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Abstract

A methodology is developed for the evaluation of the use
of divina technology as the basis for hyperbaric submarine
life support with the goal of reducing the structural
weight fraction incurred with great operating depth.
Atmospheric life support requirements for normobaric and
hyperbaric environments are determined with emphasis on
human respiration and the physiological effects of
pressure.

The first steps of the methodology are applied to three
diving technologies in various stages of development in
order to evaluate the maximum, practical depth achievable
and any additional mission constraints such a life support
system would place on the operation of a submarine. The
diving technologies are (1) mixed gas, saturation diving,
(2) liquid breathing, and (3) extracorporeal membrane
oxygenation.

Mixed gas saturation diving has been employed in
hyperbaric chamber dives to depths in excess of 2000ft;
however, vertical constraint of such a life support system
as a result of decompression effects make this system
unsuitable for the subject application. Both liquid
breathing and extracorporeal membrane oxygenation would
eliminate decompression effects; however, below 600ft,
treatment for high pressure nervous system would result in
a narcotic induced vertical constraint.
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1 Accessing the Ocean Environment

1.1 Motivation

The ocean environment covers over 75% of the earth's surface

and holds a spectrum of resources which i'npact every aspect of

human endeavor. These resources include mineral wealth, energy

and food Droduction, research opportunity in virtually every

scientific discipline, and a vast quantity of potentially

useful space. Further, the oceans offer global communication

and large scale transportation of goods. Ecologically, the

oceans Produce much of the world's suDply of atmospheric

oxygen and provide climatic mediation on a planetary scale.

All of these resources, physical, sociological, and ecological

alike, help provide the impetus which draws humanity into the

ever-widening study and exploitation of the ocean environment.

The ability to study and exploit the resources of the

oceans is dependent upon the ability to enter, survive, and

function in the ocean environment. The design, engineering,

and analysis of structures arid systems which allow groups of

individuals to live and work on and in the ocean, is a major

task of the ocean engineer. As the degree to which humanity's

involvement and dependence upon the ocean environment

increaces, 3o does the demand for systems which operate in

increasingly hostile environments. One major aspect of this is
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the expansion of human activities to greater and greater

depths.

1.2 Method

All of the methods used for gaining access to the ocean

environment fall into one of three categories. The categories

are based upon the degree of personnel e:posure and adaptation

to the environment required by the life support system. For

the purposes of this study the environment may be defined as

elevated pressure. The three categories are defined as (a)

non-exposure, (b) indirect exposure, (c) and direct exposLre.

1 .2. 1 non-exposure

Non-exposure methods encompass surface tended and remote

systems. It is interesting to note that this classification

includes both the simplest and most soph'sticated methods of

accessing the ocean environment at depth. There is no special

requirement for life support based upon the conditions of the

object environment. The life support problem is limited to the

sea surface environment.

In their simplest form, these systems consist of a sampling

device, a cable, and a winch and davit combination. Sampling

devices are placed singly or in series on the cable, lowered

I8



to the desired depth, triggered and recovered. Examples of

sampling devices include messenger triggered water collection

bottles (e.g. Nansen bottles), bottom grabs, camera and strobe

combinations, current meters, sonar arrays, and a large

variety of specialized sensors. The cable may provide support

alone or be combired with rudimentary data ana control

transmission elements.

The most sophisticated form of tne remote/surface methods is

tne remotely operated vehicle (ROV) which is currently the

object of intense engineering development. In essence, the

sampling device has been given propulsion and the operators

have been given real time sensing and control capability

through a video link. In addition the sampling device is often

integrated with a manipulator, giving the operators another

level of control.

The primary advantage of both forms is the ability to

intervene in a hostile environment without exposing the

operators to that environment. The primary aisadvantage is

related to the remoteness of the object environment and the

limitations of the equipment.

Sampling devices and ROV's are extremely specialized pieces

of equipment cach of which is designed for a limited range of

functions. The great variety of ROY's tailored to specific

9



tasks attests to this. Employment flexibility and multiple

parameter monitoring and control equate to high development

and engineering costs, and complex control equipment. Beyond

simple monitoring and sampling functions only the most

standardized and repetitive tasks represent cost effective

employment of the advance.' forms of this technology.

1 .2.2 i'nd i rect exp

Indirect ex:posure methods encomDass vehicles designed to

submerge and carry personnel in a one atmosphere or normobarc

environment. These methods include submersibles with limited

endurance which require some type of surface support,

submarines which are capable of long term missions and are

self-supporting, and one atmosphere suits.

In all of these methods life supDort primarily involves the

establishment and maintenance of an artificial atmosphere and

climate duplicating the surface environment. Personnel are

isolated from the elevated pressure of the object environment

by a pressure hull. Physiological adaptation of personnel to

any aspect of the object environment is not required.

The chlef advantage of triese methods is the abilit/ to make

r-eal time, direct cbservations of the environment requiring

limited facilities for data transmission. Furthermore,

1 C'



relative independence from surface support adds greater

flexibility in terms of object destination.

Although direct observation of the object environment is

achieved with these systems, manipulation and engineering type

t.-sks bey-.nd simp e monitor ing and sampl ing equate to complex

and cost!- engineering. In the case of submersibles and

sýubmir nes the ,olu'retric 1 ,_st of such engineering can be

partic.ula•ly critical .

A'-other di s:idvant.a9e of rdi rect exposure systems is the

structural cost of maintaining a 1 ATA bubble at operating

depth. This cost and the weight fraction it represents

increases dramatically with depth.

1.2.3 direct exposure

Direct exposure methods include all forms of intervention in

which the operators are exposed to the ambient pressure of the

object environment. Examples include div.ng systems and

habitats.

Life support ir these methods involves physiological

adaptation of the operators to a hyperbaric environment. As a

result, 1-fe support eng,.neering is most comple, and critical.

Pressure induced changes in the requirements for 1 i fe support

11



must be determined and artificial environments devised to meet

those requirements. Transition between normobaric and

hyperbaric environments also entails significant engineering

effort.

The ad'vantages of direct exposure methods are the

elimination of the complex engineering and eaulpment required

to conduct remote observation and manipulation of the object

environment. Non-repetitive tasks and unique situations can be

handled most effectively through direct intervention of

cperators. Complex engineering operations requiring multiple

degree of freedom manipu Atioln and multiple tasks are often

more easily accomplished by an on-scene individual. Real time

evaluation of and reaction to unforseen events and

circumstances is enhanced with the flexibility of an on-scene

operator.

The primary disadvantages of direct exposure include the

physical and physiological hazards of hyperbaric environments

and the transition from hyperbaric environments to the

normobaric environment. For surface supoorted operations,

other disadvantages include the cost and complexity of life

support systems and the critical nature of failure of these

systems. Finally, the effectiveness of these methods is

tempered by the normally unproductive time spent in

transition.

12



Truly revolutionary development of direct exposure

technologies must be aimed at mitigating and eliminating the

difficulties of transition from the hyperbaric environment to

the normobaric environment. The effect of such advances would

be unconstrained vertical freedom and the elimination of

unproductive transition time,

1.3 Current Trends

The ir-reaing physical and physioloqical hazards associated

with the increasing de~t.h of ouiect environments has favored

the intensive development of non-e.-posure and indirect

exposure over direct exposure methods. Liability costs for

commercial ventures employing individuals in hazardous

environments favor the development non-exposure systems.

Physiological complications associated with depths in excess

of 600 ft ar, ' long decompression schedules make the advantages

of direct exposure less attractive.

Standardization industry and emphasis on designs with

simple, repetitive construction, assembly , and operation

tasks suited for automation has provided the background

research and technology necessary to support the development

of non-exposure methods. The tasks are being designed to

minimize the requirement for those qualities which are the



advantages of direct exposure methods.

As the technical ability to project human presence, sensory

capability, and interaction improves and the equipment which

accomplishes that projection becomes smaller and requires less

specialized knowledge to operate, the disadvantages of non-

exposure methods dwindle. Development of this aoili~y requires

advancement in the technologies of multi-channel data

processing and transmission. At the least a major portion of

enabling technology cluster for development of this ability is

fiber optics and digital microprocessing. These technologies

are receiving a major influx of academic, industrial. and

monetary support.

The foundation for the advancement of direct exposure

methods to greater depths is an improved understanding of

human response to hyperbaric pressure and artificial

atmospheres. At best this is a slowly advancing front of

knowledge because of the hazards involved and the safeguards

and costs of animal and human e~perimentaticn. This reinforces

the emphasis on indirect and non-exposure methods of accessing

the ocean environment.

1,4 A Hybrid Approach

1.4.1 description

14
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Expanding dependence and interest in the resources of the

ocean environment drive requirements fcr operating depth

increa3ingly higher. There is a price to be paid, however, for

operation at deep depths. In the design of submarines

structural weight fraction, structural design, and

manufacturing complevity are a function of operating depth, As

a result deep subnerqence submarines suffer from low payload

weight fraction and high cost.

