDU that the power for 

respiratory resistance as a function of gas density in six resting subjects (over 120 

n1easurements) \Vas not much different from the 0.5 used in the first term of equation 9 

(Pedley's fluid dynamic based theory), and \vas similar to the results of Jaeger and Matthys 

( 1970) for density changes at 1 ata (1970). 

R· -a·po.42 
int -

( !~) 

where Rim is respiratory resistance measured by the interrupter technique (Neergarrd and 

Wirtz, 1927; Child 2005). The power of p across the six divers ranged from 0.36 to 0.50. 
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Rine estimates the ratio of alveolar pressure and respiratory flow at the inon1ent of 
flow interruption. Therefore the pressure drop across the saturation diver's respiratory 
system at rest was on average, 

!J.P ::::: a . PD.42 • Ii I 14) 

Careful inspection of Figure 14 shows that at low flow rates, /J.P is relatively 
insensitive to density changes. That is not at all surprising since low flow rates encourage 
laminar flow, which has long been known to be density independent. Flow in the hu1nan 
airways is "conditional", lying somewhere between lruninar and fully turbulent Ilow 
depending on location within the airways ru1d conditions of density and tlow rate. 
Nevertl1eless, low flow rates act to minimize density dependence. 

Interestingly, it's been sl1own that there is a statistical difference between the 
probability of an eventful dive when the same gas density is achieved in a nitrogen 
environment versus a helium environment (Clarke, 1992). The nitrogen background is 
associated with a better outcome. TI1at result remains unexplained, but may allude to a 
salutatory effect of nitrogen narcosis. Speculatively, light to mild narcosis n1ay improve 
diver comfort and ameliorate the sensation of dyspnea. Whether that speculation is in fact 
true or not awaits further research. 

Predict software 

NEDU has used its in-house designed software Predict that takes depth, gas n1akeup, and 
peak to peak pressure, then calculates gas density, and follows with an esti1nation of the 
probability of an untoward event (breathlessness or unconsciousness) occurring during the 

modeled dive. 

Predict uses paran1eters fit with maximum likelihood statistical techniques to NEDU and 
tl1e Naval Medical Research Institute (NMRI) data, to derive a probabilistic estimation of risk for 
11igh work load dives. As such, respiratory flow rate is not implicitly involved. The following 
equations apply: 

Dose~ !lP+(a · p)-b (l5) 

where Dose is a respiratory loading "dose", !J.P is peak to peak mouth pressure, and a and bare 
constants representing a slope and threshold. Gas density is p in units of g/L. The probability of 
an "event" is modeled by the Hill equation, and takes the form of: 

p~ = 
[ 

I l d50C 
1 + dosec 

(l6) 
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where d50 is the dose that results in a 50% failure rate, and c is a constant, fit to the data by 

maximum likelihood techniques. 

165 Oepth(ftw) 68 

50.5 Oepth(msw) 20 

6. ATA 45 

Demay (gtl) 
Jrc 

OP 
rc:m-1 

Demq. (lb/co.It) 
al 70' F 

- Event Probabiily 

Caicljate ~ nonaicosis 

%02 

21 

. ,,;, 
Nrlrox 

Figure 16. Screen shot from Predict, dive failure estimation software. An air dive to 165 fsw. with a peak-to-peak 

mouth pressure of20 cmH20. The estimated risk or an event is almost 46%. 
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Figure 17. The same analysis as in Figure 16, except the potential narcotic effect of air at 165 fsw innuenced the 

failure probability esti mate. The estimated risk of an event is lowered to 18%. This hypothesized narcosis effect 

comes from the data published in Clarke ( 1992). 
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Figure 18. A heliox dive to 165 fsw, with a peak-to-peak mouth pressure of 20 cmH20. The estimated risk of an 

event is zero. 
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Figure 19. An air dive to 165 fsw. with a peak-to-peak mouth prC$Sure of I 0 cmH20 . By halving the workload and 

the peak-to-peak mouth pressure. the estimated risk of an eventful dive is n.:duced from 18% (Figure 17) to 2%. 

Simplified Approach of plotting unmanned testing data. 

