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ABSTRACT

An equation is developed which permits calculation of a diver’s oxygen consumption in a semi-closed circuit
UBA if the inspired partial pressure of oxygen, the depth, the mixed gas injection rate, and the supply gas oxygen
percentage are known. The approximate nature of this calculation and its limitations are discussed.
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INTRODUCTION

e g R T

The semi-closed circuit underwater breathing apparatus, Mark 11, is equipped to measure the partial pres-
s sure of oxygen in the diver’s inspired gas. If certain parameters of the dive are known, and others are assumed, it is
possible to transform this reading directly into the diver’s oxygen consumption. Although this method is too approx

5
%
_ imate to be useful in an experimental setting, it can provide a reasonable estimate of the severity of the work being F
: performed by a diver in the open sea. When coupled with other physiological information, such as heart rate and
i respiratory rate, it allows topside supervisory personnel to obtain a more complete picture of the physical status of
the diver. The details of this method follow. :
i METHOD 1
i
]
i According to the laws of mass balance, the mass of oxygen entering the underwater breathing apparatus per 3
minute must be equal {0 the mass of oxygen taken up by the diver plus the mass of oxygen leaviag the apparatus per é
g minute. Algebraically: 3
Vi *Foy=Voy +Ve *Fig, (1
1
where: ?
: Vi = volume of supply gas injected into rig per minute (L/min STPD)
Fo, = fractional concentration of oxygen in the supply gas mixture
\\ \"02 = diver's oxygen consumption (L/min STPD)
%\‘ Ve = volume of gas beitig exhausted from rig per minute (L/min STPD)
F‘ FBg, = fractional concentration of oxygen in gas leaving apparatus. ]
A & E
\. If the concentrations of uxygen and carbon dioxide in the exhausted gas are assumed to be equal to those ]
in mixed expired gas, Equation (1) may be transformed into:
where: *
FEg, = fractional concentration of oxygen in mixed expired gas. ‘
It can be shown mathematically for the steady state that the volume of gas leaving the rig is given by:
. Vi-Voyt Vinert
Vo= 3
1-FEco,

where:

Vinert

the volume of inert gus either entering or leaving the blood per minute (ncgative sign when
blood absorbing inert gas).




FECOz = fractional concentration of carbon dioxide in mixed expired gas.

combining Equations (2) and (3):

Vi- VO, £ Vinert \
1- FEC02 }

vi -F02=\702+ (

The diver's oxy gen consumption is equal to:

Vo, = VI ‘Flo, - VE ‘FEQ,

where:
Vi = volume of gas inspired (L/min STPD)
F 10, = fractional concentration of oxygen in the inspired gas
VE = volue of gas expired (I/min STPD)

The volume of gas inspired (\71) can be given by:
VI= VE + V01 - VCO, t Vinert
where:

Vinert

"

positive when the blood is absorbing inert gas.

n

\7(;02 volume of CO7 produced per minute (L/min STPD).

The respiratory gas exchange ratio (R) is defined as:

Vco,

substituting Equation (7) in Equation (6) and rcarranging:
Vi=VE+ V02 *(1 - R) £ Vipert

combining Equations (8) and (5):

Vo= (VE+V0; (1~ R #Vinert ] *Fig, - VE -FEq,

similarly, the CO2 production may be expressed as:

Veoy =- (\.'E*\.’Oz “(1 - R) £ Vinert ) *Flco, +VE ‘FEco,

“

&)

-(6)

Q)

(8)

©)

(10)



where:

FlCO: = fractional concentration of CO2 in the inspired gas.

converting VCOz to Vozz
R-Voy=- (VE+V0y{l1- R)Vinert ] “Fico,+ VE 'FECo, (1)
solving Equation (10) for F502 and Equation (11) for FECOQ:

VE+VQ, *(1- R)t Vinert} *Fig,- VO
FEq. = { 2 : ) Fiop- Vo, (2)

(VE+ Vo, (1- R)*Vinert ] *Figo, + RV0,
VE (13)

FECOz=

substituting Equation (12) and Equation (13) in (4):

. . Vi - \./02 £ Vinert

Vi«Fo,=V0, + — - ;
l:( VE+V0, *(1- R £ Vinert ) *Fico, * RV0,
1- D

VE

-

(14)

(VE +V0y (1 - R) £ Vipert ) ‘Fig,- Vo,
. Vo
The respiratory minute ventilation (VE) expressed in L/min BTPS is linearly related to the diver’s oxygen

consumption as follows:

VE-__S-\./O:Z

(15)
where:
S = the increment in minute ventillation per unit increase in oxygen consumption (4 VE BTPS/
AVO; grpp)
VE = minute ventilation (L/min BTP%)
Vo, = oxygen consumption (L/min STPD)
To be used in Equation (14), however, VE must be expressed in L/min STPD. This conversion can be done as
follows:
. , Pp- .0618 )
VE=S$ V0D, 1-—--—)-273/310 (16}

i

R ST N A




where:

Pp = diver’s depth (ata)
0618 = water vapor pressure (atm) at 37°C
rearranging:

VE=S V0, ‘(.88 Pp - .054)

un
substituting Equation (17) in Equation (14) and converting FIC02 and F Io, to PlCOz and Ploz:
. . Vi- Vo, Vinert
Vi*Fpy=VOo,+ T
y N y - ). . COn X
(v02 +S - (-88PB - -034) + V02 (l R) £ vlnert) "m + R V02
3 - (.88PB- .054) - VO, 1l s
S - (88PB - 054) Vg, + Vo, (1 - R) £V Plog_ _y
o, -, + - + V; PP L E—
(.88PB VOtV ( ) % Vigert) PB= PH,0 07

S -(88Pg- .054) Vo,
where:

PH,0 = water vapor pressure in the inspired mixture.