The high cost of deep submergence may possibly be avoided by

stipulating that the internal atmosphere of a submarine be

pressurized. Under this stipulation the test depth of a given

structural design is increased by the eauivalent depth of

maximum internal pressurization. Maximum internal

pressurization, in turn, is dependent upon the limitations of

diving physiology and the ability of the life support system

to adapt to changing phys-ological requirements. In effect,

this approach makes the proulem of increasing test depth a

function of Lcth structure and life support.

1.4.2 methodology for evaluation

To assess the feasibility ot this approach to subsea manned

engineering, one must first examine the depth limitations of

e;•isting and proposed diving technologies. Next, one mucst

1 C



apply these diving technologies to a mission requirement with

specified test depth, payload, crew size, and duration. This

is accomplished by determining the cost (in terms of weight,

space, and power) of a diving technology-based life support

system designed to support the mission requirement. A careful

evaluation of any additional constraints imposed on the

mission profile by such a life support system must also be

made.

In conjunction with the diving system assessment one must

determine the difference in cost between a structure designed

to support the mission requirement at the specified operating

depth and one designed for operating depth less the maximum

depth of the candidate diving system. This structural cost

differential may then be compared with life support cost

differential consisting of the cost of the diving technology

based-life support system less the cost of a conventional life

support system. This comparison coupled with the mission

profile constraints forms the basis upon which life support

augmented operating depth can be evaluated.

This thesis is primarily concerned with the first steps of

thitn process, that is examination of the limitations of

several diving systems and the implications and constraints of

diving technology-based life support systems. The candidate

diving tec.hnologie* examined include one which represents the

16



current state of the art. one which is the subject of some

limited animal experimentation, and one which is based on the

practices and developments of biomedical engineering. It is

hoped, in the latter two cases, to develop baseline system

descriptions using currently available technology. This should

focus attention on those areas requiring further development

in order tO oring these technologies to maturity.
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2 Life Support Requirements

S 2.I Definitions and Methodology

One goal of any engineering undertaking involving human

exposure to a hostile environment is the establishment and

maintenance cf a stable, benign, artificial environment. This

is the definition of life support,

Life support reauirements define an acceptable range for

each parameter of the immediate environment which affects the

ability of the human machine to survive and function

effectively. The criticality of a specific environmental

parameter is related to the human tolerance to deviation of

that parameter from its acceptable range. In general, this

tolerance is directly proportional to the magnitude of the

dev i ation.

Maintenance of the artificial environment depends upon any

influences which tend to perturb one or mo-e environmental

parameters. In general, a perturbing influence can be

quantified as a fiuA associated witr an environmental

parameter. Examples of perturbing influences include the

object environment. human respiration, and all equipment,

materials, and processes within the envelope of the artificial

env i rronment.



The complexity of the life support problem is a function of

the deviation of the object environment from life support

requirements and the quantity of perturbing influences. The

trndurance of the artificial environment is a function of

mission duration. crew size, and the magnitude of other

perturbing influLences. All of these inputs are derived from

the mission requirements either directly or as a result of

downstream design decisions.

There are at least two approaches to life support

engineering. in the first the artifil.ia-H environment is

constrained with-in the acceptable range of each of the

critical environmental parameters. In the second approach. the

life support is engineered on the basis of the effect of the

object environment on the acceptable range of each of the

critical environmental parameters. The former approach equates

to life support for indirect exposure methods such as

conventional, one atmosphere submarines. The latter approach

equates life support for direct exposure methods, diving

technology, for example, in which the acceptable range of the

environmental parameters is modified by a hyperbaric

env i ronment.

Once the approach has been selected, the procesS , of life

1'9



support, engineering begins with the identification of all

critical environmental parameters. These are the parameters of

the object environment which deviate from life support

requirements by a magnitude sufficient to make the mission

duration greater than the tolerance to that specific

dev''..ition. This is followed by the identification and

determination of the magnitude of all perturbing influeices

f-or e;.I-, c.ritial parameter.

Next, the life sipport sys:.tem is designed uLsing the

a~ccptable range •unmodif.,ed for inldirec.t exposure or modified

for direct e r os1ure) of each critical parameter as set-points.

The capacit.y of the design must be sufficient to balance the

sLum of perturbing influences of each parameter at any time for

the du.jration cf the mission. This is to say that the life

support s.stem must be capable of developing a fluK equal in

magnitude and opposite in sign to the sLum of the perturbing

inf l uences.

The balance of this chapter deals with the quantitative

idenitification of critical environmental parameters, the

assoi.iated life support requirements, and tne Derturbing

inf 1 u'.tc e of the h;jrnar; machine 1 r. a oe atmop phere env i ronment

and .A,, modified by a hyperb~aric en,,ircrnment.

2.2 Gseneral L;fe Support Requirements



2.2.1 atmosphere

2.2.1.1 respiration

The most critical environmental parameters are associated

wiLh atmospheric composition. Small deviations of relatively

short duration are capable of impairing function and inducing

death. Mission requirements in excess of several minutes

continuous submergence exceed human tolerance without some

provision for an artifictial atmosphere.

The Table I Atmospheric components exclusive of
water vapor.

atmospheric

Component Volume% Component Volume%parametersII

Oxygen 20.946 Krypton <0.001consist o. the

Carbon Xenon <0.001
concentration dioxide 0.033

Hydrogen <0.001
of each Nitrogen 78.084

Methane <0.001
component of Argon 0.934

Nitrous
the atmosphere. Neon 0.002 oxide <0.001

The composition Helium <0.001

of the

planetary

atmosphere is given in Table I. [1) The critical components

of this mixture are those that take part in aerobic

respiration, oxygen (0-) and carbon dioxide (CO.) respectively.

Nitrogen 0N.) functions as a diluent by virtue of its large

21



concentration. The remaining components are trace constituents

and have no direct effect upon human function in the given

concentration at one atmosphere absolute pressure (ATA).

The overall

chemical Table II Overall reactions of human, aerobic
respiration.

reactions which
r Carbohydrate Oxidation 4.0 cal/g

comprise human,

C:H. O; + 60- => 6CO + 6HQaerobic G] Uýose z

respiration are Fat Oxidation 9.0 cal/.q

shown in C:.-H.,P- J+ 800, =: 57CO + 52H9
T'ri0cl'i n -

Table II. [2)

Protein Oxidation 4.0 cal/q
Oxygen is

2CH.H-O.N + 60, => (NH,,) PO + 6CO,+
consumed while Alanine ) irea

carbon dioxide is

produced. The acceptable concentration range for these

components is shown in

Table III. Tabl e I I I Ac ceptab l e
concentration ranges for gaseous
components of respiration at 1
ATA total pressure.

Respiration is the process

by which chemical energy is

Minimum 16% 0%

converted to biological

Maximum 50% 1%
energy. The rate at which

reactants are consumed and

products are produced is dependent upon the rate at which an

individual is expending energy (power). From the information

22



in Table II we can determine the oxygen and carbon dioxide

flux for various activities. These values, shown in Table IV,

are based upon an average diet in which 45% of the energy

expended is derived from carbohydrates, 40% from fats, and 15%

from proteins. (2)

Table IV Power, oxygen flux, and carbon dioxide flux associated
with various activities.

E7 02' C02'
Activity (cal/hr) (SCF/hr) (lb/hr)

sleeping 65 -0.48 0.05
lying awake 77 -0.57 0.06
sitting,rest 100 -0.74 0.08
standing,relaxed 105 -0.78 0.08
dressing 113 -0.88 0.09
typing 140 -1.04 0.11
light exercise 170 -1.27 0.13
walking, slow 200 -1.49 0.16
light industrial activity 240 -1.79 0.19
active exercise 290 -2.16 0.23
severe exercise 450 -3.35 0.35
swimming 500 -3.72 0.39
running 570 -4.24 0.44
very severe exercise 600 -4.47 0.47
walking, fast 650 -4.84 0.50
walking, upstairs 1100 -8.19 0.85

Notes: (1) E' = Power
(2) 02' = oxygen flux
(4) C02' = carbon dioxide flux
(5) SCF = Surface Cubic Feet (volume of gas

at 1 FTA)

The direct relationship between power and the flux of

respiration reactants and products is an important tool for

sizing the life support system. The primary input to the tool

23



is an individual activity profile. The activity profile

consists of a listing of activities weighted by the amount of

time the individual engages in that activity. The profile must

cover a meaningful, periodic cycle for the individual, such as

a day.

Since each of the activities is equivalent to an oxygen and

carbon dioxide flux, the flux associated with that activity

for a cycle may be calculated by multiplying the weighting

factor by the activity flux.

F. W (0 '

F : W.(CO,'

Where: F.G 1 = Quantity of oxygen consumed during a cycle as

a result of activity i.

F ,,, = Quantity of carbon dioxide produced during a

cycle as a result of activity i.

W1 = Duration of activity i.

(0,'). = Oxygen flux associated with activity i.

(CO).' Carbon dioxide flux associated with activity

-i.

Summing the weighted fluxes over all of the activities, we

obtain oxygen consumption and carbon dioxide consumption for

an individual during a single cycle. Dividing these quantities

24



by the duration of the cycle gives us the average flux for an

individual for a cycle.

F,021Dc =0?'

F.CO;.,, = CO 2C

Where: D. = Duration of a cycle.

F 0 . = Total oxygen flux for a cycle.

