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Abstract
The present series of unmanned hyperbaric tests were conducted in order to
investigate the oxygen fraction variability in semi-closed underwater rebreathing
apparatuses. The tested rebreathers were RB80 (Halcyon dive systems, High
springs, FL, USA), IS-Mix (Interspiro AB, Stockholm, Sweden), CRABE (Aqua
Lung, Carros Cedex, France), and Viper+ (Cobham plc, Davenport, IA, USA). The
tests were conducted using a catalytically based propene combusting metabolic
simulator. The metabolic simulator connected to a breathing simulator, both
placed inside a hyperbaric pressure chamber, was first tested to demonstrate its
usefulness to simulate human respiration in a hyperbaric situation. Following this
the metabolic simulator was shown to be a useful tool in accident investigations as
well as to assess the impact of different engineering designs and physiological
variables on the oxygen content in the gas delivered to the diver by the rebreathing
apparatuses. A multi-compartment model of the oxygen fractions was developed
and compared to the previously published single-compartment models. The root
mean squared error (RMSE) of the multi-compartment model was smaller than the
RMSE for the single-compartment model, showing its usefulness to estimate the
impact of different designs and physiological variables on the inspired oxygen
fraction.
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Diving, rebreather, underwater breathing apparatus, unmanned testing,
hyperbaric, metabolic simulator, scuba, semi-closed
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volume of the whole breathing loop including the diver’s lungs
dead space volume in litres
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oxygen consumption in L/min STPD
change of pressure in ATA
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Introduction
When diving into the water an unaided human being can only stay under the
surface for a couple of minutes before the will to breathe becomes too large. If the
dive is combined with even light work the available time is shortened considerably.
The engineering solution to this problem was to bring breathable air with the
diver into the water. One way to do this was to supply the diver with a gas volume
in a container to breathe from and allowing him to exhale into the water. It was,
however, soon discovered that with increasing dive depth the gas was compressed
and consequently it lasted shorter time. This was solved either by supplying gas to
the diver via a hose from the surface, with the drawback that it tethered the diver to
the surface, or by compressing the gas in the container so that the diver would be
able to carry more gas. The latter solution ended up as the modern day open circuit
Self-Contained Underwater Breathing Apparatus (SCUBA). The inherent limitation
of this solution is a large gas consumption, which increases with depth.
A different solution is to allow the diver to breathe back and forth between the
lungs and the gas source, i.e. rebreathing the gas. The limiting factor becomes then
not the gas volume but the oxygen consumption and the carbon dioxide production
that with time will make the gas unbreathable. Supplying air from the surface is an
option, but this will again tether the diver to the surface. This solution will also
result in roughly the same gas consumption as the open circuit system would. The
alternative is to filter out the carbon dioxide, and replenish the consumed oxygen.
The control of the carbon dioxide is simple since the only thing needed is to reduce
it to as low concentrations as possible. The oxygen however has to be regulated
within both low and high limits. The lower limit, where signs of hypoxia begins to
appear, is about 14 kPa (1) while the upper limit is slightly more diffuse in that the
pulmonary oxygen toxicity is starting to be counted from an oxygen partial
pressure of 60 kPa while the probability of a central nervous stem oxygen toxicity
are low at or below 130kPa (1). The European rebreather standard (2) uses the
limits 20 to 160 kPa, and allows a temporary peak partial pressure of 200 kPa that
should be below 160 kPa within 1 minute.
The obvious way to regulate the oxygen content is to measure the oxygen partial
pressure and then inject oxygen accordingly. However, this solution would be
dependent on the reliability of the oxygen measurement as well as a dosage system
making these systems more complex. Fock has calculated the failure probability for
an electronic closed circuit rebreather, ECCR, without bailout to 0.156 relative to
the open circuit, OC, twin cylinder system of 0.007 giving a relative risk ECCR/OC
of 23 (3).
Another way to control the oxygen content is to inject a gas mixture with an
oxygen fraction that yields an oxygen partial pressure less than the maximum
allowed at maximum depth at such a flow rate that the amount of oxygen that is the
difference between the injected mass and the lower limit is more than the
consumed oxygen. Since the pressure of pure oxygen would exceed 160 kPa at
depths larger than 6 msw, diving deeper would require the injected gas to contain
some diluent gas to be mixed in with the oxygen. In the steady state this excess gas
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would have to be vented out of the system, rendering this class of underwater
breathing apparatus its name Semi-Closed Rebreather (SCR).
There are basically two types of semi-closed rebreathers. One type operates as
was described above with a constant flow of an oxygen rich gas, which is injected at
a flow rate high enough to sustain even large oxygen consumptions by the diver. In
the other type of rebreathing devices the gas dosage is linked to the divers’
ventilation, which in turn is related to the oxygen consumption. To overcome the
inherent limitation of using only one premixed gas mixture given by the boundary
conditions of the low oxygen partial pressure (mainly affected by the conditions at
surface) and the high oxygen partial pressure (mainly influencing the maximum
depth), units have been designed to mix gas online usually by mixing oxygen from
one source and air, nitrogen or helium from another source. These units are
normally named self-mixing (Fig. 1).
Since the decompression schedule from a dive is affected by the inhaled oxygen
pressure, it is important to try to determine the oxygen content in the inhaled gas
as closely as possible.

Ventilation
independent

Ventilation
dependent
(Demand
controlled)

Pre-mixed gas

Self-mixing
system

Constant
Mass
Injection

Self-Mixing
Constant
Oxygen
Injection

Constant
Volume
Constant
Mass

Figure 1. A matrix of the different types of semi-closed rebreathing devices tested. As shown above
the systems can be divided into either devices with premixed gas or devices where the gas mixing is
done online. The gas dosage can be divided into either systems with a constant injection or demand
controlled systems where the fresh gas injection is determined by the ventilation. In the sub class of
devices with premixed gas supply with demand controlled gas dosage there are two types of systems.
Either the unit doses a constant mass of gas per unit ventilation irrespective of the pressure, or it
doses a constant volume per unit ventilation, i.e. increasing the dosed gas mass with depth.
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The tested rebreathers
The tested rebreathers were RB80 (Halcyon Ltd, Halcyon dive systems, High
springs, FL, USA), CRABE (Aqua Lung Ltd, Aqua Lung, Carros Cedex, France), ISMix (Interspiro AB, Interspiro AB, Stockholm, Sweden), and Viper+ (Cobham plc,
Davenport, IA, USA).
The RB80 is a civilian rebreather, mainly developed for recreational technical
cave diving. The CRABE is a military rebreather for mine clearance diving and is
used by the French and Polish navies. Both the RB80 and the CRABE have the
same general type of dosage system. Inside the breathing bellows there is a smaller
inner bellows that expands together with the outer bellows upon exhalation. During
the exhalation the inner bellows is filled with gas though a check valve connecting
the inner and outer bellows. Upon inhalation the check valve closes and the
trapped gas is forced out to the surroundings through an over pressure release
valve. As this decreases the volume in the system, fresh gas is added when the
breathing bellows depress a lever to the fresh gas valve at the end of the inspiration.
This effectively adds fresh gas as a constant ratio of the ventilated volume at
ambient pressure. Hence the added gas mass will increase with depth (Fig. 2).
In the CRABE device this gas dosage system does not give enough fresh gas at
surface, when gas mixes with lower oxygen content are used (e.g. 32.5% and 23%
oxygen). Therefore this apparatus is fitted with an extra constant mass flow fresh
gas supply of 18 l/min when using these gases at lower depth.

A

A

Check Valves

B Fresh gas lever
C Constant flow addition
A
B

D Scrubber
C

E Gas regulation
F Tank

D

F
E

Figure 2. Schematic drawing of the breathing circuit of the RB80 and the CRABE – As the diver
exhales the breathing bellows are expanded, filling gas in both the inner and outer bellows. As the
diver inhales, the bellows are compressed. Since there is a check valve at the inlet of the inner
bellows the trapped gas is instead expelled to the surroundings through an over pressure release
valve. This expulsion of gas leads to a successive emptying of the bellows and eventually the bellows
will upon inhalation depress the fresh-gas valve lever resulting in injection of additional gas.

The IS-Mix is a military rebreather for mine clearance diving and is used by the
Swedish, Danish and Dutch Navies. The oxygen dosage of this system is also
demand controlled. Connected to the breathing bellows is a shaft that transfers the
3

bellows position and thereby the tidal volume to a pressure reducer. This reducing
valve regulates the pressure in a dosage cylinder to a fixed pressure over ambient.
The added pressure is thus dependent only on the tidal volume.
During inspiration the pressure is increased in the dosage cylinder, and during
exhalation the added gas is then transferred to the inhalation hose. If for instance
the tidal volume is 3 liters and the pressure is increased by 1 bar per liter of tidal
volume and the dosage cylinder is 1 liter, the resulting pressure in the dosage
cylinder at surface will be 4 bars and the released volume of fresh gas is 3 L STPD
((4 bar – 1 bar) x 1L). At 30 msw the fresh gas dosage is the same 3 L STPD ((7 bar
– 4 bar) x 1L) (Fig 3).
Angle from
Breathing bellows

Inhalation
To breathing circuit

Dosage chamber
Supply Pressure,
10bar over ambient
Angle from
Breathing bellows

Exhalation

To breathing circuit

Dosage chamber
inlet Pressure, 10bar
over ambient
Figure 3. Schematic drawing of the IS-MIX dosage system. The bellows movement regulates the
pressure in the dosage chamber during inhalation, which produces an over-pressure proportional to
the tidal volume. During the exhalation this pressure is then released to the breathing circuit. Since
the pressure differential is dependent on the tidal volume and the dosage volume is set, the injected
mass is independent on the surrounding pressure. To change the dosage setting from 30% to 60%
and 100% a second and third dosage chamber is opened up for the fresh gas to fill. While the
pressure regulator is not strictly a membrane regulator this simplifies the understanding of the
dosage mechanism. (Figure courtesy of Åke Larsson, http://www.teknosofen.com.)

The Viper+ is a military rebreather for mine clearance diving used by among
others the Finnish, Norwegian, Canadian and Italian Navies. In this device a
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constant oxygen mass flow of 3.7 l STPD is injected into the breathing circuit (Fig.
4). From 6 msw and deeper a flow of pure nitrogen or helium is added, so that the
resulting fresh gas feed oxygen pressure is about 165 kPa throughout the dive.
During decompression the diluent gas is shut off at 9 msw so that only oxygen is
added to the circuit resulting in an oxygen partial pressure of 190 kPa.

A

Adjustable exhaust valve

B

Gas regulation

C

Scrubber

D

Cylinders

E

Breathing bags

A
C
E

E

B
D
O2

D
He or N2

Figure 4. Schematic drawing of the VIPER+ breathing circuit. The two round cylinders contain
pure gases: oxygen in one and nitrogen or helium in the other. A constant flow of 3.7 l/min STPD of
oxygen is mixed with an increasing flow of inert gas at depths exceeding 6 msw. This results in an
oxygen partial pressure of about 165 kPa. The fresh gas is injected into the CO2 scrubber to be mixed
with the breathing circuit gas before being inhaled.