Although the presence of a red dot above the cyan surface of acceptable allowed 

peak-to-peak mouth pressure is easy to recognize, inputting test data into such a three­
dimensional graphic is not easy. Furthermore, based on Warkander's work, NEDU has 

accepted limits based on gas density differing quantitatively, but not qualitatively, from 

those of Clarke. 

The examples below aid in classifying data collected on UBA during unmanned 

testing. Data meeting both flow dependent performance goals and density dependent limits 

are indicated in green. Those which exceeded the appropriate performance goal but passed 

the appropriate performance limit are marked in gray, and those which failed performance 

limits are marked in red and struck through. 

Such a display method is easy for both the testing technician to use and the reader to 

interpret. Furthermore, it provides information about both the flow and density dependence 

of a UBA, factors which are inseparable in the overall impedance equations. 

19 



Table 2. Resistive effort data from the testing of a computer-controlled U.S. Navy closed-circuit 

rebreather (MK 28) in heliox. Each number is the value in kPa of the mean for measurements on 

five rebreathers under the ventilation and depth condi tions indicated. 

Ventilation Depth (fsw) 

(L/min) 165 198 231 264 300 Comfort (kPa) 

22.5 0.38 0.39 0.39 0.40 0.41 1.37 

40.0 0.55 0.57 0.57 0.62 0.65 1.37 

62.5 0.83 0.91 0.96 1.02 1.08 1.54 

75.0 1.02 1.12 1.19 1.27 1.36 2.16 

90.0 1.27 1.39 1.51 1.62 1.74 ---
Limits (kPa) 2.75 I 2.67 I 2.59 I 2.50 I 2.41 

Limits for a heliox gas mixture with a P02 of 1.3 ata. Limits taken from Table 6 of TR 10-14. 

Green (bold ): Met both limits and goals. 

Table 3. Resistive effort data from the testing of a U.S. Navy electronic closed-circuit rebreather 

(MK 16) in heliox. Each number is the value in kPa of the mean for measurements on five 

rebrcathers under the ventilation and depth conditions indicated. 

Ventilation Depth (fsw) 

(Umin) 165 198 231 264 300 Comfort (kPa) 

22.5 0.26 0.27 0.34 0.39 0.42 1.37 

40.0 0.42 0.52 0.70 0.70 0.94 1.37 

62.5 0.75 0.95 1.14 1.14 1.54 

75.0 0.89 1.26 1.59 2.05 J..~ 2.16 

90.0 1.15 1.68 2.39 l))+ ~.JS --·-

Limits (kPa) 2.75 I 2.67 I 2.59 I 2.50 I 2.41 

Limits for a he liox gas mixture with a P02 of 1.3 ata. Limits taken from Table 6 of TR 10-14. 

Green (bold). Met both limits and goals. 
Met the limits but not the goal. 

Rrd (stnkcthrow hl Exceeded limits. 
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Table 4. Resistive effort data from the testing of a diving helmet with air. Each number is the 

value in kPa of the mean for measurements on five helmets under the ventilation and depth 

conditions indicated. 

Ventilation Depth (fsw) Comfort 

(LI min) 0 33 66 99 132 165 198 (kPa) 

22.5 0.78 0.86 0.93 0.97 1.03 1.07 1.15 1.37 

40.0 0.92 1.03 1.07 1.12 I.I I.I I I.I 1 1.37 

62.5 1.09 1.1 I 1.12 1.27 1.15 1.16 1.21 J.54 

75.0 1.10 1.13 1.17 1.65 1.28 1.4 +.+9 2.16 

90.0 I.I I 1.18 1.28 2.79 2.06 .49 2.IH ---

Limits 2.99 2.78 2.57 2.36 2. 15 1.94 1.73 
(kPa) 

Limits for air. Limits take n from TR 07-02. The lesser of the comfort goals or safety limits apply for each 

testing condition. 
Green (bold ) Met both limits and comfort goals. 

Met the safety limits but not the comfort goal. 
Red Cstr ~l.lhroui•h)· Exceeded safety limits. 

The format of Tables 2 - 4 are not as complete as the 3 D-su1face approach of Figures 

11-1 3. For instance, at shallow depths the flow dependency of allowed !iP or resistive 

effort does not become more linear than at deeper depths, but the format is a reasonably 

easy to assimilate, as an approximation. That it is a satisfactory approximation is clear; 

such numbers have met the needs of the Navy for a third of a century. Certainly, the 

tabular format makes it easy to compare one UBA with another, which is, after all, the 

point of the exercise. 