F..,,.= Total carbon dioxide flux for a cycle.

0., Average oxygen flux.

CU-' = Average carbon dioxide flux.

These values represent the average life support load resulting

from the respiration of one individual over one cycle. An

example of an individual activity profile and the calculation

of the average fluxes is shown in Table V.

If the activity profile represents an average for the entire

crew, the total respiration load for a mission can be

calculated by multiplying the average flux by the number of

embarked personnel and the number of cycles in the mission.

To this point we have determined the atmospheric

requirements based upon the neeas of human respiration. We

25



Table V Example of an activity profile.

W F(02)i F(C02)i
Activity (hr/day) (SCF/day) (lb/day)

I sleeping 8 -3.87 0.40

sitting,rest 2 -1.49 0.16
standing,relaxed 4 -3.13 0.33
dressing 1 -0.88 0.09
typing 2 -2.08 0.22
light exercise 3 -3.80 0.40
light industrial activity 2 -3.57 0.37
active exercise 2 -4.32 0.45

24 F(02)t F(C02)t

-23.14 2.41

02'av C02'av
(SCF/hr) (lb/hr)

-1.0 0.1

have also developed a tool for determining the flux resulting

from human respiration as a function of personnel activity.

This tool can be used to determine the average and limiting

fluxes, and the total quantities of oxygen and carbon dioxide

a life support system must accommodate, given specified crew

size and endurance.

2.2.1.2 contaminants

The remainder of the life support problem, with respect to

atmospheric composition, concerns the elimination of

contaminants resulting from materials and processes within the

26



envelope of the artificial environment. The contaminants take

the form o4 particulate matter, aerosols, and gaseous species.

Human tolerance to these contaminants is a furction of

concentration of the contaminant and the duration of exposure.

A large number of contaminants are hydrocarbons and the

products of incomplete combustion, Carbon monowide is.

9)erhai)-, one of the most darngerous of this c.ategorv since it

inter rupts the transportation of o-ygen throughout the body.

Ar;vthi, lla,'e category of contaminants includes oetroleum

dictill.,ites and haloqenated hydrocarbons which are used in

toQ6vents and refrigeration systems.

Determining the effect of many of these contaminants is

difficult, as study of low concentration exposure may require

decades of e,.posure duration to elicit results. Elimination of

all such contaminants represents the prudent goal of any

exercise in life support engineering. Unfortunately, the wide

variety of materials and processes used in the construction

and operation of rhid systems at sea precludes the total

elinii natlort of a!l contaminants.

The quanti f i (at ioln <,f c.ountaminants in speci f ic to the size

irid nil1 uý,r, of the arftific1- environment, Once Lhe specific

e.rjnt),,ninanrtF and their f lux has been identif ied the capacity



of the equipment required to bring about their elimination is

in hand. Currently employed technologies for the elimination

of contaminants include (1) activated charcoal filters for the

elimination of hydrocarbons, (2) electrostatic dust

precipitators for the elimination of particulate matter and

aerosols, and (3) catalytic burners for the elimination of the

products of incomplete combustion such as carbon monoxide.

In order to present a complete picture of long term life

support one must examine each of the following topics in much

the same way we have eamine the issues of atmosphere:

(1 ) climate

(2) nutrition

(3) waste management

As the bulk of this thesis is concerned with meeting the

atmnspheric requirements for human aerobic respiration, these

topics are deemed beyond the scope of this thesis.

2.3 Physiological Considerations in a Hyperbaric Environment

lo assess the feasibility of the use of diving technologies

in submarine life support, orie must understand the

r.,,ysiologic.i effects of a hyperbaric environment. The

ultimate cause of the majority of these effects can be traced

to the .ompressibility of gases as e:.pressed by Boyle's,

Daltcn'.,., aid Henry's laws of ideal gases: [3]
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1, Boyle's law. At a constant temperature the volume of a

perfect gas varies inversely as the pressure.

PV K

Where: P = absolute pressure

V = volume

K = constant

2. Dalton's law. In a mixture of gases the pressure exerted

by one of those gases (the partial pressure of that gas) is

the same as it would exert if it alone occupied the same

vol ume.

P. = FP.

Where: P. = partial pressure of the i ncomponent of the

gas mixture

F1 = volume fraction of the 1" component of the

gas mixture

P. = absolute pressure of the environment

3, Henry's law. At a constant temperature, the amount of a

gas which dissolves in a liquid, with which it is in

contact, is proportional to th3 partial pressure of that

gas,

C. aP.
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Where: C, = concentration of ih component of gas

-mixture dissolved in liquid phase.

a. = absorption constant of the ijn component of

the gas mixture in a specified liquid.

P1 = partial pressure of the iý component of the

gas mixture

The major implications of these laws , given constant gas

mixture composition, are (1) the elevated density of the

hyperbaric atmosphere and (2) the elevated concentration of

dissolved gases in any liquid phase within the hyperbaric

environment. If we model the human body as an air space

(respiratory system) in contact with a liquid phase (bodily

fluids and tissues), it is evident that an individual in a

hyperbaric environment will have an elevated concentration of

dissolved gases in bodily fluids and tissues. The actual

concentration of dissolved gases in bodily fluids and tissues

is a function of gas mixture composition, total pressure, and

duration of exposure to the hyperbaric environment.

2.3.1 decompression effects

Decompression is a decrease in environmental pressure. The

transition from a hyperbaric environment to a normobaric

environment is an example. Decompression involves two

pertinent effects based upon the gas laws quoted above. The
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first is an expansion of the gas mixture within the

environment. The second is a decrease in the solubility of the

atmospheric components in the fluids and tissues of the body.

The effect of gas expansion is a problem only if the air

spaces of the body do not remain open to the environment

during decompression. In general the tissue which makes up

these air spaces is not capable of withstanding a pressure

differential. Unless the air spaces are vented, tissue damage

will result. This condition is called barotrauma. The severity

of the injury is dependent upon the nature of the tissue

affected. [3]

The decrease in solubility of atmospheric components in the

fluids and tissues of the body can lead to decompression

sickness, the most common form of which is the bends. As the

pressure decreases, the solution of dissolved gases in the

blood and tissues can become supersaturated. That is, the

actual concentration of dissolved gases becomes greater than

the solubility of those gases in the blood and tissues.

Current decompression theory holds that when the

supersaturation, measured in atmospheres, reaches a critical

level bubbles will begin to form about gas nuclei. The

composition of the bubbles includes all gases in the breathing

miture: however, the major constituent is the diluent,

nitrogen in the case of air. The formation of these bubbles



and their effect upon the tissues of the body is decompression

sickness. [4]

The actual value of this threshold supersaturation is

inversely dependent on the size of the gas nuclei. In vitro

experimentation has shown that the threshold supersaturation

can be increased, delaying the onset of bubble formation, by

filtration or repeated exposure to pressure. Both processes

effectively eliminate the populations of larger gas nuclei.

These results suggest an explanation for the phenomenon of

adaptation, decreased susceptibility to decompression sickness

with regular exposure to pressure. (4]

In order to avoid decompression sickness the rate of ascent

must be controlled so that the level of supersaturation does

not exceed the threshold for bubble formation. This allows

excess quantities of dissolved gas to leave solution

harmlessly at the lungs. Ascent control is accomplished

through the use of decompression tables. Inputs to the tables

consist of breathing gas composition, bottom time (duration of

dive, departure from surface to start of ascent), and maximum

depth of dive. The output from the tables is a decompression

schedule which prescribes decompression stops in terms of

depth and duration.

2.3.2 narcotic effects
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The elevated concentrations of inert and trace components of

the breathing mixture resulting from exposure to a hyperbaric

-- environment can produce effects not attribLted to those

components in a normobaric environment. Chief among these is

the rapture of the deep or nitrogen narcosis.

Nitrogen narcosis represents the first physioloqical depth

limitation encountered in the development of diving

technology. Decompression sickness, although a hazard, did not

pose a restriction on depth by affecting the function of thle

diver at depth,

Early observations in compressed air working environments

revealed an anesthetic effect variously described as 'semi-

loss of consciousness,' 'slowing of the process of

cerebration,'and 'activated functions of the brain.' This

effect was eventually attributed to nitrogen, found to be

directly related to depth, and subject to a wide variation in

individual susceptibility. Subsequent work quantified the

effect, revealed additional contributory factors including (1)

fatigue, (2) alcohol, (3) anxiety, (4) carbon dioxide

concentration, and (5) emotional stability, and described

adaptation as a result of repetitive exposure to pressure. (5]

Quantification of the narcotim; effect of nitrogen has been



based upon many forms of performance tests including physical

dexterity, mental/arithmetic agility, reasoning, eye-hand

coordination, and combinations of the above. The body of

research on the subject holds that the threshold level for the

effect is a 3.2 ATA partial pressure of nitrogen, the

equivalent of 100 ft of depth, although individual

susceptibility can show symptoms of the effect at

significantly shallower depths. The effective limiting depth

for compressed air diving as a result of nitrogen induced

functional impairment is widely held to be 300 ft k8 ATA

partial pressure of nitrogen). Studies beyond 300 ft show

severe reduction in all categories of performance testing and

symptoms normally attributed to psychoactive drugs. [51 [3)

Gases other than nitrogen elicit narcotic response as a

function of partial pressure. Relative potency of some gases

is shown in

Table VI.
Table VI Lipid solubility and relative narcotic.
potency of some physiochemically inert gases.