Nomenclature
There is no consensus about the naming of the different semi-closed systems,
though there appear to be an agreement regarding the simplest type of device, the
Constant Mass Injection/Flow type system (4-7) with the abbreviation CMI/CMF.
In this thesis this type of rebreater is represented by the CRABE when used near
the surface. There is more variation in the naming of the type of system that has a
constant mass injection of oxygen and a progressively increasing inert gas injection
with Bozanic (7) calling these systems “Constant Ratio (quasi constant PO2)” while
Morrison and Reimers (6) call them “Constant mass of oxygen plus variable mass
of inert gas”. We suggest to name these systems Self Mixing Constant Oxygen
Injection (SMCOI) since the gases are mixed online while oxygen is added as a
constant oxygen injection. In this thesis these systems are represented by Viper+.
Another type of system is the one that utilize the relationship between the
ventilation and the oxygen consumption, by linking the fresh gas addition to the
ventilation. The first type is here represented by RB80 and CRABE when the
machine is dived deeper than 25 msw or when used with oxygen-rich mixes.
Morrison and Reimers (6) denote these systems Constant Volume Ratio while
5

Nuckols, Clarke and Marr (8) term a unit of this type a “Bellows Driven Variable
Volume Exhaust (VVE) Apparatus”. Bozanic (7) calls them Respiratory Minute
Volume Keyed (RMV-Keyed) systems, and another common naming is passive
semi-closed rebreather. We propose the term Demand Constant Volume Ratio
Exhaust (DCVRE), since the gas is only supplied on demand linked to the diver’s
ventilation and the volume of gas expelled by the system is constant, independent
of the depth. This is in contrast to the variable volume exhaust apparatuses, e.g. the
older unit produced by Halcyon, the Passive Variable Ratio-Biased Addition Semi
Closed rebreather, PVR-BASC, that has a variable volume exhaust and the IS-Mix
which has a constant mass dosed independent of depth. Lastly, the term ratio
exhaust is added since the system exhausts a fixed ratio of the ventilation. It is
important to point to that the system actively exhausts gas, and that the fresh gas
addition is just a consequence of the volume decrease in the system, since this will
affect the fresh gas dosage on ascent.
The last group of rebreathers here is represented by the IS-Mix. This type is
called Constant Mass Ratio by Morrison and Reimers (6) and Constant Volume
Injection by Nuckols, Clarke and Marr (8). We propose that this type of system be
named Demand Constant Mass Ratio Injection DCMRI. “Demand” denotes the
ventilation-dependent injection, and “Constant Mass” is used since for a given
ventilation the injected gas mass is constant, independent of depth and of ambient
pressure. Finally, “Ratio” denotes that it is a fixed ratio of the surface ventilation
that is injected, and “Injection” stresses that fresh gas is injected, as opposed to a
DCVRE were the fresh gas is merely replacing the volume being expelled by the
system.
Theoretical models
Single compartment models
Constant flow
Williams (5) made an early description of the modeling of semi-closed
rebreathers. The general assumptions of the model were that the gas exchange is
made in one volume, including the lungs, with perfect mixing. To this volume the
fresh gas is injected and from this volume the oxygen for the human metabolism is
consumed, and any excess gas is expelled to keep the volume constant (Fig. 5). To
stress the fact that the model assumes a single well mixed gas compartment
Morrison and Reimers (6) who followed up Williams’s work wrote: “It is assumed
that the gas breathed by the diver is identical with that exhausted from the counter
lung”.
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-𝑉𝑜̇ 2
Fresh gas injected
into system

Gas exhausted
from the system

Total volume = V
FO [%]=
2

volume O2 / V

Fmix [%]
Qmix [l/min]=

FO [%]
2

Qdump [l/min]=
Qmix - 𝑉𝑜̇ 2

Figure 5. The single-compartment model assumes that the system consists of one well mixed
volume and that the gas volume inhaled by the diver is the same as the gas volume expelled from the
system. For a CMI-system the fresh gas is metered out in advance and injected irrespective of diver
ventilation. Oxygen is considered to be consumed within this volume, and the gas expelled is
considered to be the fresh gas injection minus the oxygen consumption.

The steady-state solution to this model presented by Williams (5) and later by
Morrison and Reimers (6) is (original equation is divided by the ambient pressure
to convert PO2 to FO2):
Eq 1
𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙ 𝑄𝑀𝑖𝑥 − 𝑉𝑜̇ 2
𝑄𝑚𝑖𝑥 − 𝑉𝑜̇
2

𝐹𝑂2 is the oxygen in the system, 𝑄𝑀𝑖𝑥 is the injected fresh gas flow, 𝐹𝑚𝑖𝑥 is the
injected fresh gas oxygen fraction and 𝑉𝑜̇ 2 is the oxygen consumption by the diver.
Later, Nuckols, Clarke and Grupe (4) presented a model including the transient
term, and also stressed the importance of considering the temperature effects on
the gas volumes:
Eq 2
𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙ 𝑄𝑀𝑖𝑥 − 𝑉𝑜̇ 2
𝐹𝑚𝑖𝑥 ∙ 𝑄𝑀𝑖𝑥 − 𝑉𝑜̇ 2 −𝑄𝑚𝑖𝑥 −𝑉𝑜̇ 2 ∙(𝑇,°𝐾) ∙𝑡
𝑉∙𝑃
273
+ [𝐹𝑜𝑠𝑡𝑎𝑟𝑡
−
]𝑒
2
𝑄𝑚𝑖𝑥 − 𝑉𝑜̇
𝑄𝑚𝑖𝑥 − 𝑉𝑜̇
2

2

Here 𝐹𝑜𝑠𝑡𝑎𝑟𝑡
is the oxygen fraction at time zero, V is the total system volume, P is
2
the ambient pressure and T is the loop temperature in Kelvin. Eq 2 gives the
solution under the discussed assumptions for units with a constant mass flow of a
premixed gas. As described by Morrison and Reimers (6) this equation is easily
converted to an equation describing self-mixing systems using pure helium or
nitrogen as diluent gas, by inserting into Eq. 2 the constant oxygen mass flow Qo2
and Qdil , the diluent flow. Qdil is a function of depth, which for the special case of
the VIPER +, from 6 msw and deeper gives a constant volume flow:
7

Eq 3
𝐹𝑂2 =

𝑄𝑂2 − 𝑉𝑜̇ 2
(𝑄𝑂2 + 𝑄𝐷𝑖𝑙𝑙 ) − 𝑉𝑜̇ 2

+

[𝐹𝑜𝑠𝑡𝑎𝑟𝑡
2

−

𝑄𝑂2 − 𝑉𝑜̇ 2
(𝑄𝑂2 + 𝑄𝐷𝑖𝑙𝑙 ) − 𝑉𝑜̇ 2

]𝑒

−

(𝑄𝑂2 +𝑄𝐷𝑖𝑙𝑙 )−𝑉̇𝑜2 𝑇,°𝐾
∙(
) ∙𝑡
𝑉∙𝑃𝑇
273

Demand controlled
There are two basic types of ventilation linked fresh gas dosage systems; either
systems that expel a given volume per breath, or systems where a mass of gas is
injected into the system in relation to the ventilation. In the former type of system
the mass of expelled and dosed gas is increased linearly with pressure. In the
second type of system the injected mass of fresh gas is independent of ambient
pressure. Williams (5) describes the equation for calculating the former as:
Eq 4

𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙(𝐾𝑑 ∙𝐾𝑒 ∙𝑃+1)−1
𝐾𝑑 ∙𝐾𝑒 ∙𝑃

where Kd is the dosage ratio for the rebreather dosage system and Ke
ventilatory equivalent (𝑉𝑜̇ 2 /𝑅𝑀𝑉).

is the

However, Nuckols and co-workers (8) developed another model:
Eq 5
𝐹𝑂2
𝑑2
1
∙ 𝑅𝑀𝑉 ∙ 𝑃 ∙ (
) + 𝐹𝑚𝑖𝑥 ∙ 𝑉𝑜̇ 2 − 𝑉𝑜̇ 2 ]
2
1.135
𝐷
=
𝑑2
∙ 𝑅𝑀𝑉 ∙ 𝑃
𝐷2
𝑑2
1
1.135 ∙ [𝐹𝑚𝑖𝑥 ∙ 2 ∙ 𝑅𝑀𝑉 ∙ 𝑃 ∙ (
) + 𝐹𝑚𝑖𝑥 ∙ 𝑉𝑜̇ 2 − 𝑉𝑜̇ 2 ]
𝑑2 𝑅𝑀𝑉 𝑇,°𝐾
1.135
𝐷
− 2∙
∙(
)∙𝑡
𝑠𝑡𝑎𝑟𝑡
𝑉
310
𝐷
+ [𝐹𝑜2
−
]𝑒
𝑑2
∙ 𝑅𝑀𝑉 ∙ 𝑃
𝐷2
1.135 ∙ [𝐹𝑚𝑖𝑥 ∙

where RMV is the respiratory minute ventilation of the diver and d is the inner
𝑑2

bellows diameter and D is the outer bellows diameter and the 𝐷2 quotient is the
dosage ratio that the system will have. In a later paper (9) the validity of the model
was tested with unmanned experiments, using an inert gas exchange type
metabolic simulator, and was found to hold up. This model was then later used as
the basis for a design optimization of the bellows diameter (10) where a new
condition was stated:
Eq 6
𝑅𝑀𝑉 = 24 ∙ 𝑉𝑜̇
2
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Respiratory minute ventilation is measured in L/min BTPS and oxygen uptake
in L/min STPD.
Eq 7

𝑑2

𝐸𝑉𝑅 = 𝐷2 = 𝐾𝑑

In the unmanned testing schedule, a ventilatory equivalent (defined as 𝐾𝑒 =
) of 25 was used throughout the tests. If the constant in Eq 6 is replaced with
𝑉

𝑉𝑒 𝑅𝑀𝑉
𝑂2

Ke, inserting this into the original equation it renders some rearrangements:
Eq 8

𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙ (𝐾𝑑 ∙ 𝐾𝑒 ∙ 𝑃 + 1.135) − 1.135
𝐾𝑑 ∙ 𝐾𝑒 ∙ 𝑃
𝐹𝑚𝑖𝑥 ∙ (𝐾𝑑 ∙ 𝐾𝑒 ∙ 𝑃 + 1.135) − 1.135 −𝐾𝑑 ∙𝐾𝑒∙𝑉̇𝑜2 ∙(𝑇,°𝐾)∙𝑡
𝑉
310
+ [𝐹𝑜𝑠𝑡𝑎𝑟𝑡
−
]𝑒
2
𝐾𝑑 ∙ 𝐾𝑒 ∙ 𝑃

The steady state term of Eq 7 is the same as Eq 4 apart from the constant being
1.135 instead of 1. This is because in Eq 4 the constant derives from a simplification
of 𝑉𝑜̇ 2 that rendered it 1, but Nuckols et al. argued that since 𝑉𝑜̇ 2 is defined in STPD
and the ventilation in BTPS the temperature correction would be 310 K/273 K
which is equal to 1.135 (8).
The steady state solution for the other type of ventilation regulated system, the
demand mass ratio system, was provided by Morrison and Reimers (6), under the
same conditions as discussed above:

Eq 9

𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙𝐾𝑑 ∙𝐾𝑒 −1
𝐾𝑑 ∙𝐾𝑒 −1

Nuckols Clarke and Marr (8), discussed these systems as well, but derived an
expression for a system governed by respiratory frequency instead of minute
𝑉
ventilation. If the relationship 𝐾𝑒 = 𝑉 𝑒 is added as well as the minute ventilation
to their equation we get:

𝑂2
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Eq 10

𝐹𝑂2

273
273
𝐹𝑚𝑖𝑥 ∙ 𝐾𝑑 ∙ 𝐾𝑒 ∙ (𝑇 ) − 1
𝐹𝑚𝑖𝑥 ∙ 𝐾𝑑 ∙ 𝐾𝑒 ∙ (𝑇 ) − 1 −
𝐺𝑎𝑠
𝐺𝑎𝑠
=
+ [𝐹𝑜𝑠𝑡𝑎𝑟𝑡
−
]𝑒
2
273
273
𝐾𝑑 ∙ 𝐾𝑒 ∙ (
)−1
𝐾𝑑 ∙ 𝐾𝑒 ∙ (
)−1
𝑇𝐺𝑎𝑠
𝑇𝐺𝑎𝑠

273
)−1)∙𝑉̇𝑜2
𝑇𝐺𝑎𝑠
∙𝑡
273
𝑉∙𝑃∙(
)
𝑇𝑔𝑎𝑠

(𝐾𝑑 ∙𝐾𝑒 ∙(

This equation has the same steady state term as the equation presented by
Morrison and Reimers (6) apart from the temperature correction.
From the above models it can be deduced that the relevant physiological
variables affecting the oxygen fractions are the oxygen consumption 𝑉𝑂2 , the minute
ventilation 𝑉𝑒 , which also can be divided into tidal volume, Vt, and respiratory
frequency, Rf , and the ventilatory equivalent for oxygen which is defined as:
𝑅𝑀𝑉
𝐾𝑒 = 𝑉̇
𝑜2