What about COtl 

The constant impedance approach we described here is based on respiratory mechanics in 

humans; the physics of fluid flow through anatomical airways. The equations used to describe 

that flow impedance is well characterized by fluid mechanics. 

Physiology dictates the simple and obvious fact that the human body can only generate a 

finite amount of pressure from the contraction of respiratory muscles, just as arm muscles allow 

only a finite weight to be li fted. Once the flow impedance magnitude is measured, it is trivial to 

find the amount of pressure required to generate the respiratory flow which supports exercise. 

For a given flow rate, the max imal pressures are found from the impedance equation. 
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Using tl1e alveolar ventilation equation it is a simple 111atter to relate a given work rate {in 
terms of C02 production rate) to a ventilation rate required for homeostasis (the maintenance of 
norn1al blood ga:-;es.) 

PA = v,;0 '·(Pb-47) 
COZ VA 

PAc02 is the partial pressure of carbon dioxide in the lung (alveoli). Norn1ally, a1tcrial and 

alveolar Pcoz is maintained at about 40 mn1Hg by the body's homeostatic mechanis1ns. The 
numerator is C02 production, directly related to \Vork rate and oxygen consumption, and the 
denominator is alveolar ventilation in Umin. 

( 17) 

For a given C02 production rate, knowing the required alveolar ventilation from equation 
( 17), and using the respiratory impedance equations, it is straightforward to find the respiratory 
pressures required to generate the flo\v rate required for homeostasis. 

So far this di:-;cussion only involves simple physics. What is not knO\\'D, however, is 
whether a particular diver will in fact exert and niaintain the respiratory pressures required for 
homeostasis. If he does, and if t11e impedance exceeds some threshold, then the diver may fatigue 
and prcn1aturely terminate his \\'Ork. In t11e parlance of various reports from Clarke (cited herein), 
that would be an "untoward" event. 

On the otl1cr hand, if the diver chose not to maintain the required respirato1)' pressures, he 
would inevitably reach a state of hypoventilation (under breathing), with a resultant rise in 
arterial C02. Such a rise in ruteiial C02 could end in loss of consciousness, ru1other type of 
untoward event. 

A rise in C02 is therefore a secondary event con1pared to the requisite respiratory 
mechanics. Not all divers allow C02 to rise; 1nost control their arterial C02 within normal or 

near-normal Jin1its. 

So is a measure of C02 useful? It does contribute to knowledge regarding the cause of an 
untoward event, but it does not in of itself describe the risk of an untoward event. It is sin1ilar to 
Doppler scores in studies of DCS; they are useful but not sufficiently predictive for the 
estimation of total DCS risk. 

Although C02 was often measured in the NMRI studies, the work done at NEDD and 
NMRI did not care what caused the untoward event: early work termination due to the effort of 
n1aintaining a high ventilation rate, or loss of consciousness from failure to maintain a high 
ventilation rate; both events resulted in an aborted dive. Further1nore, it \\'as not possible to 
predict a priori which type of dive abort would occur. 

The only thing of interest Lo dive planners is \Vhetber or not an untoward cvenl is likely to 
occur for a given combination of work rate (ventilatory flow) and gas density. For obvious 
reasons, that event probability is directly related to dive risk. It is possible, therefore, to describe 
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the probability of an untoward event, and that probability increases the further one rises above 

the event thresl1old. In tl1e same manner, the probability of drug toxicity rises the furtl1er a patient 

increases their dosage above the recommended drug dosage. 

CONCLUSION 

The constant impedance approach for determining acceptable pressure drops across 

lJBA is a mechanis1n for combining the best of previous standards for UBA into a unified 

concept that takes into account enginee1ing requirements, psychophysics, and respiratory 

physiology, including the fluid dynamics of flow in divers' air\vays. It allows testing 

laboratories such as NEDU to n1ake maxitnu1n use of all of their testing data, and to 

prcsenl that data in an easily interpretable lWtl or tl1ree din1ensional for1nat. 

Teleologically, it is apparent that diving equipment that has passed NEDU 

performance goals for a third of a century are acceptable physiologically to Navy divers. 

Data and physical and physiological models are not needed for that conclusion. 