There are Lipid Relative Narcotic
Gas Solubility Potency

m a n y - - - - - - - - - - - - - - - - - - - - -

(least narcotic)

theoretical Helium 0.015 4.26
Hydrogen 0.036 1.83

models which Nitrogen 0.067 1
Argon 0.14 0.43

attempt to Krypton 0.43 0.14
xenon 1.7 0.039

explain the (most narcotic)

mechanism of
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this response. Experimental data shows a strong correlation

between lipid solubility and the narcotic potency of gases. In

addition, narcotic response, given a constant partial pressure

of the anesthetic, is subject to pressure reversal. Increased

environmental pressure negates the narcotic response. This

sopports the view that the mechanism of anesthesia is related

to cellular memb-ane expansion in the central nervous system.

since the primary constituent of .cel lular membranes is ipids.

[3] [5]

The method used to avoid the narco'tic, effect of nitrogen at

al l depths and access depths beyond 300 ft involves the

reduction or replacement of nitrogen in the breathilrq, mi,ture

,iith a less narcotic gas. This is accomplished bý enriching

the o,,ygen content and/or intrr.ducing another diluent in the

breilthing mixture. Although e-.tensive experimentation has been

done with each of the gases in Table VI, Hel.um is almost

universally employed it- this ro'e. The first operational use

of helýium occurred durin, the s.ilvage of the U.S.S. Squalus

c.orducted by the U.S. Navy in 1939. [6]

There is an additional advantage to the iJse of helium in the

breathing mixture which is a result of its relatuively small

molecular size. Helium diffuses into and ouLt Of solution much

more rapidly than nitrogen. Fcr long duratc-n dives thi's

impl lies a reduction ir t!ie oec-)moression scnedule. This



advantage is minimized in short duration dives where rapid

diffusion of helium into solution dominates. The reduction in

decompression schedule first aroused interest in the use of

helium as a diving gas. (3]

2.3.1. toic concentrations

The presence of contaminants in the breathing mi xture is

increasingly detrimental with increasing depth. This is due to

the hyperbaric concentration of breathing mixture components.

In much the same way as nitrogen rrma be rendered narcotic

while maintaining a normal atmospheric, percent composition,

many contaminants may reach toxic concentration levels while

maiintaining safe percentage composition for normobaric

ervironments. The solution to this problem is a strict control

over diver's air purity. Such control is maintained througn

diver's breathing air purity standards established by the U.S.

Table VII Purity standards for diver's breathing air.

Oxygen 20-22% by volume

Carbon dioxide 300-500 ppm (0.03-0.05%) by
volume

Carbon monoxide 20 ppm maximum

Oil mist and vapor 5 mg/m

Solid and liquid particles not detectable except as
listed above
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Navy. The purity standards are shown in Table VII. [3]

In general the standards cover such contaminants as might

result from improper handling of compressed gas cylinders or

air compressors. Such contaminants include (1) products of

incomplete combustion of hydrocarnons, (2) oil mist, (3)

oxides of nitrogen, and (4) gaseous hydrocarbons. If diving

technology is to be used in conjunction with long term

submarine missions the list of contaminants must be eApanded

to include gaseous and airborne components resulting from

industrial and human activity within the artificial

environment. Categories of materia:c which must be considered

include (1) petroleum distillates, (2) halogenated

hydrocarbons, (3) by-products of human respiration, and (4)

various sulfur compounds. [3]

Toxic response is a function of the concentration of the

contaminant and duration of exposure. Any listing of

contaminant concentration limitations should indicate the

duration to which those exposures apply. A partial listing of

contaminant concentration limits based upon an 8 hr work day

and a 40 hr work week is shown in Table VIII. The table values

are based upon exposure in a normobaric environment..

In addition to contaminants one must consider the toxic

effects of oxygen. Above a partial pressure of 0.5 ATA chronic
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oxygen toxicity Table VIII Typical contaminant exposure
limits.

becomes evident

8-hr weighted
after an exposure Average Limit

period of as little Substance (ppm)

Ammonia 50
as a few hours. Carbon dioxide 5000

Carbon monoxide 50
This figure Freon-12 1000

Hydrogen fluoride 3
indicates that e Nitric oxide 25

Nitrogen Dioxide 5
atmosphere Ozone 0.1

Phosgene 0.1
consisting of Stibene 0.1

Sulfur dioxide 5
cornpressed air ,s

toxic at a depth of

46 ft. It has already been indicated that the limit to

compressed air diving is effectively 300 ft as a result of

nitrogen narcosis.

The reason for this apparent disparity is the issue of

duration of exposure. While 0.5 ATA oxygen is toxic in the

long term, shirt term exposures of up to 2 ATA oxygen can be

tolerated by most people without ill effect. Since most dives

are of short. duration relative to the onset of oxygen

toxicity, the higher levels of oxygen concentration resulting

from compressed air dives are not a problem. The limitation of

0. AA oxygerl is necessary when contemplating long durations

at pressure.

it) general oxygen toxicity is avoided in long duration
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hyperbaric exposures by establishing an artificial atmosphere

with an oxygen partial pressure near that of a normobaric

environment. The balance of pressure to ambient is attained

with the designated diluent, which may be nitrogen, helium, or

a combination of the two.

2.2.4 high pressure neurological syndrome

The use of helium in breathing mixtures extended the

effective range of diving operations below 300 ft by removing

the problem of narcosis and shortening decomDression times.

Estimates based upon the lipid solubility model of inert gas

narcosis predicted the onset of helium narcosis and thus

limited of helium oxygen dives to 1400 ft. (7]

The 1400 ft prediction broke down in the mid 1960's when

personnel participating in hyperbaric chamber dives to 600 ft

and beyond began to show symptoms of what was later to be

called high pressure nervous syndrome (HPNS). HPNS is

characterized by tremors, dizziness, nausea, vomiting, and

marked changes in brain waves. The appearance of the symptoms

was shown to be related to hydrostatic pressure and rate of

compression. Animal studies indicated that the extreme result

of HPNS is convulsions. [3]

The first efforts to correct HPNS were based upon reduced
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compression rates. Over a lege rirnber of chamber dives this

approach was found to be effective to depths on the order of

1400 ft. Between 1400 and 1800 ft. severely incapacitating

HPNS was generally noted. Although greater depths were

successfully reached using this approach, the compression

rates employed were prohibitively slow and varying degrees of

HPNS were induced in the participants. (7]

Further efforts Lo correct HPNS took advantage of the

apparent anttagonism between hydrostatic pressure arid rarcosis.

Mu,:: of the work in this area was conducted bv Peter Bennett,

currently the Director of the F.G. Hall Environmental

Laboratory, Dluke Medical Center. [7]

In essence, gaseous narcotic agents, such as nitrogen, were

founa to cause an expansion in cel lular membranes due to their

soluoil ty in lipids. The application of hydrostatic pressure

was found to reverse the effects of a specific dosage of a

narcotic agent. This evidence supported the model of membrane

expansion as the mechanism for narcosis. [5]

Helium, on the other hand, elicited no expansion in cellular

membranes. It was reasoned that the svmpt-ms and onset cf HPNS

rnia,-.t be the result cf membrane cor'traction due to hydrostatic

pressj-e. Fol lowing this reasoning, if a sufficient amount of

nar'.ctic age.nt were added to the breathinq mixture to exactly
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counteract the pressure induced membrane contraction, then the

net change in membrane area would be zero and both narcosis

and HPNS would be eliminated. [7]

Calculations by Bennett indicated that a breathing mixture

containing 10% nitrogen would be effective at el'iminating HPNS

without inducing narcosis. Experi;,,,,its were conducted u.ising

breath.r:g mlXtures contain-ing variorJus percentages of nitrogen

by a number of investigators. All snowed a vast improvement

over heliurm oxygen minXtures, One Piar t'olar study, the

Atlantis series of chamber dives conducted at Duke, culminited

in a 1m,,,1.ted hhyperbar•,c chamber) dive to 2250 ft with no

symptcms of HPNS. (7]

2.3.5 communication

Comnu,,•catloi is degraded by 2 factors in hyperbaric

environment.s. The first is the increase in density of the

breathing mixture. It is estimated that a loss of

approximately 4% of int&l1Higibility 1.3 incurred for eIch

additional I ATA increase in pressure as a result of the

incireased density of the breathing mixture. (3]

lfhu second factor involved in communication degradation is

the introduction of helium in the breathing mixture. 1he

characteri1stics of hel uni altejr trc, Fr)',.ed of sound 1•ri the
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breathing mixture. This results in an upward shift in

frequency and a subjective acceleration of speech, the so-

called "Donald Duck effect." [3)

Some adaptation to communication degradation has been noted.