To describe the gas addition which occurs during descent, a term in the spirit of
Nuckols (11) has been added to the equations:
𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒

Eq 11

𝑃
𝐹𝑜𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒
2

=

[𝐹𝑜2

∙𝑉∙(𝑃−𝑃𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 )+𝐹𝑚𝑖𝑥 ∙𝑉∙𝑃𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 ]
𝑉∙𝑃

Compartmentalized models
Oxygen fraction in the metabolism simulator
The basic assumption in establishing the new models is that there are different
regions with distinctly different oxygen fractions throughout the system. This is in
contrast to the assumption in the previous models where the total loop volume
including the lungs of the diver is assumed to be one mixed volume. Depending on
the construction of the breathing apparatus different compartments have to be
considered. The simplest situation is during tests with just the metabolic simulator
as was presented in paper II, where two regions of distinctly different oxygen
fractions were considered, namely the metabolic simulator, which corresponds to
the diver’s lungs, and the chamber atmosphere surrounding the metabolic
simulator as no breathing apparatus was connected. There is a dead space
connecting these two volumes, so that on inhalation the first part of the inhaled gas
volume consists of the last exhaled gas from the metabolic simulator, and
conversely on exhalation, the first part of the exhaled volume consists of the last
part of the inspired gas. Thus, the inhaled and the exhaled gas must be considered
as two separate compartments from the metabolic simulator and the chamber gas.
Also effects due to pressure needs to be considered i.e. air added to the chamber
during compression. This gives four different volumes to consider:
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𝐹𝑂2 𝑚𝑒𝑡𝑠𝑖𝑚
𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝑒𝑡𝑠𝑖𝑚 + 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑑𝑑𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑠𝑚
=
𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑒𝑡𝑠𝑖𝑚 + 𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛ℎ𝑎𝑙𝑒𝑑

𝐹 𝑂2 𝑒𝑥𝑝𝑖𝑟𝑒𝑑 =

𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑑𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 + 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑎𝑙𝑣𝑒𝑜𝑙𝑎𝑟 𝑔𝑎𝑠
𝑡𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝐹𝑂2 𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 + 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑜𝑚 𝑒𝑥ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑑𝑑𝑒𝑑 𝑏𝑦 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐ℎ𝑎𝑛𝑔𝑒
=
𝐺𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 + 𝐺𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑥ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐺𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑑𝑑𝑒𝑑 𝑏𝑦 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐ℎ𝑎𝑛𝑔𝑒

𝐹𝑂2 𝑖𝑛𝑠𝑝𝑖𝑟𝑒𝑑 =

𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑜𝑚 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 + 𝑂2 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑜𝑚 𝑑𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒
𝑇𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

Compartmentalized model
As previously stated the Nuckols et al. (4) assumption is that all gases are
perfectly mixed in one volume. We hypothesized that there are distinctly different
concentration regions in the system. The different volumes chosen were based on
the specifics of the units but in general the inhalation hose, the inspired gas
(including the dead-space), the metabolic simulator/diver’s lungs, and the counter
lung/breathing bellows were considered (Fig. 6).

Figure 6. The multi-compartment model for the IS-Mix is shown above, but the general
assumption is the same for all the tested systems. The general assumption is that there are different
regions with different oxygen content. The compartments assumed are the inspired gas, the
inhalation hose, the exhalation bellows and the metabolic simulator/diver’s lungs. The
compartments are considered to be in series and one compartment becomes the input to the next
compartment in the series.
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The general notion is that the oxygen content in a gas volume is calculated and
then divided with the total volume in that volume to get the fraction, as for example
the inspired oxygen fraction 𝐹𝑖𝑂2 .
Eq 12: Inspired oxygen fraction

𝐹𝑖𝑂2 =

𝐹𝑚𝑛−1 ∙ 𝑉𝑑 + 𝐹ℎ𝑛−1 ∙ (𝑉𝑡 − 𝑉𝑑 )
𝑉𝑡

This equation is used for all systems and all conditions. The oxygen fraction of
the exhaled gas contained in the metabolic simulator/diver’s lungs calculated for
the previous breath, 𝐹𝑚𝑛−1 , is multiplied with the dead space volume, Vd . This gives
the oxygen mass inhaled from the dead space. The oxygen fraction in the inhalation
hose, 𝐹ℎ𝑛−1 , is multiplied by the alveolar ventilation per tidal volume, (𝑉𝑡 − 𝑉𝑑 ), and
the sum of these gives the inhaled oxygen volume, which divided by the tidal
volume mass, Vt, gives the inhaled oxygen fraction 𝐹𝑖𝑂2 . Since the pressure is in all
terms it could be shortened out.
The next step is the inhalation hose for the ISmix, Viper+, and the CRABE
during demand volume ratio-mode. This is where the fresh gas is added, and the
basic calculation is that the CO2 scrubbed bellows gas is mixed with the fresh gas
injected. For the IS-Mix there is a special case where any fresh gas dosage
exceeding the inhalation hose volume will be pushed over to the exhalation side.
For the CRABE there seems to be a loss of about 7% of the fresh gas in the bellows.
For the IS-Mix and the Viper+ the resulting oxygen fraction after the CO2scrubber is calculated from the bellows oxygen gas fraction and the calculated
fraction of carbon dioxide in the bellows. The bellows gas fractions are calculated
from the oxygen fraction in the metabolic simulator, where the oxygen
consumption and the carbon dioxide production take place as well as any gas
pushover and dead space ventilation.
When the CRABE is in constant mass flow injection mode, the fresh gas is
injected into the bellows. For the CRABE in the demand controlled volume ratio
mode it is assumed that there is no fresh gas addition at all during ascents.
Otherwise the calculation is the same with the difference that the exhaled gas in the
CRABE is scrubbed of CO2 before it reaches the expelling bellows.
Physiological variables
Respiration during diving
A diver is exposed to a number of different conditions compared to the normal
situation on dry land. These include the immersion, breathing resistance from the
breathing gear, pressure difference between the lungs and the breathing gas supply,
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increased gas density, hyperoxia and sometimes hypoxia, increased ventilatory
dead space, but also previous diving experience might affect the diver.
Immersion
That the body is immersed in water affects the breathing. It has been shown that
during immersion the ventilation, Ve, was reduced at a given oxygen uptake, to
such a degree that the ventilatory equivalent was reduced from 30.1 to 26.1.
However, there was no effect of different body positions (12), probably due to the
fact that the blood redistribution induced by immersion has already occurred, and
any changes in body position will probably not further affect the hydrostatic
pressure difference in the circulatory system, at least not as much as a similar
change in position would in an air environment.
Hydrostatic imbalance
Morrison, Thalmann and Derion (12-14) have done experiments with varying
pressures between the breathing gas and the lung centroid, but they did not find
any effect on the ventilatory equivalent, Ke despite reported dyspnea. A speculative
explanation could be that the lung assumes a new pressure-volume equilibrium
point with the pressure moving along the compliance curve and thereby upholding
the lung function. The dyspnea could then arise from stretch receptors in the lung
sensing the new equilibrium.
Pressure/density
Thalmann found that during air breathing and immersion the ventilatory
equivalent was reduced with pressure from 27.0 at 1.45 ATA to 18.7 at 6.76 ATA
(12); a decrease in Ke with 28% with a pressure increase of 4.7 times. In another
paper by Morrisson and co-workers a similar finding was presented where the
ventilatory equivalent during moderate work, while breathing air at surface or a
nitrox with a ppO2 of 42kPa at 4 ATA, was reduced from 27.8 to 22.0 when the
pressure was increased from 1 to 4 ATA (13). Warkander reported similar findings
(15). In an effort to investigate whether the reduced ventilation is a pressure or
density effect Lanphier carried out an experiment at 4ATA, where with a constant
oxygen partial pressure the nitrogen background gas was switched to helium. This
reduced the gas density to similar that of air at surface. The end-tidal CO2 was
reduced from 7.3 kPa with nitrogen background to 6.5 kPa during helium
breathing, which was almost the same end tidal value as while breathing air at
surface (16). Thus, the reduced ventilation at pressure could then be attributed to
an increase in the air way gas flow resistance i.e internal resistance.
Resistance
In a similar way as a gas density increase produces an increase in the internal
resistance, different types of breathing apparatuses can generate varying degrees of
external resistance. Morrisson et al. (1976) carried out tests at 4 ATA with an
almost unloaded valve compared to a standard scuba regulator and saw a reduction
in the ventilatory equivalent of 8% with the latter device (13). Warkander et al.
(1992), in an effort to better quantify the reduction in ventilatory equivalent caused
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by external load, tested divers at 1.45 ATA and at a workload of 60% of 𝑉𝑜̇ 2𝑚𝑎𝑥 , with
the breathing impediments 0.61 J/L and 3.70 J/L. The larger load decreased the
ventilatory equivalent from 29.8 to 24.9 (13). In a similar experiment at 6.8 ATA
with the resistances 0.90 and 3.39 J/L the resulting ventilatory equivalents were
26.36 and 23.89 (15), reductions by 9 respectively 14%. The effect of external
resistance seems to be enhanced at depth, probably due to increased internal
resistance. Another experiment gave almost the same end-tidal carbon dioxide
pressure with a choked heliox regulator and by lowering the work of breathing in a
nitrox system (16), showing that internal and external resistances are additive.
Hyperoxia
Lanphier (1963) showed that the end-tidal carbon dioxide is increased from 6.4
to 6.7 kPa when the inspired oxygen partial pressure is increased from 20 to 180
kPa at 4 ATA in nitrogen (16). Hyperoxia dampens the respiratory drive, an effect
which appears to be governed via peripheral chemoreceptors (17).
Dead space in the mouthpiece
A breathing apparatus has always some form of dead space where the expired
gas will remain to be reinspired during the next inhalation. If the body would
compensate fully for the dead space breathing, the end tidal CO2 would stay the
same, but when Lanphier (1963) tested the effect of 500 ml of dead space he found
an increase of the end tidal CO2 by 0.8 kPa (16). In a later study by Warkander and
Lundgren (18) it was found that the ventilation increased by 58 % per liter dead
space. Thus, there seems to be a ventilation increase due to increase in dead space,
but not enough to fully compensate for the inhaled CO2.
CO2 retainers and dive experience level
Lanphier (1963) noted that some subjects had a conspicuously lower ventilatory
response than others. In air at 1 ATA the end-tidal CO2 increased from 5.6 -6.7 kPa
at rest to 6.5 - 7.7 kPa during moderate work. Several of these individuals had
notably lower ventilation when exposed to increased CO2 levels in the inspired gas
(16). Florio (1979) tested the ventilatory response in a group of British navy divers
and compared them with a group of medicine/physiology students. It was found
that the divers responded about 30% less than the students (19). Lally, Zechman,
and Tracy (1974) measured the ventilation in three different groups of subjects,
consisting of divers, runners and a control group (20). In steady-state running the
runners breathed 84% and the divers 81% of the control group. However, when
starting to run the initial ventilatory response of the runners were 97% and the
response of the divers 85% of the ventilatory response of the control group (20).
As discussed above several factors in diving affect the ventilatory response and
the ventilatory equivalent Ke. Morrison and Reimers (6) discuss the limits of
ventilatory equivalent in the design of demand controlled rebreathers, and stated
that even though extremes have been measured the factors that drive the
ventilatory equivalent to its lowest values, high gas density and hyperoxia, tend to
happen at the greatest depth, and the risk of hypoxia is biggest close to surface.
Hence, for practical design considerations they recommended rebreather designs