Ncvertl1eless, the work sumn1arizcd here up to 1997 used botl1 physical and physiological 

models to confirn1 that indeed the NEDU performance goals followed physiological 

tolerance ba<;ed on simple tenets of hu1nan respiratory muscle strength and perceptual 

comfort. Furthern1ore, the influence of flow rate on tolerated respiratory pressures is 

considerable, regardless of gas density. 

Although the NEDU perfor111ance goals based on flow rate have served the Navy 

well for decades, it has been shown here and elsewhere (Warkander, 2000, 2007, 2008, 

2010, 2011) thnt gas density is a major deter1ninant of respiratory loading using both 

simple 1nodels of fluid 1nechanics and experimental evidence. An understanding of the 

intluence of both respiratory ventilatory rates (flow) and density are vital to understanding 

the complete performance characteristics of UBA, and the probable tolerance of a diver to 

those influences. 

The work of Warkander (2000, 2007, 2008, 2010, 2011) spurs an update to the 

NEDU testing criteria, to include li1nits, and not just goals. By co1nbining the tlow 

dependent goals compiled from previous NEDU goals, and density dependent lin1its from 

Warkander et al, we will l1ave an optitnum way to describe the physical characteristics and 

physiological in1plications of UBA subjected to unmanned testing. 

Further1nore, as stated by Warkander, there is no physiological reason why 1nultiple 

ventilation dependent performance goals should exist. One for each gas. air or heliox, 

should suffice, just as \vould be expected for gas density-based linlits. 
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Appendix A: The mathematics behind Predict sofl,vare 

Below is a MathCad (l\1athsoft Inc., Can1bridge, MA) interpretation of the 
1nathc1natics behind the Predict software used by NEDU to estimate the nonlinear 
correlation bet\vcen mouth pressure and gas density with the probability of an unlO\\'ard 
event; an eventful dive. 

Predict expresses peak to peak mouth pressure and gas density as contributors to 
respiratory loading. TI1e amount of that loading is surru11ed as a "dose". Dose is tl1en 
i11serted into the I-Jill equation to predict the probability of a diver encountering difficulty 
of respiratory origin during a moderately strenuous dive. 

The parameters used in both Predict and its MathCad implementation come fron1 the 
n1aximun1 likelihood fitting of bounce and saturation dive outcomes to conditions for 
manned dives at deptl1s to 450 1nsw. 

Parameters are defined as follows: 
Pf~ probability of an eventful dive, dive failure; DP - 8.P or peak to peak mout11 

pressure; slpe - slope of the allowed DP vs gas density relationship, thr- threshold of dose 
required to be exceeded before respiratory difficulties begin occurring. D50 is tl1e dose that 
causes an estimated 5017c dive failure rate, p\vr or n - the po\\'er used in the Hill equation; 
dcnsit)' is gas density at body temperature (37° C). 
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Predict_ TR2013_ med 

Five parameters came from the maximum likelihood fitting of data from NEDU and NMRI, at depths 

to 457 msv<~ 1500 feet. 

.slpe := 7 .4454 thr := 58.579 d50 := 13.675 p·wr :"' 1 -5664 del := -0.6102 

n :"' pwr n=l.566 

Peak to peak pressure and gas density (at 37"C) come from the experirnental conditions and 
measurements to be evaluated_ 

DP= liP. Units of DP are cm_H20. 1 kPa - 10 cm_H20. 

DP:= 20 cm_H20 

~'Ve will be establishing a dose-response cuNe Jif(e that for pharamecutica!s. The "dose" is 
composed of DP and gas density 

Do.se
0 

:=DP+ .slpe-den.sify 

Dose1 '.=(DP+ slpe-den.sity) - thr 

If the dose is greater th8n the threshold dose (thl) then the threshold is subtracted from the 
calculated dose_ if not, then the dose 1~ set to zero. 