Over a period of time intelligibility improves as a result of

direct feedbac.k to the individual. Furthermore, equipment

based upon three processes is avai1lble in various stages of

development to help alleviate the effects of helium, The three

proces6es ar-e (1) heterodyning, (2) vocodering, and (3) time-

domair processing. Additional work in this area is required to

eliminate hyperbaric vocal distortion, [3]

2.3.6 heat loss

Heat. los., is expressed in terms of a balance between

metabolic; heat production (M) and heat dissipation to the

environment. Heat dissivation i1 broen down into four terms,

skin convection (C,), respiratory tract convection (Cr

evaporation (E), and radiative heat transfer to the

etivironment (R). When the magnitudes of the metabolic heat

producticin akid the urum of the heat dlseipatio.) terrnm are

equal , the body lri in tfhermal eqii 1 ibrlum with the envirnonment

•and a 6•L.•el(/ Litae body temperature ii, maintaine-d. When the

rianin tl.idet; aro not. ecju'i l thfj differetice, heat storage (S)
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results in a rise or fall of body temperature. The terms

described above are usually expressed in units uf W/m . The

thermal balance is described by the following equa~tion. [3J

M + S C, + Cr + E A R

Skin c.onvection is a function of the convective conductance

of the atmosphere (h.h, the difference between average skin

temperature and ambient temperature 'T, - TI), and surface area

of the body (A). Respiratory tract convection is a function of

breath-ing mixture aensity and Gpecific heat capac'ity,

ventilation rate, and the difference between the exhaled

br'eathing mixture temperature and ambient temperature. [3)

Atmospheric convect'ive conductanCe is an exponential

function of environmental pressure (P). [3)

h. = 1 .08P.'

The above relationship, the high thermal conductivity of

h,•lium relative to nitrogen, and the dependence of respiratory

tract c. nvection on breathing mixture density imply an

i i(rease in heat dissipation in r ,yperbari ., h,,.lium--ric-h

atncspher es. The onIy practical way to avoide the :c. reaFe in

h,,:i, di i pat ion 1.,, t,' d-crpabe the temrper kjti.jre gradient that

dr iveiý tht h•fti traif.er. Thib eauati-es tO malnt~itinig a higher
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ambient temperature in the hyperbaric environment as opposed

to the normobaric environment. (3]

2.3.7 mechanical ventilation resistance

The mechanical venti lation resistance, the work of

breathing, is the limiting factor to the amount of useful work

that can be accomplished in a hyperbaric environment.

Resistance to flow is directly proportional to the density of

the breathing mixture. Since increasing depth equates to

increasing breathing mixture density, the ventilation

resistance is directly prrportional to depth. (3)

Resistance to flow also increases with velocity of flow.

Since the velocity of flow or flow rate is proportional to the

activity level of the individual, ventilation resistance

increases with activity level. Once the flow becomes

turbulent, resistance is related to the sauare of the velocity

of flow, So, at higher activity levels, as the ventilation

rate increases, the work required to maintain that ventilation

rate increases exponentially. (3)

The effect of breathing mixture composition must be

considered. Helium is approximately one seventh the density of

air, An 80% helium-20% oxygen breathing mixture is

approximately one third the density of air. At any given depth

44



a helium oxygen breathing mixture is proportionately easier to

breath than air. Furthermore, the lower density of the helium

oxygen breathing mixture delays the transition to turbulent

flow to a higher ventilation rate. As a result, the helium

oxygen breathing mixture can support higher activity levels

than air at a giveni depth. (3]
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3 Mixed Gas Saturation Diving

3.1 Concept

The current state of the art of diving technology is mixed

gas saturation diving. It is based upon the concept that at

any given depth the amount of dissolved gases in the bodily

fluids and tissues will increase until saturation for that

depth is achieved. It. general , it is assumed that this occurs

it) approximately 24 hours at depth. Once saturation is

achieved the duration at depth can be extended indefinitely

without incurring additional decompression time.

The advantage to this concept applies to long term tasks and

expeditions, By keeping a diving team at pressure, either in a

habitat at the worksite or in a deck decompression chamber on

the surface, lengthy decompression after each planned dive may

be avoided. A single decompression upon completion of the task

the is all that is required.

The concept of mixed gas saturation diving was developed and

researched by Captain George F. Bond, MC, USN. His experiments

culminated in the U.S. Navy's SEALAB experiments in underwater

habitat living.

3.2 Components
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The primary component for a saturation life support system

is the breathing mixture. It must be tailored to the depth of

the object environment in accordance with the information

provided in the previous chapter. Oxygen must be provided

within the range of 0.2-0.5 ATA to avoid hypoxia and oxygen

toxicity. The balance of ambient pressure must be made up of

nit rcer.., helium, or a combinat1on of the two depending upon

detv,. Navy requirements stipulate the use of helium below 190

ft. [10] If the object environment is below 600 ft. 10%

nitrogen should be included in the breathing mixture in order

to preclude HPNS.

A habitat or deck decompression chamber is a closed

environment. As such it must conform to the life support

requirements in that it have an oxygen supply, a method of

eliminating carbon dioxide, and a method of eliminating

contaminants. In addition a supply of the diluent in the

breathing mixture must be available to use as make-up as

needed.

The simplest form of atmosphere regeneration was used in

Tektite, a long term, shallow habitat supported jointly by the

U.S. Navy, NOAA, and NASA. The habitat was supplied wit, air

from a land based surface support stati.)n. The air was

c.ount . nuolsly fed to the habitat and vented from the habitat.

[3] Tih r.on.stdnt flow effectively maintains oxygen and carbon
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dioxide within life support requirements; however, this method

is not practical for independent operations. The cost in terms

of volume of breathing gas is much to great.

Oxygen flux may be maintained independently using bottled

gas, rhemically aerived o)ygen such as oxygen candles, or

oxy-:en ellectrolytica~ly generated from water. Prudent

engineer 1 n_ d i tates that at 1 east two independent sources of

orgyen be availible. The system must be capable of providing

ar. average 1 3.P/hr of o>ygen for each individual within the

artifi .ill en i,. i r,,nmnt.

Carbon dio.ide flux resulting from human respiration

averages 0.1 ib/hr for each individual. Two methods of

eliminating this .arbon dlonxide are available. They are non-

regenerative absorbent., suc•h as lithium hydroxide (LiOH), and

regenerative atsorbent such as monoethanolamine (MEA). The

former is the technology generally used in diving. The latter

has been developed for use on submarines.

C ont ani-i ant:- :re handled by activated c harcoal filters.

catalytic, turners, and dust precipitators. The latter two

devices .gre rduct. of submarine development and are

necessi-t.ited by the large amount of operating equ pment on

board .submtt ines.
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Monitoring equipment must be capable of determining oxygen

partial pressure, carbon dioxide content, and the

concentration of the most prevalent contaminants. Carbon

-monoxide is of particular importance since it is produced in

every process that involves combustion.

2.3 Limitations

The problem of safe decompression is the prim.iry limitation

to this life support system. internal pressure must De

maintained within excursion I .T, ts of the prescribed depth in

order to avoid decompressiosn sickness. This translates into

either a serious mission constraint or a structural design

conpl 1 1cat ion.

If the submarine is designed to be pressure compensating

Jr)wn to saturation depth then we have merely shifted the

operatinig range downward by an amount equivalent to saturation

de;L.h. Vertical movement &bove saturation depth must be very

(.arefully controlled in order to ronform with appropriate

d-r..,mrression schedules. Suc.h schedules from significant

cJf,- 's are measured in d A,, event or casualty requiring

r ' ,d ;urfacr.ng without. imr,•,l~tly available recompression

fh..ie•t.es would be rlslastrOh". Althcugh such fari l ties can

b-- .:,-.,cr porated into t~he desi, 1 it) the form of hyperbaric lfe



boats [8], the limited advantage of this approach is

outweighed by decompression related mission constraints and

risk to personnel.

The decompression related mission constraints can be avoided

if the submarine design incorporate, the approach utilized in

the design of Personnel Transfer Cai-sules fPTC) for deep

diving systems. These systenis "store' saturated divers in a

Deck Decompression Chamber (DDC) aboard surface craft at the

pressure eQuivaient to saturation depth for the durati on of a

mIss1.ir*. The PTC is used to tran.•fer d'vers to and from the

wocrksie as required. [9] [10) [11] In order to fulfill this

requirement, the PTC must be designedi tro wiLhstand internal

pressurization to saturation depth while it is still located

at the surfaCe.

The analogous approach to submarine design, designing the

pressure hull as a pressure vessel rated to withstand internal

pressure equivalent to saturation depth, decouples personnel

decompression from near-surface operation, This approach

render!. the pressure hull a struicture. '.de(.r tension down to

saturation depth and a strjciture under ,compression below

s.tu'.rat ion depth. This is an advaritaq •, . t,.it, t./piCal hill1

mater ia 11 perfrormance under tens on is bett,4r thhan that, urnder

r.,-)mLires ion due to the absence r f bi ir1. 1 1 I (,d c r) f f£ I 1:.ir

Flirthirm,-re , tht pressure- i iS r _qi,,i r*-d t. w tt.n d *_niv



the compressive loading equIvalent to the difference between

operating depth and saturation depth as opposed to the total

compressive loading of operating depth.