14

that took into account ventilatory equivalents in the range of 14 to 28, but they also
stated that the usual limits used are 15 to 30.
Oxygen consumption
In a review of oxygen consumption limits of divers Morrison and Reimers (6)
discussed the fact that in contrast to exercising at surface where the limiting factors
are probably circulatory, and VO2 max is reached only at extremely vigorous
exercise, at hyperbaric pressure oxygen consumption seems to be limited by
ventilatory restrictions caused by gas density and the breathing apparatus. They
concluded that work rates of 3.0 to 4.0 L/min could only be maintained for a
couple of minutes. An oxygen uptake of 3.0 L/min could be maintained by a
physically fit diver for about 10 minutes, but for continuous/long-term exercise, a
workload corresponding to a VO2 of 2.0 L/min is not likely to be exceeded. Ray,
Pendergast and Lundgren (21) found that when testing 9 males the maximal
oxygen consumption was 2.7±0.5 L/min when fin swimming at surface. When
swimming at 70% of their maximum individual effort at 2.67 ATA against a harness
they lasted about 20 to 60 minutes. As for the respiratory variables the divers
exhibited baseline, resting state values for minute ventilation of about 10 to 18
L/min (Vt 1.0 to 1.8 L, respiratory frequency (Rf) 7 to 15 /min) and at the end of
their endurance had a minute ventilation of 30 to 63 L/min (Vt 1.7 to 3.2 L, Rf 11 to
27/min).
Testing parameters
Subsequently Morrison and Reimers (6) proceeded to propose a testing standard
for underwater breathing apparatuses.
They suggested limits for minute
ventilations ranging from 15 to 75 L/min, tidal volumes from 1 to 2.5 liters, and
respiratory frequencies from 15 to 30 /min. In the manual of US Navy unmanned
test methods and performance goals for under water breathing apparatus (22) tests
are performed ranging from respiratory minute ventilations of 22.5 to 90 L/min
with tidal volumes varying from 1.5 to 3.0 liters and breathing frequencies between
15 and 30 /min during oxygen consumptions from 0.9 to 3.6 liters/min. However,
all ventilatory settings give the same ventilatory equivalent of 25. The current
European standard CEN EN14143-2013 (2) tests rebreathers at minute ventilations
from 15 to 75 L/min with tidal volumes from 1.5 to 3.0 liters at breathing
frequencies from 10 to 25 /min, and simulates oxygen consumptions from 0.67 to
3.33 L/min, all giving a constant ventilatory equivalent of about 22.5. However,
demand controlled units shall also be tested using tidal volumes of 1.5 liters,
respiratory frequency of 15 breaths/min, and an oxygen consumption of 0.75
liters/min giving a ventilatory equivalent of 30, and at tidal volumes of 2.5 liters,
respiratory frequencies of 25 breaths/min and with an oxygen consumption of 3.47
liters/min which gives a ventilatory equivalent of 18. This is new to the 2013
standard. (Note that paper I precedes this standard.)
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Aims
The aim of the studies summarized in this thesis was to examine the validity of
previously published oxygen content calculation models for semi closed
rebreathers, as well as to investigate the hypothesis that a compartmentalized
model would result in a better prediction of the oxygen content for both the steady
state and the transitional phases. To do this a new system to carry out unmanned
tests of rebreathers had to be developed and validated. Based on the measurements
obtained with this system and the resulting models a further aim was to try and
find design alterations to increase safety and efficiency of the different rebreathers.

Method
Table 1 and 2 present the testing schedules for the surface and pressure profiles
respectively. Based on the models presented above we assumed that the variables
affecting the inhaled oxygen fraction was the pressure, the oxygen consumption,
the tidal volume, and the ventilatory equivalent. We also wanted one testing
schedule to use for all units regardless of dosage principle to easier allow
comparisons. Based on the discussed testing standards the surface test was
designed to include tidal volumes from 1 up to 3 liters and successive oxygen
consumptions up to 4 l/min, to test the constant flow systems. It should also
include a low ventilation equivalent of 16 to test the demand controlled systems.
The test with the pressure profile was a bit more complex, starting with a quite
common setting of 1 l/min of oxygen consumption, a tidal volume of 1 liter and 20
l/min ventilation. This setting was used first at surface and then throughout the
pressurization and kept for a while after arriving at pressure to study the effect of
the pressurization. This was followed by a decrease of the oxygen consumption to
0.5 l/min first at a low respiratory frequency of 5 /min and a tidal volume of 2 l,
and after that with a small tidal volume of 0.5 l and a respiratory frequency of 20.
After this a high oxygen consumption of 2.5 l/min was tested using a tidal volume
of 3 l and a respiratory frequency of 25 which gives a hyperventilation with a
ventilatory equivalent (Ke) of 30. This was followed by a hypoventilation with a Ke
of 16. Following these extreme ventilations a tidal volume of 1.5 l and a respiratory
frequency of 20/min was used with an oxygen consumption of 1.5 l/min to test a
more common work rate and ventilation. Once this was achieved a breath hold was
tested for 30 seconds. The previous normal settings were then used to allow
recovery of the oxygen fraction.. This was followed by a decrease of the pressure of
10 msw, with a time at this new pressure before returning to the maximum
pressure. Again after stabilization at pressure a depressurization back to surface
was carried out with the same settings (VO2: 1.5 l/min, Ve 30 l/min). These tests
were conducted at different dosage settings and fresh gas fractions used by the
respective systems. For the Viper+ that only delivers pure oxygen at surface only
the pressure profiles was run. The test protocol were similar to those in the sample
testing schedules shown below (table 1 and 2), with only peak pressure being varied
between tests irrespective of peak pressure, at some point during the corse of a
twsst, an excursion was undertaken from the peak pressure to a pressure 100 kPa
less.
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Table 1. Sample testing schedule used for the tests performed at atmospheric pressure

Pressure
[kPa]

𝑽̇𝑶𝟐
[l/min]

100
100
100
100
100
100
100

1.0
1.5
2.0
2.5
3.0
3.5
4.0

Tidal
volume
[l]
1
1.5
2
2.5
2.5
3
2.5

Breathing
frequency
[/min]
20
20
20
20
25
25
25

Table 2. Sample testing schedule used

Pressure 𝑽̇𝑶𝟐
[kPa]
[l/min]
100
100 to
400
400
400
400
400
400
400
400
400
400 to
300
300
300 to
400
400
400 to
100
100
100

Ventilation
equivalent
RMV/𝑽̇𝑶𝟐 , Ke
20
20
20
20
21
21
16

for tests performed at hyperbaric pressure

1
1

Tidal
volume
[l]
1
1

Breathing
frequency
[/min]
20
20

Ventilation
equivalent
RMV/𝑽̇𝑶𝟐 , Ke
20
20

1
0.5
0.5
2.5
3
1.5
1.5
1.5
1.5

1
2
0.5
3
2.5
1.5
0
1.5
1.5

20
5
20
25
19
20
0
20
20

20
20
20
30
16
20
0
20
20

1.5
1.5

1.5
1.5

20
20

20
20

1.5
1.5

1.5
1.5

20
20

20
20

1.5
1

1.5
1

20
20

20
20
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The ventilation was created with a breathing simulator (AUT, Chalmers,
Göteborg, Sweden) and the oxygen consumption was accomplished by a custom
made metabolic simulator (30). The set up was as shown in Figure 7.

Figure 7: Schematic overview of the metabolic simulator and the breathing simulator set up. The
metabolic simulator is connected to the breathing simulator via the FRC volume. In the lower part
of the drawing it is shown where the rebreather is connected. During the tests, this part of the set up
was positioned in a compartment of the hyperbaric chamber that was water filled so that the
rebreather was completely immersed in water.

The test method is described in detail in Paper II “A metabolic simulator for
unmanned testing of breathing apparatuses in hyperbaric conditions”. The basic
idea behind the metabolism simulator is that by mimicking the metabolism of a
human the combined system (breathing simulator and metabolic simulator) would
be able to simulate the human respiration. Since the byproducts of human
metabolism are CO2 and water the combustion of hydrocarbons seems to be a valid
choice for the metabolic simulator. The respiratory exchange ratio (R) is the ratio of
carbon dioxide output to oxygen uptake (𝑉̇𝐶𝑜2 /𝑉𝑜̇ 2 ). In a steady state this is identical
to the metabolism at cellular level, otherwise known as the respiratory quotient
(RQ) (23). In the complete combustion of hydrocarbons with oxygen, carbon
dioxide and water is produced with the relationship of the reaction looking as
follows:
𝑚
𝑚
Rx No. 1: 𝐶𝑛 𝐻𝑚 + (𝑛 + 4 ) 𝑂2 → 𝑛𝐶𝑂2 + 2 𝐻2 𝑂
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For calculating the respiratory quotient of carbohydrate combustion:
𝑛𝑢𝑚𝑏𝑒𝑟 𝐶𝑂
𝑛
4∗𝑛
Rx No. 2: 𝑅𝑄𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑂 2 = 𝑚 = 4∗𝑛+𝑚
2

𝑛+

4

During steady state, RQ reflects substrate utilization in man, with values ranging
from 0.71 to 1.0. An increasing RQ-value reflects a transition from fat to
carbohydrate utilization (23). Because of the substrate-dependent variations in
human respiratory exchange ratios, it is favorable to choose a fuel for the metabolic
simulator that produces an RQ corresponding to a value in the lower end of the
physiological range and then add extra carbon dioxide for the simulation of higher
respiratory ratios, and thus be able to test the complete range of the human
variability.
Choice of fuel
Solid fuels were disregarded because of the problems of metering the fuel into
the pressure chamber. As regards liquid fuels, there are two difficulties; first the
catalytic combustion reaction is presumed to occur in the gas phase, and the use of
a liquid fuel can make it hard to ensure that the fuel is completely evaporated and
mixed uniformly with the other gases,seondly it has been reported that a liquid fuel
would demand a high-precision pump to accurately meter the required fuel amount
to be injected. At a basic metabolism (300 ml O2/min) the fuel flow would require
an injection rate of liquid ethanol of about 0.26 ml/min (24). This would have to be
conducted with sufficient accuracy while overcoming a downstream pressure that
may exceed 700 kPa depending on the dive profile. Even though it has been
reported that the practical problems associated with using liquid fuels can be
solved (25), these problems lead us to choose a gaseous fuel. Because of this and
since the critical reaction is presumed to occur in the gas phase, it is important that
the fuel is vaporized. Thus, the maximum operating pressure of the metabolism
simulator is determined by the vapor pressure of the fuel.
Apart from the requirement that the fuel must be in a gas phase at the intended
ambient pressure, it should also have limited toxicity. In addition, the mixing
relations of oxygen and fuel that give rise to an explosive mixture should be as
narrow as possible. The fuel should also have a reasonable ignition temperature.
Cost and availability also need to be taken into consideration when deciding on a
fuel. Thus, considering possible fuels primarily on the basis of vapor pressure, the
simplest fuel with the highest vapor pressure would be hydrogen, but it has an
unfavorable large explosive limit window of 4.7-93.9% in oxygen and is technically
difficult to use, in that it is a small molecule that easily leaks through non-tight
seals and even diffuses through some materials (26).
Several other gases with high vapor pressure such as methane, acetylene, ethene
are characterized either by too high ignition temperature (methane, ethene) and/or
too wide explosive window (acetylene, ethene) to be considered.
For propene, C3H6, the vapor pressure is 1.0 MPa and the ignition temperature is
in the 200- 300°C range. It has limited explosivity window, which in air is in the
concentration range 2.0-11.1% and in oxygen in the range 2.1-52.2%. Furthermore,
the respiratory ratio of the reaction is 0.67, which makes propene suitable for the
simulation of the lower end of human respiratory ratio (23). With carbon dioxide
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addition, higher respiratory ratios can also be achieved, and thus it is possible to
simulate the full range of respiratory ratios of man. Propane, C3H8, has a lower
vapor pressure, 850 kPa, than propene at room temperature and a lower
respiratory quotient, 0.6, making it less suitable than propene. Thus, propene
became the choice fuel for the metabolic simulator.
Propene has limited toxicity with a hygienic level of 900 mg /m3 or 500 ppm for
an 8h working day according to the Swedish work environment authority (27). The
chemical formula is C3H6 with a molecular mass of 42.1 and a gas density at 15˚C
and 1 atm of 1.78 kg/m3. The boiling point at 100 kPa is 47.7 °C and the selfignition temperature in air is 480˚C. Mixes of propene, air and nitrogen are not
ignitable if the oxygen fraction is below 11.5 % (28). In pipes with a diameter less
than 5 cm, heliox and ethene mixes has the same or higher flammability limits than
air and ethene mixes (29) and since propene has a lower reactivity it is reasonable
to believe that this is true for propene as well.
Temperature in the catalyst
Calculations regarding the process parameters were done in order to ensure that
the catalyst would not overheat. The calculation assumes that the gases behave as
ideal gases and that the catalyst is perfectly isolated. The process would then
become an adiabatic steady state steady flow, i.e. no heat is leaving the fluid in the
process and the process parameters are steady. The reaction formula for propene
combustion is:
Rx No. 3:

2C3H6 + 9O2 =>6 CO2 + 6H2O

In the metabolic simulator the fuel is mixed with the gas mixture drawn from the
FRC by the blower, so in this case, apart from the reactants of Rx No. 3 (oxygen and
propene), there will also be other gases present such as nitrogen, helium, any
excess oxygen, and water vapor. There will also be carbon dioxide both from the
fuel mix if added there, and likely CO2 returned from the FRC volume. Adding this
to the reaction formula No. 3 , where, dependent on the flow of the blower, ‘n’
moles of the diluent gas is added and ‘m’ moles of carbon dioxide is added either
together with the propene gas or from retained CO2 in the FRC. The propene is
mixed with CO2 for two reasons; the respiratory quotient of propene combustion is
0.67, which is close to the lower end of human RQ, and by adding CO2 to the
propene the RQ can be set higher mor like the human RQ on a mixed diet. Addition
of CO2 to propene also increases the vapor pressure of the mix, thus increasing the
possible test depth.
The formula thus becomes (where DG is diluent gas):
Rx No. 4: nDG +mCO2 +2C3H6 +9 O2 =>(6+m)CO2 + 6H2O+ nDG+ Heat
The most common diluent gases in diving are nitrogen and helium or a mix of
these gases with added oxygen. Since oxygen has a higher heat capacity than
nitrogen and helium the highest temperature is reached with the lowest possible
oxygen content. From the reaction formula it can be deduced that, the lowest
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possible oxygen content, i.e. the stoichiometric amount, is 4.5 times the propene
gas fraction. Carbon dioxide is mixed with the propene gas in a ratio of 1.5 times
the molar concentration of propene to get the wanted respiratory quotient of 1.0 for
the reaction. If the propene gas fraction is set to ‘x’ it can then be seen that the
resulting diluent gas fraction (DG) can be found by subtracting these fractions from
the total:
DG =1-(1x+4.5x+1.5x).
Carbon dioxide and water vapor have higher heat capacities than nitrogen and
helium. Thus, to calculate the highest possible temperature in the catalyst, the gas
entering it is assumed to have the lowest possible amount of carbon dioxide and
water vapor, which is usually close to zero at the start of a run. All the gases in Rx
no. 4 can then be expressed in terms of the propene gas fraction, independent of
pressure. If the propene gas fraction is set to “x” this results in reaction formula 5:
Rx no. 5
(1-7x)DG +(1.5x)CO2 +xC3H6 +(4.5x)O2 =>( 1,5x+3x)CO2 +(3x)H2O+ (1-7x)DG
At a constant temperature, the enthalpies of reactants and the products are the
same giving Hr500k – Hpt=0
The ignition temperature for propene in catalytic combustion is between 473
and 573 K. For the ease of calculation of the produced heat, the temperature is set
to 500K for the reaction. The pressures are also assumed to be constant. The heat
of combustion is defined as the difference in enthalpy of the products and the
enthalpy of the reactants for complete combustion at a given temperature and
pressure. This gives:
ℎ̅𝑅𝑃 = 𝐻𝑃 − 𝐻𝑅 = ∑ 𝑛𝑒 ∙ (ℎ̅𝑓𝑜 + ∆ℎ̅) − ∑ 𝑛𝑖 ∙ (ℎ̅𝑓𝑜 + ∆ℎ̅)
𝑒

𝑃

𝑖

𝑅

ℎ̅𝑓𝑜

Where h̅RP is the heat of combustion,
is the enthalpy of formation at 25 °C
and 0.1 MPa. ∆ℎ is the difference in enthalpy at a given state compared to the
enthalpy at 25°C and 0.1 MPa. 𝑛𝑒 and 𝑛𝑖 are the number of moles in the reaction
formula.
̅
ℎ̅𝑅 500 𝐾 = (ℎ̅𝑓𝑜 + 𝐶𝑝,𝑎𝑣𝑒𝑟𝑔
∆𝑇)

𝐶3 𝐻6

+ 𝑛𝑂2 (∆ℎ)𝑂2

̅
𝐶𝑝,𝑎𝑣𝑒𝑟𝑔
is the average of the specific heat capacity at constant pressure between
298 and 500 K and ∆𝑇 is the temperature difference.
By inserting the enthalpy differences, found with insertion of the temperature, the
reaction temperature can be estimated, see Fig 8.
With only stoichiometric amounts of oxygen and negligible amounts of carbon
dioxide and water vapor the highest temperatures are achieved. For aspect of
completeness, the reaction heat using a gas with oxygen as diluent gas, a high
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carbon dioxide partial pressure of 10 kPa, and fully water saturated at 40 ̊C at
surface pressure (101,3 kPa) was also calculated. This gas mix will have the highest
possible heat capacity and thus give rise to the lowest temperature situation. As
can be seen in figure 8 the real measurements are clearly lower, probably owing to
heat losses due to less than ideal insulation.
1500
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Oxygen with CO2 and water vapour
High temperture cut off
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Figur 8. Calculated reaction steady state temperatures in an insulated adiabatic steady flow
reactor. The black and grey lines represent situations with heliox and nitrox background gases
respectively, with only stoichiometric amounts of oxygen and with no added carbon dioxide or water
vapor. The light grey line represents the calculation for oxygen with 10 kPa of carbon dioxide and
fully water saturated gas at surface. The first two cases are thought to represent the highest
foreseeable temperatures and the last case the lowest temperature in a fully isolated adiabatic
system. The highest recommended temperature for the catalyst is 1173 K and this is represented as
the dashed horizontal line. In previous work the temperature at atmospheric pressure with air and
only propene as fuel has been reported (30).

For complete combustion the oxygen fraction has to be at least 4.5 times the
propene gas fraction and thus to conduct experiments with a 1% oxygen fraction in
the breathing gas the propene gas fraction needs to be below 0.22%. With the
upper limit of 2.0% for an explosive mixture and a maximum allowable
temperature of 1173K a convenient safety margin would be to not go beyond 1.2 %
propene gas.
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Relative humidity
Calculation of the relative humidity of the outlet gas, assuming that the water
vapor is behaving as an ideal gas can be made according to the following equation:
𝑅̅ ∙ 𝑇 ∙ 𝑁
𝑉
where 𝑅̅ is the universal gas constant, 8.314 [L*kPa / mol*K], T is the absolute
temperature in Kelvin, Pw is the partial pressure of water vapor in kPa. V is the
volume, expressed as the molar volume of an ideal gas at temperature T and
ambient pressure (24.876 liters at 30 ̊C and 101.325kPa) of the number of moles
made up from the reaction products. From reaction formula no. 3 it can be seen
that the number of moles are (0.5*x+1). N is the number of moles of water in the
mixture. If the inlet gas is assumed to be dry, the water comes from the reaction
and the number of moles can in accordance with the reaction formula no. 3 above,
be found to be 3*x.
𝑃𝑤 =

The relative humidity can be expressed as:
ɸ=

𝑃𝑤
𝑃𝑔

where Pg is the saturated pressure for water vapor at temperature T in air at 101.325
kPa.
Assuming that the gas has a temperature of 30˚C, and Pg is 4,246 kPa, then the
relative humidity derived from the combustion unit at different propene fractions is
shown in Table 3.
Table 3: Relative humidity in gas from the metabolic simulator as a function of the propene gas
fraction if the inlet is dry.

Propene
fraction
[%]
0.20
0.40
0.60
0.80
1.00
1.20
1.30
1.40

Relative
Humidity
[%]
14
29
43
57
71
85
92
100

Calculation volume weighted average
The signals from the breathing simulator and the pressure from the chamber as
well as the signal from the propene mass flow regulator were recorded. These
signals are electrical signals and recorded almost instantaneously with the events.
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The gas sample was drawn from a rubber funnel connected to the mouthpiece. The
gas then flowed through a capillary going through the chamber wall to a mass
spectrometer, where the gas concentrations were measured. From there they were
collected together with the other measured signals into a Biopac data acquisition
unit using the software AqKnowledge at a sampling rate of 100 Hz. The gas
concentration curves had to be aligned with the other signals, to make it possible to
calculate both time- and volume- weighted gas fractions. The start and stop of the
inhalation was identified on the sinus signal from the breathing simulator by
finding the time when the derivative was zero. Start and stop was identified by the
sign of the derivative after the zero position. Since the area of the piston in the
breathing simulator is known and the dead space in the tested rebreather was
measured, one can determine the point on the breathing simulator sinus wave
where the dead space has been ventilated. The time difference between the start of
inhalation and end of dead space ventilation is recorded. If there would be no
mixing between the dead space gas and the alveolar/metsim gas then the time
point where the dead space gas ends would show a step change on the gas
concentration curves. If we assume mixing, the point where the dead space ends
would be where one would observe the steepest change of the gas fraction. From
the steepest point the time measured as the dead space ventilation time is stepped
backwards on the gas fraction curve. This new point is then the start of inhalation,
and the two curves, gas fraction and breathing simulator curve, can then be
aligned. The start and stop of the inhalation on the gas concentration curves can
thus be identified, see Fig 9. To calculate the time-weighted average in the
inspiration, one then averages the values between the start and stop of the
inhalation. To calculate the volume-weighted average, the gas concentration in
every point is multiplied with the flow in each corresponding point on the
breathing simulator curve, and then multiplied with the time between each point
(0.01 s) to give the volume of gas in that point. These values are subsequently
summed up over the whole inhalation to give the volume of that gas in the
inhalation. This is then divided by the total integrated volume over the inhalation
on the breathing simulator curve i.e. the tidal volume, to give the volume-weighted
average inspired gas concentration.

24

Figure 9: A graphic representation of how the alignment of the breathing simulator volume and the
gas concentration readouts are done in order to be able to calculate the volume weighted inspired
gas concentration.
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Results
A diving accident (Paper I)
In Paper I (Investigation of a demand-controlled rebreather in connection with a
diving accident) the importance of estimating the inhaled oxygen content with
sufficient accuracy when using semi-closed rebreathers is shown. Using the
metabolic simulator some of the conditions during the accidental dive could be
recreated, and the oxygen levels in the inspired gas from the dive apparatus could
be measured. The results showed a consistently lower oxygen concentration than
expected according to Tab. 4. This table predicts the reduction in oxygen fraction
from the fresh gas to the inhaled gas. The diver had according to his own
statements used a similar table to calculate his decompression obligation. The
impact of the erroneous estimation of the inspired oxygen fraction resulted in 15 to
18 minutes of missed decompression, and was probably one of the causes of the
decompression sickness the diver suffered. As could be seen in Fig 10 the two
models used to calculate the oxygen fractions predicted the measured values well.
The model by Nuckols et al. (8) consistently underestimated the measurements
while Morrison’s et al. (6) overestimated most of the measurements. The difference
between the two models is due to the thermal compensation where Nuckols et al.
(8) compensates for the fact that the ventilation is expressed in BTPS and the
oxygen consumption is expressed in STPD. The measurements, however, did not
seem to favor either model. We have not been able to identify the original
background for Table 4, but it highlights the need to do proper testing of a system
since every system has its unique traits.
Table 4. The oxygen fraction vs. depth table as published in Mastering Rebreathers, “Common
reduction in oxygen percentage from supply cylinder to inhaled gas supply” (7). Note that the depth
conversions from feet to msw are erroneous and from the original document.