This complex equation describes the exact relationship between oxygen consumption (V02) and the
inspired oxygen partial pressure (P|y,), but requires knowledge of several factors which cannot be ascertained in

an operational situation. In addition. it is too cumbersome to be practical use. If the following assumptions are
made, however, the equation can be made more manageable. Assume:

(1) That the exchange of inest gas in the lung (£Vipert) is negligible.
(2) That there is no CO2 in the inspired gas (F1C02 =0).
(3) That the vespiratory gas exchange ratio (R) equals 1.

(4)  That the corrections for water vapor (.054 and Ptj»Q) are negligible factors compared with the

magnitude of the absolute pressure (PR).

(5) That the slope uf the ventilatory response (S§) = 26. Equation (13) then reduces and icarsnges to:

Vi+FQ,=VQ, + Vi- Vo, Hoy 1 19
i*702=Y0: ] Pp 220pp (9)
22.9Py
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Since the term 1 - 57")1-[;3 rapidly approaches a value of 1 2t depth, it car: be set equal to 1 for practical purposes.
Therefore: '

Pig,
L3 - * . . 1
Vi *Fop=V0y + (Vi- YOy * (‘F{;"“ - '52"3?5) (20)
rearranging:
Vil F ——-—Ploz T
v I\"02" TP " Z29Pp
0%
Moy 1)
PB 229Pp
where:
Vo; = diver's oxygen consumption (L/min STPD)
Vi = mixed gas injection rate (L/min STPD)
FOy = supply gas oxygen fraction
P102 = inspired partial pressure of xygen (atm)
PR = ambient pressure (atm)

For example:

For a dive (0 600 feet (19.2 Ata). a supply gas oxygen percentage of 6% (FQ, = 06), an injection rate of
60 L/min STPD, and a Plo2 of 0.5 atm.

0.5

l )
+
) o]
193 (.21.9) 49.2) 1 2.23 L/min

52 T @29 (193)

60 ( 06 -
VO: =

1-

If the P]O2 increases to 1.0 atm,

1.0 1

60 ( .06 - + )

. 19.2 22.9)(19.2 .
Vo, = 1 0 ( T AL ) -~ = 64 L{min

92 " 919
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PROCEDURE

To apply this method in an operational setting, the following steps should be taken.
(1) Determine the following three factors:
(a) depth of the dive (Ata)

(b) supply gas mixture oxygen fraction
(c) supply ges injection rate (L/min STPD)

The latter may be computed from the following formula;

: Vi=V.C Py (22)

. where: :

: Vi = supply gasInjection rate (L/min STPD)

i V= measured gas injection rate at depth (L/min ATPD)

‘ C = dry gasometer correction fkctor %
Pp = chamber depth at which mieusurement made (Ata) %

TA = ambient chamber temperature (°C) %

2 (2) Compute \702 at a Prg, of 0.5 and 1.0 atm using Equation (21) %

- 5

(3) Plot the computed \'/()2’5 as a function of .P'(h on rectilinear coordinates and connect two puints 3

by a straight line as in Figure 1. )

{4) The \7()2 corresponding to any I’|O2 in the diver's inspired gas may be read from this line.
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F02= .06
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FIGURE 1

Relationship between diver's oxygen uptake and the inspired oxygen pressure. This
linear rciationship is derived using the procedure outlined in the text for a dive to 600
Jeet (Pp =192 atm], a supplv Fya of .06 and ¢ supply injection rate of 60 1./min
STPD.
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DISCUSSION

It is clear from the foregoing that numerous assumptions and approximations underlie Equation (21).
These assumptions make it impractical to use the equations for research purposes. However, it is easily possible
to obtain an approximate oxygen consumption. Under field conditions, this is all that is necessary.

The error that one makes using Equation (21) will depend on the extent to which the actual conditions
deviate from the assumptions outlined above. From a physiological standpoint, the most important sources of
error are the uptake and elimination of inert gases in the lung during changes in ambient pressure, and significant
deviations of the slope of the ventilatory response from an average value of 26. In general, the inspired Pco; may
be expected to remain close to O during exercise in the absence of canister failure and the respiratory exchange
ratio (R) approaches the assumed value of 1 in most subjects with exercise.

An additional source of error arises from use of the procedure suggested above since Equation (21) is not
2 straight line. At the depths of normal operation for the Mark 11, however, the deviations from linearity are quite
small, and unimportant from a practical standpoint.

The preatest single limitation to the application of this method is the existence of non-steady-state condi-
tions in the UBA. Thus, with changes in depth, exercise level, or following actuation of the by-pass mechanism, a
finite time is required before a steady state PQ, is reached. These transients are often frequent in occurrence and
lead to errors which are far greater than those due to the mathematical or physiological assumptions. Two other
major sources of error in practice are: (1) inaccurate measurement of the mixed gas injection rate at depth, and
(2) drift in the calibration of the oxygen electrode. These, however, can be reduced by careful technique.
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