Each of these advant.ages alone simplifies the structural

de 1.ga problemr. Taken together t.heý def n1 a st rucLtur-e which

muo. f tinct i," tO ) tSi st b.-tih -;,,ter-,al i.rsSuV i :at irc n and

t.,r nal r-,' r -;oi . PTC. &t ime. i, r a. t . designed t-. do,

this. [9] The r.-.q,.,1rere, t, :,per.3te in boti; m,;,des adds

-,:m lei . t, rh- .tr.iet•r.l deseg'. For earnle. ,v

c 1 c.twres, h.at.: Ies ._ aid h,.u 1 penet~rat 1oOC m'.st.. se.a• nl botch

di rec.to .

Itt is not i]11uittvely ciear t hat the addi1tion* structural

c-mnlexities a-s,1.;ed withl this dual m.de operation outweigh

",the .advant.iges ,-f decreased tr,-t a1 compres.i\.'ye load' r-,. SuCh a

deterrninatic ,, l:e qrist. of det.ailed igi-er itg analysis

and is beyond . . ,:e ,-f -iý,i tk;es -IC_ T r l .• that )f

thei- two approa,:ie'i dis..:.issed in this s_'ct on the dual mode

C, . •t ir, , . .t,.e M.,n,-rer ,f *l•. ,TQ'). c,ý tPh., _ v• t mizsSio,

O.-ct~ratt.is ,We t-lb gre.ites-t. (,peratlona1 fle. ibi.tv. It must.

b•, ,*vt.-.d lhk.i~t , :. he tk ,r-'4SS~'je compens-,.t- 1,1.1 rlez-. go

. ÷1

,)ns~ t .t~! r;, e,-i qi,, ,_, -,, rb r .- I lg :F. , Ir b,-7.a: a t ci.



4 Liquid Breathing

4. 1 Conce Pt

The results of the last .h,.er indicate that the full

adint.a-es of life support auanetit.ed r,perat irg depth cannot, be

real 1eled V,.thout decouQ` ,' d.comVgres 1r eff?,5 rcm

var Tat.1,ns -' amflen. >res•,Jre. T _ .:quat,..c t. a .d inr

systen which offers the Fve? freedm fr-,m the :n.tr- nts ,f

,,.- pr ec. • c" chedij . ., -. .st.enm is r.,equ; red to. al 1o' a

rnr--C PIF •.'~t iMr.g _-,rr:-. -e to m.-euver n the ve rt i al

f, r ski n9 1e,,rcrrt-, ion c asua 1 ty T.o embarked

p ersor 1 n a l So recmu r 'd t-o avoid the strur tura 1 desi g

,.-.on;1i I,.Iat- r c' f a dual mode operati no pressuire hull (mode 1

1nt Cr-I31 t.re4qsurlzatinl, mr c-' 2" e t tpernaI p-essuriz.,tion n .

Su-h a dec.- cI.p n g is not r ,-. tti c.al in view of the direct

rP 1ti oish iP betweern the rit: rat 1jort, . d ss;olved gases in

the- blood./ t1 -.u ,s and t ht- .,le press,.re of a gaseous

atmrosphe rr .

omrp,-?_Žs o I ,Dn - fe,-.t- J r... ti , essjr,e rel ited ,arrosis may be

ýi vo ded .7; -t lpulat.in') an III ,nDr-•s } 1 1 e atri,.os here. [12]

[13] Si,,: , an atmospiherý w"Ii Jd nOt. be suh.je.-t t1o the v3r .. t1.n

ohf ,.omp jr S ,.,.cent r~a* ._. . ,with -ir ,ro•-,.re des,-r- bed

t the d~a 1 ga9 lawEs. , ;.I, .tn. s.-here .o ld be

etyglneerr-d tr ,o rrF tt I-,-. F..: , t Lii reflients f.-r



hKpeýra •ri'c. environments, a vertically un¢7onstrained divi ng

system wouIj d be the result. Assuming that an atmosphere must

be flui.ld, itncomrpressiiI i1t1. c in be oatai.ned only with ;a iauid

atmosphere.

Th-- c.rcef 'f 1 1' ',,ic t:e..thin', tA•-. ee:. -,r-, 11.- ,t -7 t

f•lr~_ i7 a•, bd•... of resea•rc-h and e p:.zr- oime', i.T 'C- -, • no?" •t .k*.

- ."-, j [3] . ¼.ir ,3 t " . i. w,; ••s beeA.

", , te-d b. J',.hx ,' .$ ,. •.• !stra, ma."I t ). e en c-, oI the Dl- e

r s.Iret. i Medial Center, Durham, NOr.h ,arol 1na. The primary

5-.,;-,,t > ,n •s that. a-s .. resu t of Henr ''; l a ent

-;j-,it. tt.v •If r.x , ma., be d•ssolved be a I ull ta .cLutll.'rt

nr,,jonvl.- I l " rr-s1pi rat ian. [13] Th s su(pp,-s t -on has been

den,,;,nstrated on mo-e. , at.s, and dogs using varioius I iqu,.ids

,Jr,-r nc rmonar ic and hyrerbaric condi ti ons. [12] Furthermore,

th- contention that i quj d breath i ng .onfers immuni t. t.

J.tcomrpress ior sickness has a 1 so been dernoist r.t.ed

1lIidt der;t1y on mi ce tran.it. ng to a normcb-r i c pnvironment.

fAT, 1089 ft) In 5 seco,,ds and 100 ATA ( -'. ft

ce. rofds.. [141 [15]

2' . .. v.d Atmospheres: "h.ar-Ac tPer 1 st 1 c aid Ic suas

,A m:.1,or fou5:a of 1 h. i- , r'at..h r n* _ re.5etr,- t h.Ja- rceen t.f..

-#. ~l• .ild '3tn'•sFie.ro. f'*. Cjnli•.3.t ~bi 1 t* 'with 1ife, .-aln
I> qu I-I .



prolonged endurance. As one might. imagine, the concept of

liuld filled lungs raises several issues which bear upon the

solution of t.he life support, problem. These issues include

osmotic incompatiblity, temperature regulation, mechanical

ventllation, oxygen solubility, and carbon dioxide retention.

OCmo.t• inromratibi 1 ity .-: ur_ when the -oncentr ati--, q

di .olved s52ltv. in thp iauid bro,.t , ,-9 reld ur. is different

than that it. the olcod. Olffus -_r .•,. & .srn,:,sS CF ltelS and

w.t v.r acro ss the respi rtnr- men:bra.e rest It. in fluid .olurne

and ela:-.t, 1 lnib .... e:, t as..:.le m •v÷ - .:,,; i ted M Yt

di nr, - - [(131

h,,s was der,-ins, trat- d in earl P e, ' rimets ,>-mr_,ari-ng the

surn..._ time of mice

brei~thnr kyperb riail., Table IX -ur.iiTl time of micC
Drentn ii '-arous hperbarical lv

o,. kgenat.e'd tap wa.er , sea o- ygenated 1 liauids.

w.ver , and Preatnin.. Survival

Medi un, Time (min)
p~hysmological 1 balancýd

Tar Water 6
saline (see Table IX). T

P. l d Water 12Ph',slologirally bna 1 nw;d

Ph,' is in~gival Saline 4
sai me pro-vided th.h.

greatest .. ,rvl ;a! time.

C121

Temrre .. tu e r-eg l. 1t. 'l -in in issu:e" , 1 WI.: bresTh.mu



because a .. igniflcant portion of the heat e.,,.hange surface of

the body is e>'orsed to a fluid of substantiallY different heat

transfer char.cteristicc than a gase-ou atmosphere. Since the

cIrc.uiatwry system is the vehicle of heat dist.ribution in the

hLIM.'i-l b'.:dv [3), the IJng is a parti,.ularly effective heat

. .,j. fj.: j d (- t:, the ' 1, e lei l I f v. sr,1., , 1ar

Teh e -i e of temperat r,, reg i -: q 1 i n s re ad 1 1 .l re ol ved b+,

e ternal I nma 1 ntal n I ig the breath 1 ng med urr, at a

r) h) isi -gl compatible tLorn r',,r ' tit.ur Thc. ff.!, . f

tonip-r.-t.ur e var i at ion was demcnstrat, ed in 1 cqi d breath 1ng

i tF, in t.er n of tc, 1,rl ra I.. t(.,

prre- s, rE ( r s T ; le > 1 13) Table X Pr'rs,.,tjr., tscl erarce W)
f 1uorcrc.arbor brc.at hi n rats at
v Ar ionjr, temperatures.

The mk•oh•ai C.ý1 wr :' Rect..•l Temo Preksure

d 'g c T T1 erarce (ATAbreathirq ,g nrreases .. ... . ..-. . ... . .
17 I 0

e/PonertIal ly wIth the 21 22(

`7
denrsIty of the t.reithing 31 12

ned Iurn , In add 1 , 1 on th.-

ri i;i -,i m1 1, i 11 p - rl rat~o y f 'in ow r --t.,t

1s i•n 'r_'r c- y prI p,- r t Ci 1 t r-) tl I•L' Q. L t1r' rr -:lt of the ,J n ity ,f

th, hr •at.h 'riq II.'• urn,. [3J *h,• W,.1 t i Cf y j 1 1i l(j n, 3 1.1 f

-r rJ r '_. - 1 ,.'lr t d , .' _- .,r tilth i ... Jr, r 11 .-1f : i r

I r.fS jl ., t I 1,jl I d ,, l r I t.i',J . 1 : II Irj .3t rj34 nir( M.,p?,r, w ' 11

-I r iJ l Ii .. • , I ,.. 1 1 ,)I (4 .. T fli. f,( ., r :L.- I 1. 1 w ,,r I r +



be required of individuals, breathing a liquid atmosphere some

form of mechanical assistance is recuired. Forms of mechanical

assistance which have been used in animal experimentation

include gravity as.sist (12), and cent.rifugal pump (18].