Depth
Feet
(meters)
20 (6)
30 (10)
40 (13)
50 (16)
60 (20)
70 (23)
80 (26)

Inspired
FiO2
Drop %
7%
6%
5%
4%
4%
3%
2%
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Figure 10. Measured and calculated oxygen fractions at different ventilatory and pressure
conditions. Figure 4 from investigation of a demand-controlled rebreather in connection with a
diving accident (Paper I).

The metabolic simulator (Paper II)
In Paper II “A metabolic simulator for unmanned testing of breathing
apparatuses in hyperbaric conditions” it was shown that a catalytically based
metabolic simulator can safely and reliably simulate variations in respiratory
functions that could have an impact on the performance of rebreathers. The
metabolic simulator was placed in a pressure chamber and connected to a
breathing simulator as described in Methods and Paper II. Oxygen from the
surrounding air was metabolized by catalytic oxidation of propene. The expected
end-tidal oxygen values were calculated using a model presented in Paper II. As can
be seen in Fig. 11, the calculated end-tidal oxygen fraction traced the measurements
well, the mean absolute difference was 0.29%-units.
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Figure 11. Measurement of the end-tidal oxygen concentration vs calculated end-tidal
concentration when running the metabolic simualtor against air in a pressure chamber.

As can be seen in Figure 12 also in a breath-by-breath view the oxygram and
capnogram look very physiological, with all three phases of the capnogram clearly
present; first a near zero baseline then a quick rise followed by a slight phase three
incline to the end tidal fraction, and finally a quick return to base line.
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Figure 12. The oxygram and capnogram from the metabolic simulator at 400 kPa with a tidal
volume of 1.5 l, respiratory frequency of 20 breaths per minute, and an oxygen consumption of 1.5
l/min.

It was further shown that a premixed admixture of carbon dioxide in the
propene fuel had a number of advantages over a separate carbon dioxide injection.
It increased the condensation pressure of the fuel mix, thereby increasing the
maximum test depth. Since the combustion of propene has an RQ of 0.67, mixing it
with CO2 makes it possible to set any RQ within the physiological range of 0.7 to
1.0. The RQ will also be accurate to the precision of the mixing and stable over the
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tests without the need to spend extra attention to control this variable. It also
simplifies the equipment by eliminating a separate gas mass injection regulator and
controller for the CO2.
From Papers III and IV “Measurement and modeling of oxygen content in a
demand mass ratio injection rebreather” and “Modeling a demand constant volume
ratio exhaust and a self-mixing constant oxygen injection semi-closed rebreather”
three rebreathing apparatuses for underwater use were tested with the metabolic
simulator. These results were then compared to one single-compartment model
and one multi-compartment model in an effort to try to get a deeper understanding
of the dosage mechanisms and the factors influencing the inhaled oxygen fractions.
Demand Mass Ratio Injection rebreather (Paper III)
Comparison between measurements of the surface run with 30% dosage ratio
with the IS-Mix and the single compartment model yielded a root mean squared
error (RMSE) of 2.4%, but for all other runs the RMSE was below 1% unit. For the
multi-compartment model the RMSE was below 0.7 %-units for the surface tests
and below 0.9%-unit for all tests (Fig 13). These values do not include the
measurements with 0.5 l tidal volumes. With the tidal volume only slightly larger
than the dead space the predictions of the multi-compartment model tended
towards end-tidal oxygen values, while the mass-spectrometer capillary was
exposed to gas mostly composed of fresh gas and very little expired gas. Since the
single compartment model does not take the dead space into account this effect is
not seen in calculations with that model. Apart from the measurements with the
smallest tidal volume where dead space has a relatively larger impact, the single
compartment model tended to underestimate the measurements, and show slightly
lower oxygen values than the multi-compartment model.
Single-compartment Model

Multi-compartment Model
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Figure 13. Root mean squared error (RMSE) for comparisons between IS-Mix measurements vs
the single-and multi-compartment models, respectively. The IS-Mix has a Demand Mass Ratio
Injection dosage system.
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In the original single compartment model by Nuckols et. al. (8) the gas supply is
thermally compensated to the loop temperature; we, however, believe that this gas
is supplied at a lower temperature than the loop temperature due to the gas
expansion in the dosage regulator that causes a temperature decrease. Apart from
this the key factors influencing the single-compartment model are the oxygen
fraction in the supply gas, the dosage ratio, and the ventilation equivalent of the
diver. It is evident from the multi-compartment model that the tidal volume the
dead space and the volume of the inhalation hose also play significant role. The
interaction between the inhalation hose volume, the dosage volume, and the tidal
volume is rather straightforward. A dosage ratio of e.g. 30% of the tidal volume will
at surface generate a dosage bolus of 0.3 l given a tidal volume of one liter. With an
inhalation hose of 0.65 l the dosage volume is smaller than the inhalation hose, and
the whole bolus can be inhaled in the next breath. However, if one instead assumes
a tidal volume of 3 l the injected bolus will be 0.9 l, and the inhalation hose is
smaller than the bolus, leading to 0.25 l being pushed over to the exhalation side
(Fig 14). Since this push-over of gas will be more pronounced with the larger
dosage ratios, it is expected that the biggest difference between the multi-and the
single-compartment model will be seen at surface with the small dosage ratio.
If the push over with large dosage ratios at the surface could be eliminated, with
the 100% dosage ratio the unit could be used with an oxygen fraction that is as
close to the hypoxic limit as an open circuit system. As the unit would then start to
recirculate the gas more as the pressure increases, such a device could be used to a
greater depth than an open circuit system.

Figure 14. Schematic drawing to illustrate the oxygen dosage in the IS-Mix. With small tidal
volumes and small dosage ratios and at pressure, the fresh gas bolus will be kept in the inhalations
hose. With large dosage ratios and tidal volumes at surface the fresh gas bolus will be pushed over to
the exhalation side.
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Demand Constant Volume Ratio Exhaust (Paper IV)
For the CRABE the single compartment model had a RMSE of 2.7 to 0.8 %-units
for the tested conditions. It should be noted that the two largest errors (with 32.5%
and 23% oxygen at 100 kPa) occurred in the Constant Mass Injection mode and will
be dealt with in the next chapter. For the multi-compartment model the RMSE was
between 1.2 and 0.6 %-units for all tests (Fig. 15). Just as for the IS-Mix these
values have been calculated excluding the situation with 0.5 l tidal volume for the
same reason as mentioned above.
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Figure 15. Root mean squared error (RMSE) for the CRABE measurements vs the single-and
multi-compartment models. The CRABE is a Demand Constant Volume Ratio Exhaust Rebreather.

The key factors for the single-compartment model is as above the oxygen
fraction in the supply gas, and the dosage ratio, in this case described as the ratio
between the diameter of the inner and outer bellows d2/D2. Also respiratory
minute volume and oxygen consumption play roles. However, when looking closer
at the steady state term of the equation by Nuckols et al. (8) Eq 5
Eq 5.
1.135 ∙ [𝐹𝑚𝑖𝑥 ∙
𝐹𝑂2 =

𝑑2
1
∙ 𝑅𝑀𝑉 ∙ 𝑃 ∙ (
) + 𝐹𝑚𝑖𝑥 ∙ 𝑉𝑜̇ 2 − 𝑉𝑜̇ 2 ]
1.135
𝐷2
𝑑2
∙ 𝑅𝑀𝑉 ∙ 𝑃
𝐷2

and remembering that the definition of the ventilatory equivalent is RMV/𝑉𝑜̇ 2 it
was seen that one could substitute RMV with Ke VO2 and subsequently break out
𝑉𝑜̇ 2 from every term leaving equation 8.
Eq 8.
𝑑2
∙ 𝐾 ∙ 𝑃 ∙ +𝐹𝑚𝑖𝑥 − 1]
𝐷2 𝑒
𝑑2
∙𝐾 ∙𝑃
𝐷2 𝑒

1.135 ∙ [𝐹𝑚𝑖𝑥 ∙
𝐹𝑂2 =
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Hence, the steady state oxygen fraction dependence on the minute ventilation
and the oxygen consumption is really a dependence on the ventilatory equivalent.
Looking at the multi-compartment model also the tidal volume and the dead space
volume are important. Here again, as with oxygen consumption and minute
ventilation, it is probably the ratio of tidal volume to dead space volume that is the
influencing factor, effectively reducing the impact of dead space with increasing
tidal volume.
An interesting phenomenon of the Demand Constant Volume Ratio Exhaust is
that since the dosage function is such that fresh gas is replacing exhausted volume
to make up the tidal volume, the gas volume expansion from any normal ascent
speed is larger than the exhausted gas volume from the dosage mechanism. Thus,
no fresh gas addition will occur during the ascent. A way of trying to eliminate this
problem would be to change the dosage mechanism around by exchanging the
exhaust valve with a demand regulator and changing the direction of the check
valve. In this design the inner bellow would fill with fresh gas as the outer bellows
rise during exhalation. During inhalation this gas could be directed directly into the
inhalation hose to make sure that as much as possible reached the diver, and even
during ascent this system would add fresh gas to the inhalation.
Premixed Constant Mass injection and Self-Mixing Constant Oxygen
Injection (Paper IV)
In order to try to avoid hypoxia at surface with the leaner oxygen mixes the
CRABE unit can be equipped with a mass flow valve and a hydrostatic valve. The
function is such that the mass flow orifice, in this case providing a constant flow of
18 L/min, will be active from surface down to about 25 msw, where it will shut off
and the fresh gas dosage will be taken over by the DCVRE system. The CMF valve
will then be activated again once the depth of the dive is shallower than 25 msw. As
mentioned before, the RMSE for this mode for the single-compartment model was
2.7 and 2.5 %-units with 32.5% and 23% oxygen, respectively, while it was 0.9 and
0.7 %-units for the multi-compartment model (Fig 15).
While the other semi-closed rebreather technologies are trying to uphold a
constant oxygen fraction in the breathing loop, the Self-Mixing Constant Oxygen
Injection Rebreather rather strives to keep a constant oxygen partial pressure,
therefore the Viper+ data is reported as partial pressures in kPa. For the Viper+ the
single compartment model had a RMSE of 11 to 24 kPa for the tested conditions.
Similarly for the multi-compartment model the RMSE was between 11 and 16 kPa
for the tested conditions. See Fig 16.
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Figure 16. Root mean squared error (RMSE) for the Viper+ measurements vs the single-and multicompartment models. The Viper+ is a Self-Mixing Constant Oxygen Injection Rebreather.