Do.se 1 otherwise 

Do.se = 12.05 

Do.sen 
Ff=----

Do.se11 + d5cf 

The calculated dose is for given DP and density 

Pf= 0.451 From the Hill equation, the probability of 
failure is 0. 45. 
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+ 

For DPs ranging from 0 to 50 cm_H20: 

i :"' 0 ·- 50 

DP.:= i 
' 

Dose].:"' Dose. - thr 

' ' 
Dose2i :"' 0 if Do.se1 :5 thr 

Do.seli otherwise 

(Do>e2;)" lj' , ____ _ 

i" (Dose2
1
)n+d5cf 

s1pe"' 7.445 

density= 6.8 

DP.= 

' 
0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Dose.= 
' 

50.629 

51.629 

52.629 

53.629 

54.629 

55.629 

56.629 

57.629 

08.629 

59.629 

60.629 

61.629 

62.629 

63.629 

64.629 

65.629 

D:JseJ
1 

= 

-7.95 

-6.95 

-5.95 

-4.95 

-3.95 

-2.95 

-1.95 

-0.95 

0.05 

1.05 
~ 

2.05 
~ 

3.05 
>-----

4.05 
>-----

5.()5 

6.05 

7.05 

0 
0 

0 

0 

0 

0 

0 

0 

0.05 

f.05 

2.05 

3.05 

4.05 

505 

6.0fJ 

7.05 

Dosel 20 = 12.05 Dose2 20 = 12 .05 The dose becomes non-zero at 8 cmH20 
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50 

40 

30 

Dose2i 

20 

10 

/ 

00 10 20 30 40 50 

DPi 

0.8 

0.6 

Pf 
0.4 

0.2 

00 10 20 30 40 50 + 
DP 

Like typical dose-response functions, the probability of dive failure rises monotonically and 
curvilinearily once dose crosses a threshold. 
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Appendix B: The mathe1natics behind Impedance Surface Curve Fitting 

Starting with Equation 7 for l.1Pa11owed, 

. ( 0 5 . 1.5) . 2 
l.1Pa11owed = Zmax ·Ve - a· P · ·VE + b · (p ·Ve ) 

the values of two coefficients (a and b) need to be found. 

We establish two sin1ultaneous equations with t\vo unknowns. and solve for those 
unknowns (a and b). 

. . 2 ( 0 5 . 1.5) 
l.1Pauowed - Zmax ·Ve = b · (p ·Ve ) - a· p · ·VE 

( 17) 

The end tJoints of lhe experin1entally determined negatively sloped line seg1nent 
separating eventful from uneventful dives in Figure 7 was used to provide two 
sin1ultaneous equations. For that data, respiratory nlinute ventilation (RMV) 1,,vas not 
known, but was estin1ated as being on average about 75 L·min-1

• \Vilh a peak flow rate of 
3.90 L·sec· 1 

The first equation co1nes from the '{-intercept in Figure 7. At a gas density close to 
0, 0.5 g·L- 1 (approximately half that of air at l atn1osphere), the /.1Pauo,,.ved = 60 cml-120. 

. I . 
With Ve= 3.9 L·sec· , /.1Pallowed - Zmax · V5= 12.74. 

. 2 ') 0 5 . 1.5 
p · V8 =7.7 ... , andp · ·Ve =5.51, therefore 

7.72 · b · - 5.51·a=12.74 ( 18) 

\Vhen the X intercept from Figure 7 is examined. l!P alloived = 0 cmH20. With VE = 

3.9 L·sec- 1
, l!Pallowed - Zmax ·Ve= - 47.16. p ·VE 

2 
= 131.28, and p0·5 · V6 l.S = 22.7 l, 

therefore, 

131.82 · b · - 22.71 ·a= -47.16 

Solving equations 18 and 19 simultaneously by the 1nethod of successive 
approxin1ations, we find a= -3. 71, and b = -1.00. 

Inserting these constants into ( 17) as coefficients yields. 

' z v· ( o s . t.s) . ' uPallowed = max · E + 3.7' P · ' Ve - (p' VE ) 

(19) 

(20) 
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Figures 10 through 15 are plots of the sutface: !::.Pallowed(p, ·VE). 

The weakness of this approach is the uncertainty about the average RMV for all 240 
NEDU short exercise dives. When this exercise is rerun assuming an average RMV of 55 
or 65 L·min- 1

, we find the following. 

55 L/min 65 L/min 75 L/min 
a -10.46 -4.51 -3.71 
b -2.60 -l.25 - 1.00 

The implication of assuming progressively lower ventilation rates during the NEDU 
dives is seen below. The region of high flow rates and high gas density becomes 
increasingly less well tolerated. 