HIeiry'y . w 't- nstij5r es t h .,1 3 great var ieýt y of 1 iQuids are

,..- ta ,1 for 1 qli•ad brtre. . it.h on the ba-.i s cf .o .'jen

mli hi 1 .v. Oat tmi rt_, n of the 1 !quid at rnor .phere for the

hi 9he~t o, ygo C.' .l b 1 1 nt ¢., s "Ary tf, , ,, th. t a ' .cf

Qi , 'Jflai1.Ilng tho 1 i. E.r e •-e pr 1m_,: t. nn.i f) w a; , h

1 "qi d .iI wll-,,)hr s ,' ', rc lFjr'i .:, 4:- w1 .uI trhcw' I .- e-.' 1 " for 0 •hi h

I ~ ~ 1 -..£11' 1-, ,i: t 00~i [ 12 ] T il h 1! m iJ,', i !) it I :i e, ,er 1 m,2 n a t i oin

V1t 1 r i rrTi 1b--tr ic. c, qii id trea t. II ii. I f i: u1 . .:t , S t.,

Iier -u ih n: I I 1 , n -,i h pr I!,., Iiro., •-,rc g .Ii -, .ir)inlI prre. clr i . ,ear

5sI f (c e oer.r.at., , e> cept under prestre. Wh le th is wi.j 1Id not

_e a pr m f rn r - hU 1 1 2 . r1 r .-t.-m e .,,- h a' .. h.b i ta t ,)r ..i

s uhri ri r i t f r-e i, mm irl y d1i ve r l,, u 1 d be 1 1 Pi ted t.o the depth1

1 l V•i.,1 Cnit (,f o(1-yF :, I; _e-at i I(-)orI w It ii(, t-., tI,r:- .'1d of 1

s .Ib ml, r--rq ,J d.,-orrtpr s, S io r chamber S C) o' r p .,rnonre1 tran- f er

,.IL 'wJ 'e ( PTfl Thu .I y.. I..kiK... F such 1 in' tat on . '. the , jr.l

41f tj 1I f 1 y F q.1 1 ,

f 1 jr'fth,'-hn, t h'e2 b,_i. , oscf a 1 i qulJd at rnc5Fp here for m cI .,

(14] i' 1 ql i d 1 3 1m1n -.,ible, with w;tt. rr , and Ili do,'s it



present osmotic incompatibility. These and subsequent

experiments demonstrated sufficient oxygenation at normobaric

pressures to suppoiort mammalian respiration, [13]

The most severe limitation noted in most liquid breathing

e,-r. erImerItS is carbon dioxide retention. Carbon dioxide

retentiori manifest.s itself as respiratory acidosis, decreased

blood PP. This is by vrrue of the f,)llowin9 chemical

di ssoc i at ion.

CO0 + H) H H-CO.

H.CO = H + HC;C3

The physiologic.al reaction to carbon dioxide retention is an

increase in ventilation rate. [2] Since the amount of carbon

dioxide eliminated from the lungs is directly proportional to

the ventilation rate, [13] this would be an effective reaction

under normal conditions, Under the conditions of liquid

breathing in which vent.ilation rate is limited by the density

of the breathing mixture this response merely adds to a

9r:)w-ig c.ase of respiratory distress.

ThE cause for this rcarboii diovide retention is an inadequate

h,;libi if.y of carbon dioxide irn t he liquid atmosphere. This

r•.,blm ,annr)t be alleiv•ated by innreasing the coarbon dicxide

r7



partial pressure gradient because the ambient partial pressure

of carbon dioxide cannot be decreased below 0 ATA.

The only remaining potential solution for this problem is to

somehow enhance the solubility of carbon dioxide in the liquid

atmosphere. [13] A.ttempts to accomplish this were made by

using emulsions of carbon dioxide absorbent solutions in the

fluorocarborn. [13) The most arnbitiOuS of these attemp-,ts made

ui e of an emulsion o'f sodiurn hyd,-oide N.tOt S-:"Ut, l 1 l th•

fluoroc.arbon F(-.-80. VariouF concentration,_ of NaC'H were used

with [nc. significant damage to the Thing tissue 1,f the sub3et."

rats. Sgnificant impr-ovement ir- th.u ,¾ n=t.cn of c.arbon

dic,-,ide was also noted. Btsed i.'l- tI-e re jl ts .- f these

exFeriment~s, it was estimated that h'.jrntan respiration could -i

s,.ippor ted by ah •i 1quid b, re-tthing sc heme, wit"- ,.nlv

insignif iont. retentrn cf carbol dio-id-, 1-: -. level of

e ff<,rt ',c,',.ar ir, 1.7 $CF,/hr ,:,:yc .?q f'ij . [17] 'h, ,- ;•. ru;e hi'

equ, E-le, ., t( . gi ht. lirldust 1 ia s -ti'vlt,. i uch as carper, t . [2]

4 3" C ,rrq;,,n,'-,lf.:-

Rece.",t ,- i,,'le r i er l,tR: i .= • . 1-i' 1" 111d hl ' _1 - l', ". :' dog'j-,

{ ,.,:,d t~r~t., n r.!t it,. :,, - J l v - .- l _ ll2 J :. ] . e -t, ¢ I t , t• ;: ,

C~l •, i•; , :.,.rj- W -,C' ,)f -V: Al. A, 't ! .l,. • .1 j -- t , v .,,, ] • l ,



ventilaT-i on with the fluoroc.arb,', FC-10. (16] The -apparatus

,zOns-s!ts. primar i I-, of a sealed tank of oxygenated

fluo-oiarbor, C-onst..,t speed cenitrifugal pumD, one "fill"

and one sdr~ir, solenoid valve, and a scale which support.s and

rr.easi,,,- t he wight, of the liqu, id breath i nq subject. The

.puiar..tu s ,es a signal from the s-.a le indicating the weight.

, sngle rreath of f I aorocarbon The signal ,-or-r 1 t.e

ope,'. *i~ g -•J,-1 c. g of the fi nd dr.aiir-" c,.eri:,i v les.

(16]

T,,• -t-,arat.us desc. r Led .•b-ve 15 .. e..amo1e ,•f the corrent

leve- of tVe technolo.gy of liquid breathing. ,t must be noted

tlha., its purpose is 1.b.-,ratory stidy -f essertital1/ mmDbi Ie

sub_,-.t.. The apparatus does ir, fact. point out the major

n.. rdware l imritat.ion- to the thec hr',o1 .,gy As it, all other

t.<tud es, *the fl uor (,(.arbcnn iFs not. Fec. ,u1at~d That is, the

vo lume rf the initial s:iprjl', -. f f1uorocarboir determines 'he

d•rat.,_i .-,f l ui d or,?athtrn.. Nc attempt is made to

r er 1 r,- lM•e -tr'.,d re-oxygenate the flu rocarbon for further

L r E- .- •i. tii .' •W ,; it f,., ws 1s ;.s i !e-. ript ,n ,-f the c omp , nent-.

t Ciquir '(, f.:r An! u,,Jivirldlal 11 (.- 5;Irlr'r, t SI,5 ,teO:, base.d Upon

1 iq,,ij t.-reathing.

Th,- Fir 1 :j j.,rnL l..i~i rif -i'i .J-)i'1 br-eath i ij- -tpar 1ýti _ z 5

,, -ii " li- ii-id. This ciuisus1., , "f -r 1 - 1 oni'i_ a :1 r rc.

.- .0?,:' <iL:.zr tL.ont :i .:i z gerie r.;I i .,, T> I..(. , ,_,, e



in which this liquid atmosrhere is employed is discussed below

(see Figure 1).

The oxygenated liquid is supplied from a holding tank. The

tank represents a balance between reserve breathing time and

av itlabl-, Dolume. Two liquid rec,-nditiloni ng loops leave the

tat k. These loops are responsi!Dle for maintaining the liquid

in the holding t.riý in . breathable (.onditi,,n.

The loops consist of a pump, with a constant recirculating

line for pump cool itg, --in automatic flow 'ontrol valve, and a

devic.e for modifying a characteristic of the liquid. The

automatic flow control valve senses the pertinent.

characteristic of the liquid in the holding tank and throttles

flow to the modifying device. The loops return to the holding

talank downstream of the modifying device.

The modifying device in the first loop is an oxygenator. It

supplies oxygen to the fluorocarbon so that the concentration

of dissolved gases in the holding tank. is sufficient for

support of human respiratio-n. The modifying device in the

second loop is a resistive heating element which maintains the

terrirjerature of the fluorocarbon in the holding tank.