Looking at the single-compartment model for the two dosage systems, the
Premixed Constant Mass Injection and the Self-Mixing Constant Oxygen Injection,
three main factors affecting the oxygen level in steady state is; the oxygen
consumption, the total gas mix flow, and the oxygen fraction for the premixed
system and the oxygen flow for the self-mixing system. When looking at the multicompartment model it is evident that also the dead space, the tidal volume, and the
minute ventilation play roles, where the tidal volume and minute ventilation effects
are related to their relative sizes as compared to the dead space, i.e. the dead space
ventilation as compared to the alveolar ventilation. Another aspect of the two
apparatuses that is revealed by the multi-compartment model is the effect of the
positioning of the fresh gas addition. In the CRABE the fresh gas is added in the
bellows that also expels gas, whereas the fresh gas in the Viper+ is added in the
scrubber after the gas expelling bellows. This difference does not seem to have a
dramatic effect at depth, as the fresh gas flow there is small compared to the
ventilation. However, at surface it can have a marked effect. For instance when
considering the constant flow of 18 L/min of 23% oxygen mix injected into the
CRABE, the device reaches the hypoxic limit of about 15 kPa at an oxygen
consumption of about 1 L/min, but if the injection point for the fresh gas would be
moved to the inhalation hose so that all injected gas would be inhaled, this level of
inspired oxygen would be reached first at a much higher oxygen consumption of
about 2- to 2.5 L/min.
Since the self-mixing constant oxygen injection is trying to uphold a quasisteady state oxygen partial pressure at all depths the oxygen pressure will during
descent be increased substantially. During our tests the oxygen partial pressure
spiked up to as high as 285 kPa. This can be counteracted in two ways: either by
bypassing during the descent and upon reaching the bottom, with a gas leaner in
oxygen fraction than the original fresh gas, or by incorporating an accumulator
vessel to handle the oxygen flow. The advantage of the accumulator is that it would
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release the oxygen back during ascent, when the oxygen pressure would otherwise
fall, and this would be automatic. According to our calculations, incorporation of a
2 l accumulator would reduce the oxygen spike to 190 kPa during these tests.
Another interesting aspect is that an increase of the flow of oxygen from 3.7 to 4.4
L/min would increase the steady state oxygen partial pressure used in the
decompression calculation from 100 kPa to 130 kPa. This could reduce the
decompression time as well as the need for turning the diluent gas flow off at 9
msw and thereby reduce the central oxygen toxicity percentage substantially (eg.
from 3077 CNS% to 84 CNS% in the example presented in Paper IV).
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Discussion
The present studies demonstrate that a compartmentalized model can be used to
calculate the oxygen fraction in the inhaled gas in semi-closed rebreathers. Such a
model also makes it possible to evaluate the effects of different aspects of a
rebreather that traditional models do not allow for, as for instance the impact of the
mouth piece dead space and the impact of carbon dioxide breakthrough in the
scrubber. Paper I highlights the importance of proper testing of breathing
apparatuses, as these are complex systems. Errors in the understanding of the
performance of the apparatus, as shown in Paper I, can cause injury or even be
fatal. All underwater breathing systems have complex interactions between the
diver and the breathing apparatus, but where the open circuit has a fixed gas
oxygen fraction in the cylinder and the sensor-controlled closed circuit has the
oxygen content determined by the oxygen sensor and the control circuit, the oxygen
content in the semi-closed system is determined by a more complex interaction
between both the mechanical aspects of the gas dosage system and the rebreather
and between the diver and the apparatus. The diver is influenced by such
characteristics of the rebreather as work of breathing, elastic properties of the
breathing bellows, gas density and dead space as well as the oxygen content in
terms of hypoxia/hyperoxia. The diver’s ventilation in turn has an effect on the
oxygen content. This is mainly true for the demand type systems but also for the
constant flow type systems there is a complex interaction between the oxygen
consumption, the tidal volume, dead space and the fresh gas injection point.
With the metabolic simulator presented in Paper II, we have developed a testing
system that is easy to use and that is able to test breathing apparatuses under
hyperbaric conditions. By developing a testing system for these systems we are
trying to help avoid such accidents as described in Paper I.
Gas utilization
As previously pointed out, the position in the breathing circuit where the fresh
gas is injected has an effect on the inhaled oxygen fraction. This effect was seen in
the measurements and taken into account by the multi-compartment model but
not by the single-compartment models. Since the effect is largest at surface and
diminishes with pressure the difference between the multi- and singlecompartment models was most prominent at surface. In the following discussion
an attempt is made to modify the single-compartment models so that this aspect
also can be included in those models.
If we assume that the fresh gas is added and mixed in a breathing bellows where
both the inspired gas is drawn from and the exhaust valve is placed, then the
relative amount of fresh gas that is directed towards the inspiration will be:

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛ℎ𝑎𝑙𝑒𝑑 𝑓𝑟𝑒𝑠ℎ 𝑔𝑎𝑠 =
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𝑅𝑀𝑉
𝑓𝑟𝑒𝑠ℎ 𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 + 𝑅𝑀𝑉 − 𝑉𝑜̇ 2

For this equation to hold true a steady state situation with a complete and
instantaneous mixing in the bellows has to be assumed, as well as the fact that the
only two ways gas can escape from the bellows are via the inhalation hose and the
exhaust valve. For the further discussion it is also assumed that once the gas leaves
the bellows and enters the inhalation hose there is a plug flow.
If we assume a normal situation at surface with an oxygen consumption of 1.3
L/min, a tidal volume of 1.5 liters, and a respiratory frequency of 19.5 /min, and a
fresh gas flow of 12 L/min, this would result in 73% of the gas drawn into the
inhalation hose. However, if we assume a dead space volume of 0.3 liters, a fifth of
the tidal volume, 20% of the inhaled fresh gas would then be left in the dead space
resulting in only 59% of the fresh gas being inhaled. If we instead assume that the
fresh gas was added to an inhalation bellows without an exhaust dump, only the
part of the gas left in the dead space would not be inhaled, and thus 80% of the
fresh gas would be inhaled. The highest utilization of the fresh gas would occur if
the fresh gas could be injected into a volume that was fully inhaled, and no fresh
gas would end up in the dead space. For the demand type systems this can be
achieved by injecting the fresh gas directly into the inhalation hose, assuming ideal
conditions (i.e. plug flow, no over-shoot from the inhalation hose to the exhalation
hose, etc). For a constant flow type system injecting the gas into the inhalation hose
will not quite achieve a perfect utilization of the fresh gas, but if one assumes the
inhalation and exhalation to be equal in time the inhaled fresh gas utilization could
be 90% (50+50x0.8).
To calculate the steady state effect of positioning of the injection point on the
oxygen percentage in the inhaled gas, we start with the assumptions of the singlecompartment model. Similarly to the assumptions for the single bellows above, the
assumption is that all gases are mixed in one volume to which the fresh gas is
added, from which oxygen is consumed, and from which gas is exhausted.
Morrison and Reimers (6) writes that it is assumed that the gas breathed by the
diver is the same as the gas exhausted. If we assume steady state and inhale gas
from the mixed volume, add fresh gas, and allow oxygen to be consumed, then the
returning gas from the diver must in a steady state situation have the same oxygen
fraction as the bellows gas.
The steady state term for the CMI (same as Eq 1) is:
𝐹𝑂2 =

𝐹𝑚𝑖𝑥 ∙ 𝑄𝑀𝑖𝑥 − 𝑉𝑜̇ 2
𝑄𝑚𝑖𝑥 − 𝑉𝑜̇
2

If we assume that the fresh gas is added to an inhalation bellows, the oxygen
fraction in the inhalation hose is then, disregarding any temperature effects:
𝐹ℎ =

𝐹𝑚𝑖𝑥 ∙ 𝑄𝑀𝑖𝑥 + 𝐹𝑂2 (𝑃 ∙ 𝑅𝑀𝑉 − 𝑄𝑀𝑖𝑥 )
𝑅𝑀𝑉 ∙ 𝑃

Including the dead space, the inspired oxygen fraction then becomes:
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𝐹𝑖𝑛𝑠𝑝𝑖𝑟𝑒𝑑 =

𝐹ℎ ∙ (𝑉𝑡 − 𝑉𝑑 ) + 𝐹𝑒𝑛𝑑𝑡𝑖𝑑𝑎𝑙 ∙ 𝑉𝑑
𝑉𝑡

To find the end tidal fraction we come back to the assumption that in steady
state the expired gas has the same oxygen fraction as the bellows gas, consequently:
𝐹𝑂2 =

𝐹𝑒𝑛𝑑𝑡𝑖𝑑𝑎𝑙 ∙ (𝑉𝑡 − 𝑉𝑑 ) + 𝐹ℎ ∙ 𝑉𝑑
𝑉𝑡

And algebraic manipulation gives the end-tidal fraction as:
𝐹𝑒𝑛𝑑𝑡𝑖𝑑𝑎𝑙 =

𝐹𝑂2 ∙ 𝑉𝑡 − 𝐹ℎ ∙ 𝑉𝑑
(𝑉𝑡 − 𝑉𝑑 )

We can now calculate the steady state oxygen fraction in a CMI rebreather with
the fresh gas injection in the inhalation bellows. A self-mixing constant oxygen flow
system will be calculated the same way, but the oxygen fraction and the resulting
fresh gas flow will be different at different depths.
If we assume that the demand-controlled systems would be able to get all the fresh
gas into the inhaled gas, the solution for the DCVRE, where the pressure has been
shortened out, would be:
𝐹𝑚𝑖𝑥 ∙ 𝐾𝑑 ∙ 𝑉𝑡 + 𝐹𝑂2 ((𝑉𝑡 − 𝑉𝑑 ) − 𝐾𝑑 ∙ 𝑉𝑡 )
𝑉𝑡 − 𝑉𝑑
And for the DCMRI type:
𝐹ℎ =

𝐹ℎ =

𝐹𝑚𝑖𝑥 ∙ 𝐾𝑑 ∙ 𝑉𝑡 + 𝐹𝑂2 (𝑃 ∙ (𝑉𝑡 − 𝑉𝑑 ) − 𝐾𝑑 ∙ 𝑉𝑡 )
𝑃 ∙ (𝑉𝑡 − 𝑉𝑑 )

This can then be inserted in the appropriate equation above to render the
inhaled steady state oxygen fraction, with the two provisos that this equation does
not take the temperature effect into account and that it is assumed that there is no
CO2 present, giving a slight over-estimation of the oxygen fraction in the dead
space.
We can use the rebreather standard tests to compare what the calculated steady
state oxygen fraction would be in the single-compartment model and these
adjusted equations. For the CMI system the toughest test is an oxygen consumption
of 3.33 liters with a tidal volume of 3.0 liters and a frequency of 25 breaths/min. If
we assume a dead space of 0.3 liters and a fresh gas containing 40% oxygen at a
flow of 12 l/min the new equation gives 20.2% oxygen, while the singlecompartment model gives 17.0%. For the demand-controlled units the toughest test
in the standard is a ventilation of 2.5 liters tidal volume and 25 breaths/min at an
oxygen consumption of 3.47 l/min giving a ventilatory equivalent of 18. The new
calculation gives, for a DCVRE apparatus with a dosage ratio of 0.16, an inhaled
oxygen fraction of 20.2%, while the single-compartment gives an oxygen fraction of
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16.4%. Using the same conditions for the DCMRI, but with a dosage ratio of 0.19
the fraction is 19.9% for the new calculation and 15.2% for the single-compartment
model.
Williams (5) makes a comparison between the gas efficiencies of the different
underwater breathing apparatuses. A similar comparison is shown in Table 5.
Table 5. Gas efficiency of different underwater breathing apparatus technologies at 30 msw (400
kPa) is tabulated. Efficiency is defined as oxygen consumed /gas mixture supplied. Also shown are
the oxygen fractions that could arise from the boundary conditions as well as the efficacy and
oxygen fractions at a common work rate. Apart from the boundary conditions the dosage ratio and
fresh gas flows were chosen to give an inhaled fraction of 20% at surface with a fresh gas oxygen
concentration of 40%.