120 

100 

20 

75 lJmin RMV assumption 

2 

FIOW\VS) 

120 

100 

0 80 

"' :I: 

~ 60 
0.. 

~ AO 

20 

65 llmin RMV assumption 

12<l 

100 

2 

F\OW (VS) 

55 llmln RMV assumption 

2 

R OW (VS) 
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Appendix C: The Rationale for Modified NEDU Goals 

Aside from the addition of de11siLy dependent limits, this report, and the Technical 
Manual to follow, has revised and consolidated the previous NEDU Pe1formance Goals 
expressed in NEDU TR 3-8 l and NEDU TM 01-94 (Table CI, below). The rationale for 
t11e cun·ent form of now-dependent Performance Goals is as follo\VS. 

The first two values in the far righl hand colu1nn of Table Cl (RIY1V's of 22.5 and 40 
L/min) were found to be unachievable for all types of UBA (Categories 1-5). I-Iowever, 
\Vhat bas been achievable are the strict goals for scuba regulators, Category l up to 198 fsw 
on air, nan1ely 1.37 kPa. ln an effort to collapse all categories of goals into one, 1.37 kPa 
was adopted for the lo\ver RMVs. For RMVs of 62.5 and 75 Umin, the goals from 
Category 4 (Table C 1) are retained. 

Tl1e Tivt 01-94 goal for 90 U1nin RMV exceeds the most restrictive density-based 
li1nit for 300 fsw in heliox (2.4 l kPa) and 198 fs\V in air ( l. 73 k.Pa). Consequently, the goal 
for 90 U1nin has been abandoned. 



Table Cl. Performance Goals from Tech Manual 1-94 

Vco: 
(Umin) 

0.90 

J.60 

2.50 

3.00 

3.60 

CATEGORY I CATEGORY 2 CATEGORIES CATEGORY 4 
DEPTH 0 to 198 fsw 3 and 5 0 to ISO fsw CATEGORY 4 

0 to 198 fsw AIR 0 to 200 fsw AIR AIR 0 to 1500 fsw 
AIR 0 to 1000 fsw 0 to 1500 fsw He0 2 He02 

He02 

RMV v, f PEAK RESISTIVE RESISTIVE RESISTIVE RESISTIVE RESISTIVE (U (L) (BPM ) FLOW EFFORT EFFORT t. p 13) EFFORT t. p fll EFFORT t. p \3) EFFORT RATE 

minl (U,cc) (kPa) (kPa) (kPa) 

kg-m/L kPa kg·m/L kPa kg·mlL kPa kg·mlL kPa kg·m/L kPa (J/L) {J/L) OIL) (Jill (JIL) 

22.5 1.5 15 1.18 0.14)) 1.37' 1' o. 18(1) 1.76111 0.147 0.024 0.231 0.108 0.017 0.170 0.147 0.024 0.231 

40.0 2.0 20 2.09 0.14111 I 37° 1 0. 18° 1 1.7611) 0.393 0.063 0.6 17 0.324 0.052 0.509 0.063 0.617 
0.393 

62.5 2.5 25 3.27 0.14111 1.37\i> O. I 8tll I. 76{1) 0.982 0.157 1.542 0.746 0.120 1.172 0.982 0.157 1.542 

75.0 2.5 30 3.93 (2) (2) (2) (2) 1.375 0.220 2.159 I 080 0.173 1.696 1.375 0.2::!0 2.15'1 

90.0 3.0 30 4.71 (2) (2) (2) (2) 1.964141 0.315 3.085 1.610141 0.258 2.529 1.964141 0.315 3.085 

Notes: 
'

1 
> Categories I and 2 are not always capable of meeting the 75 Umin performance requirements at their maxi mum operating depths. State-of-the-art performance in 

open-circuit demand UBA is such that 62.5 Umin is the limit for reasonable breathing work values. 
12 

> No WOB goal is established for Category I and 2 RM Vs >62.5 Umin; however, UBAs may be evaluated at 75 and 90 Umin if divers are capable of performing at 
these higher work rates. 
tJJ t.P "'" is measured from neutral (no flow) to full inhalation or exhalation. 
1~> An RMV of 90 Umin is of interest to verify system performance, but 75 Umin is the actual performance goal. 
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