System

Open
Circuit

1
𝐾𝑒∙ 𝑃

18<Ke<30

Efficiency
[%]
variation
range
at 30 msw
0.8 - 1.4

CMI

𝑉̇𝑂2
𝑄𝑚𝑖𝑥

𝑉̇𝑂2

5.6 - 27.8

17.8 - 37.0

10.8

12

5.0 - 8.0

35.0 -37.0

6.5

20

DCVRE

Formula

Conditions

Oxygen
[%]
variation
range at
30 msw
-

Efficiency %
30 msw

1.1

90

VO2 1.3 l/min
Vt 1,5 l
Rf 19.5 /min

Gas
usage
l/min

0.67 - 3.33
l/min

1
18<Ke<30
𝐾𝑒∙ 𝐾𝑑 ∙ 𝑃 + 1 Kd =0.16

DCMRI

1
𝐾𝑒∙ 𝐾𝑑

18<Ke<30
Kd =0.19

17.5 - 29.2

16.4 - 27.8

23.4

5.6

ECCR

𝑉̇𝑂2
𝑄𝑚𝑖𝑥

-

100

-

100

1.3

The boundary conditions chosen obviously affect the outcome of the efficiency
calculations. Williams (5) set the oxygen consumption between 0.25 and 3.0 l/min
and the ventilatory equivalent between 15 – 30. The current European rebreather
standard uses oxygen consumptions between 0.67 and 3.33 l/min, and ventilatory
equivalents between 18 – 30. The new boundaries benefit the demand type systems
in this type of calculation.
Regarding the oxygen fraction spread the DCVRE system has a rather narrow
spread due to its high gas consumption. This, on the other hand, aids in the
decompression calculations (Tab. 5). A diver working at a severe intensity at depth
is probably aware of this and could compensate the decompression profile
appropriately. However, a diver who is on the low side of the ventilatory equivalent
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is often unaware of this. Thus, the DCMRI system would probably gain from
increasing the dosage ratio, compared to the optimum setting in Tab. 5, to get a
narrower oxygen fraction spread. In the IS-Mix, Interspiro uses 30% dosage ratio
(instead of the 19% used in Tab. 5) for diving down to 30 msw. This still gives an
efficiency of 11 to 19%, but a narrower oxygen fraction spread of 27 to 33% with a
gas consumption of 8.8 l/min at 29 l/min ventilation.
Self-Mixing Demand Controlled
Figure 1 (c.f. Introduction) shows a way of classifying semi-closed rebreathers. It
is evident that in that table one square, representing a ventilation dependent, selfmixing system, is empty. In Figure 17 such a system, a demand controlled, selfmixing apparatus has been added. Morrison (31) discusses this type of system but
up to date such a system has not been constructed.

Ventilation
independent

Ventilation
dependent
(Demand
controlled)

Pre-mixed
gas

Self-mixing
system

Constant
Mass
Injection

Self-Mixing
Constant
Oxygen
Injection

Constant
Volume

Self-Mixing
Demand
Controlled

Constant
Mass

Figure 17. This is the same matrix as in figure 1, but now also with the Self-Mixing Demand
Controlled system. This type of system has previously only been theoretically described by Morrison
(31).

If one looks at the properties of a Self-Mixing Constant Oxygen Injection system,
Viper +, there is a constant mass flow of oxygen injected throughout the dive. A
diluent flow of pure inert gas starts at 6 msw that linearly increases with depth to
keep the resulting fresh gas at a partial pressure of about 160 kPa. Of the demandcontrolled systems, the DCMRI systems have the trait that they, dependent on
ventilation, inject a constant mass of gas independent of depth. The DCVRE
systems conversely, dependent on ventilation, expels a constant volume from the
systems with increasing depth.
A machine with a DCVRE bellows system inside the bellows of a DCMRI was
constructed (32). The idea was that much like the constant mass oxygen flow in a
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SMCOI system, the oxygen in the Demand Controlled Self-Mixing system will be
supplied via the dosage of the DCMRI system. In our test rig the standard 46%
nitrox-mix with the 30% demand ratio injection, giving a 6 l/min injection of 46%
nitrox at a ventilation of 20l/min, was used. An exhaust bellows from a DCVRE was
incorporated inside the IS-Mix bellows. In this case the inner bellows volume was
17% of the outer bellows. At surface the exhaust bellows will expel less gas than is
injected by the DCMRI dosage system, but from 8 msw the exhaust bellows starts
to expel a larger gas volume than the DCMRI injection. Thus, at that depth the
bellows volume started to decrease and the valve at the bottom of the bellows was
activated and replenished the difference between the DCMRI injection and the
exhaust valve exhaust. In this case the added gas was pure helium, with the effect
that the unit held the oxygen partial pressure constant from the switch depth and
deeper, as seen in Fig. 18.

Volume ratio gas
dump bellows

DCSC mass
proportional
dosage

]PO2 [kPa/100

2
1.8

Self mixing-demand control

1.6

DCMRI-Premix (DCSC)

1.4
1.2
1
0.8
0.6

DCSC dump valve at
max bellows volume
/ overpressure

0.4
Demand or bellows
position controlled
gas addition

0.2

]Depth [msw

0
0

10

20

30

Figure 18. The constructed Self-Mixing Demand Controlled unit was based on an Interspiro
DCSC system (DCMRI- dosage principle). Connected to the breathing bellows was a smaller exhaust
bellows that exhausted 17% of the exhaled gas. Connected to the exhaust bellows was a demand
valve adding helium when the bellows was depressed all the way to the bottom. Because the DCMRI
injection is larger than the DCVRE exhaust until the switch depth, the only gas in the system is the
nitrox from the DCMRI. But from the switch depth and deeper helium is added so as to keep the
oxygen partial pressure constant as can be seen from the black dots. The dashed line shows what the
oxygen partial pressure would have been if only the DCMRI nitrox would have been injected.

In terms of gas consumption, this unit will have the same gas consumption as a
DCMRI system will have until the switch depth is reached. From that depth and
deeper it will have the same gas consumption as a DCVRE system. The oxygen
partial pressure swing will also be the same as a DCMRI system would have, and
the oxygen fraction will vary with the diver ventilatory equivalent, with the
difference that from the switch depth and deeper the oxygen partial pressure will
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not increase with pressure, but will instead be kept constant and only vary with the
ventilatory equivalent.
Another interesting aspect of this design is that if the fresh gas that is supplied
through the DCMRI system is a nitrox gas and the diluent that is supplied through
the DCVRE is helium, then not only the oxygen partial pressure will be constant,
but also the nitrogen partial pressure will be constant from the switch depth and
deeper. So if one would, for instance, use the standard IS-Mix 30% dosage ratio
together with the 46% nitrox, and use the inner to outer bellows ratio 0f 1/14 from
the CRABE with a helium injecting demand valve, the unit would work as an ISMix from surface to 32 msw. From 32 msw and deeper, however, it would keep an
oxygen partial pressure of about 150 kPa and a nitrogen partial pressure of about
270 kPa with a successive addition of helium at deeper depths. During ascent the
oxygen and nitrox partial pressures would remain constant, with a gradual
reduction of the helium content, until the switch depth was reached.
Future of SCR
When choosing a breathing apparatus there are several aspects to take into
consideration, but as Williams (5) writes “[i]t should be stated that the first
requirement in underwater breathing apparatus is complete reliability and the
second is robustness” … “[h]ence, the sophistication of equipment aimed at
economy of gas, the increase of endurance, reduction of weight etc., must always
take its place after these first two essentials are achieved.”
The semi-closed rebreather is often considered to have a performance
characteristic in-between the robust and simple open circuit systems and the highly
gas and decompression efficient electronic closed circuit apparatuses, ECCR. To
date, the reliability and robustness of ECCRs have been questioned and this is often
why the semi-closed system is chosen. However there are a few other obvious
factors in the comparison between the ECCR and SCR that speaks to the advantage
of the SCR. Most SCR designs are simpler, only needing a single cylinder and
relying on nitrox that can be produced onsite with a membrane compressor.
Together with the signature requirements this has made semi-closed systems
common in the military segment.
The largest bulk of diving is recreational diving in the surface to 30 msw zone.
These dives usually last about 45 minutes, where the times are limited by the
decompression obligation, gas consumption, thermal considerations and the
attention span of the recreational diver. A standard 12 liter, 232 bar cylinder gives
at normal ventilations a 45 minute endurance at about 20 m average depth. With a
cylinder weight of 14 kg the total weight of the open circuit system would be about
20 kg. Even the smallest rebreather is seldom lighter than 20 kg, and even though
it has a much larger endurance, other aspects such as thermal and general interest
considerations set the limit to about 45 minutes. SCRs have been marketed either
as a way to get closer to marine life by not scaring the animals away with bubbles
and noise, as a way to breathe warm moist gas, and as a way to reduce gas
consumption if a diver has larger gas consumption than the dive buddy, e.g. a large
man diving in pair with a petite woman. But so far it seems like most who have
taken the hassle of using a more complex system has gone all the way to an ECCR.
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In the commercial sector shallow and deep dives are usually covered by
umbilical supplied gas. In technical diving where autonomous depth and
endurance capabilities are important, the main choice seems to be the sensor
controlled fully closed rebreather for its gas economy and efficient decompression.
In terms of breathing apparatus, what seems to limit the technical diver today is the
bailout. This is usually an open circuit apparatus because of the simplicity of these
types of systems. But at large depths the gas consumption is large, and the size of
the cylinders needed to provide safety is quickly getting unmanageable. This is true
especially if the dive takes place in an overhead environment, where going
shallower to reduce gas consumption is not possible. In such situations the
increased endurance of a semi-closed rebreather is a large advantage. In
comparison with a closed circuit rebreather the reliability and simplicity of the SCR
also speaks to its advantage. This is already the case with commercial diving as
with for instance the SLS MkIV bailout rebreather by Divex Ltd, Scotland UK. The
capital traits of a bailout unit are as Williams discusses reliability and robustness
(5). However, these units also need to be quick to switch to, and they need to be
small enough to not interfere with the rest of the dive system and the task.
Methodological considerations
One question regarding the metabolic simulator tests is how well they simulate
human respiration. The only conclusive way to test that would be through
comparative tests. However, as was discussed in the results section the end-tidal
oxygen fraction of the metabolic simulator tracked a calculated end-tidal oxygen
fraction to a mean absolute difference of 0.29%-units from surface to 60 msw, and
over a wide range of ventilations and oxygen consumptions, as can be seen in Fig.
11. It was also noted that both from a qualitative and a quantitative point of view
the capnogram and oxygram appear physiological (Fig. 12). However, there are a
few aspects that differ between the simulator and humans. The lung volume is
smaller than the volume of the metabolic simulator, mainly affecting the transient
term. The dead space is also larger in the simulator than in a human, affecting the
end-tidal gases since the “alveolar” ventilation decreases. A human being exposed
to increased CO2 fractions would usually increase his ventilation. The
unresponsiveness of unmanned tests make their interpretation delicate, as one has
to first measure one relevant variable and then inspect the other variables to decide
if their values are reasonable from a human perspective. For instance the breathing
simulator is strong and will keep breathing even with large pressure swings, when a
human probably would try to adopt a breathing strategy with less pressure swings.
Future breathing simulators may well incorporate “intelligence” to allow adaption
of the breathing pattern depending on such variables as inhaled carbon dioxide or
breathing resistance.
Another aspect of the testing is that in the European rebreather standard (2) it
says regarding the measurement of the oxygen content that ”[p]rior to testing the
test house shall decide together with the manufacturer the relevant sampling
point(s) on either the face piece or the inhalation hose from which the sample(s)
shall be taken.“ As has been discussed, the dead space itself will influence the
inhaled oxygen fraction and thus a measurement in the inhalation hose will
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overestimate the inhaled fraction, and depending on where that sampling point is
relative to the fresh gas injection the result can be different.

Conclusions

An error in the estimation of the inhaled oxygen fraction can have detrimental or
even fatal effects on a diver when diving using a rebreathing device. Just calculating
the oxygen fraction based on a series of untested assumptions can prove to be
unwise. Therefore, testing these systems to the boundaries has to be done in order
for their safe use. However, manned testing can be unethical or even dangerous if
carried out to the edge of human/machine performance, and hence unmanned
testing can be an alternative. In order to establish what tests to perform a thorough
understanding of the system is needed. Modeling these types of systems to make
predictions that can be tested is a good tool to use for these types of assessments. It
should also be stressed that each design has its own characteristics, and even
though the basic model for a given subclass of rebreather will give good guidance to
the workings of a particular design, its specifics has to be considered.


We have demonstrated that the catalytically based propene combustion
can safely and reliably be used to simulate respiratory function under
hyperbaric conditions.



We have shown with metabolic simulator tests that the difference
between the inhaled and the supplied oxygen fraction in the RB80 is
larger than proposed by published tables. This finding was also consistent
with previously published models for the calculation of the oxygen
fraction.



We have shown that a multi-compartment model of the oxygen fraction
can be used to assess the relative impact of different engineering designs
and physiological variables in the rebreathers IS-Mix by Interspiro AB,
CRABE by Aqua-lung Ltd and Viper+ by Cobham plc.



We have shown that the inspired oxygen fraction is dependent on where
in the breathing circuit the fresh gas is added.
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