The delivery sub-sistem consists of a l!ne from the holding

tank to the verti latio-n support pump. The ventilation support.

b 0'



DIVER S RESPRIPATORY

SYSTEM

FLOWP REMOVAL

V ENT I LAR ICON
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LOOP 5ULPPLY

Figure 1 Line diagram of a recycling liquid breathing
apparatus.
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pump provides positive pressure on demand, supplying breathing

liquid to the diver. Flow meters will provide a signal which

determines when a sufficient quantity of the liquid has been

delivered. At this point an exhaust line will open allowing

the diver to exhale the spent liquid. The exhaust line returns

the liquid to the holding tank through a device which removes

any accumulated carbon dioxide.

4.4 Limitations

Vertical eXcursions are not constrained by decompression

requirements since the partial pressure of dissolved gases in

the system is constant; however, HPNS is a function of

compression rate and hydrostatic pressure. Experiments

conducted on liquid breathing dogs in hyperbaric environments

demonstrtted that HPNS is not a pharmacological effect of

helium but truly a result of pressure. [18) The system must be

supplemented by anesthetic administration to achieve depths

greater than 600 ft.

The anesthetic must be administered in the form of a drug

metered for the desired depth, The 10% nitrogen suggested

elsewher-e [7] cannot be applied to this system. It implies an

increasing concentration with depth which, in turn, implies

the ;need for control led decompression unon ascent. The drug,

on the other hand, places no decompression constraint on

b-



ascent and will effectively eliminate HPNS; however, it does

place a narcotic constraint on ascent.

The drug must be administered to counteract the pressure at

a specific depth. At this depth the narcotic effect of the

drug will balance tne effect of hydrostatic pressure on the

cellular membranes. [5) If that pressure is decreased

s, qn,,f icantly the narcotic effect will become dominant.

Another limitation of this system is that of level of

activity. The limiting factor is carbon dioxide elimination.

Exertion beyond the maximum level the system can support will

result i-i retention of carbon dioxide, acid-base imbalance in

the blood and the rapid onset of respiratory distress.
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5 Extracorporeal Membrane Oxygenation (ECMO)

5.1 Concept

Extracorporeal membrane oxygenation is a development of

biomedical engineering. It is a result of the technology which

brought about the heart lung machine. The heart lung machine

is used during open heart surgery tc bypass the heart and

circulate and oxygenate the blood. (19]

Extracorporeal membrane oxygenation is used to bypass the

lungs of individuals affected by respiratory distress

syndrome. In essence an extracorporeal circuit is established

in the circulatory system which includes a silicone membrane

artificial lung. The artificial lung passes blood along one

side of the membrane and oxygen across the other. The oxygen

diffuses into the blood and carbon dioxide diffuses into the

oxygen mixture. It must be noted that the carbon dioxide

elimination is so effective that trace amounts of carbon

dioxide must be added to the oxygen in order to avoid

upsetting the pH balance of the blood and tissues. (20)

As applied to diving technology and submarine life support

this concept involves oxygenating the blood with a liquid

containing controlled concentrations of breathing gas

components. This is the same approach as was proposed with
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liquid breathing except that the problems of ventilation are

eliminated. The lungs are bypassed with an extracorporeal

circuit which includes a silicone membrane lung. Blood passes

along one side of the membrane and the oxygenated liquid

passes along the other side of the membrane. The resulting

transfer of oxygen to the blood and carbon dioxide to the

liquid supports the respiration of the individual.

Hydrostatic isolation of the lungs must be accomplished to

prevent lung collaose with increasing depth. This may be

accomplished by flooding the lungs with a physiologically

balanced saline solution and establishing the carbon dioxide

level in the bloodstream just below the threshold which

triggers the breathing reflex.

5.2 Components

The components of this system are divided into two closed

loops (see Figure 2). The first is the loop containing the

oxygenated fluorocarbon. Its components are identical to those

described in the previous chapter with the exception of the

delivery system. The mechanical ventilation support pump is

replaced with a variable speed pump controlled by the arterial

oxygen partial pressure.

rhe second loop consists of the ECMO circuit. Blood is drawn
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from the individual with a cannula placed in a major vein

leading directly to the heart. The blood is delivered to a

constant displacement roller pump which in turn supplies the

blood to the artificial, silicone membrane lung. The blood is

then returned to the individual with a cannula placed in a

major artery. The ECHO circuit must include a method of

introducing heparin to the individual to preclude the

,cO-.tio:i of blood clots in the ECHO circuit.

The artificial, sillcone membrane lung must be sizeo to

suppc.-t the entire cardiopulmonary load. This load is

exDressed in terms of blood flow rate. The normal resting load

1s 5000 ml/min. This can be increased by strenuous activity to

25000 mi/min. (2] A single membrane lung with a surface area

of 4.5 m ims capable of supporting a flow of approximately 5600

ml/min with complete oxygenation. [20] This means that a full

range of activities can be supported with 5 membrane lungs

arranged in a parallel circuit.

b

5.3 Limitations

This system is vertically unconstrained by decompression

requirements because the partial pressure of breathing gases

is maintained at a constant level, dissolved in the liquid of

the first loop. There is a vertical constrairt incurred below

60r. tt as a result of HPNS.
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As with liquid breathing, depths greater than 600 ft require

the administration of an anesthetic to eliminate HPNS. The

dosage of anesthetic is proportional to the depth and balances

narcotic cellular membrane expansion with hydrostatic cellular

membrane contraction. Ascent allows the narcotic effect to

dominate. For this reason ascentre must be timed to coincide

with the duration of the dose of anesthetic.
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Figure 2 Line diagram of an ECHO-based breathing appaEatus. _.
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6 Technical Risk

The technical risk in this approach to submarine design

involves the effect of hyperbaric environments on the vast

array of equipment employed throughout the submarine. For

e•.ample, major innovations or alternatives in propulsion

technology would be necessary to deal with the changing

character istics of propulsion fluids in response to changing

pressure. Evaluation of the sensitivity to pressure and

pressure changes of each of the technologies ..-mployed in the

submarine must be accompli1shed to truly 9a. L.ne feasibility

and effectiveness of this aporoach.

6.1 Mixed Gas Saturation

Mixed gas saturation diving has undergone extensive

development and commercial use primarily in response to

applications in the offshore oil industry. These applications

and research habitat studies such as SEALAB ano Tektite

represent the largest source of data available on long term

exposure to hyperbaric environments.

The deepest habitat. exposure was conducted on the Makai

underwater range in Hawaii with the rhabitat Aegir in 1969.

This exposure involved a team of 5 ind'viduals at a depth of

482 ft for a period of 14 days. The longest habitat ekposure
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was conducted in the U.S. Virgin Islands with the habitat

Tektite also in 1969. A team of 4 individuals remained at a

depth of 42 ft for a period of 59 days, [8] Although a great

deal of work has been accomplished at much greater depths [7],

these experiments represent the closest approximation of the

artificial environment being proposed in this thesis,

Unfortunately the depth and exposure durations of these

e:periments is not sufficient to evaluate saturation

techniques for long duration submarine missions.

Habitats in general do not contain the quantitY and variety

of equipment associated with submarine missions. The quantity

and variety of contaminants implied have not been evaluated

for tolerance and toxicity. In addition the effectiveness of

catalytic burners in hyperbaric environments is not known.

6.2 Liquid Breathing

A ma,lor technical risk with respect to the development of

liquid breathing is the delivery sub-system. This sub-system

must include provision for transition between gas and liquid

breathing and must be able to vary delivery with changing

o<ygen requirements. The most advanced system to date is

dev-ised for immobilized animals and is based on a static,

,-eset o, ygen load. C16]
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Another technical risk involves re-oxygenation of spent

fluorocarbon under varying pressures. All studies have been

conducted using non-recycling apparatus.[181 [13] A device

must be designed which will maintain a reserve quantity of

fluorocarbon with the desired concentration of dissolved

oxygen. Such a device must involve a gas-liquid interface, and

such an interface will experience variations in solubility due

pressure variation associated with changing depth. similarly,

removal of absorbed carbon dioxide from spent breathing liquid

in a closed circuit, recycling application is not yet fully

understood. The fact that emulsions of carbon dioxide

absorbents in fluorocarbon are the best candidates for

breathing liquid makes this technical problem all the more

challenging.

For both liquid breathing and ECMO, the peculiar difficulty

of narcotic constrained ascent as a result of anesthetic

prophylaxis of HPNS makes the feasibility of life support

augmented operating depth questionable. An additiona, 600 ft

of operating depth is not insignificant; however, the impact

to other systems and the research and developmental costs of

these approaches to life support are not Justifier' by a 600 ft

increment in operating depth. Steps must be taken to remove

this obstacle if this approach is to be fruitful.

Finally and most significantly, the most advanced breathing
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liquid, an emulsion of sodium hydroxide in FC-80 fluorocarbon,

limits the power output of an individual to approximately 22%

of an average maximum. Although this is useful, it severely

limits the long term applicability. The average power level

used for calculating life support requirements is 12.4% of the

average maximum. This does not leave a sufficient margin to

account for routine excursions in power output. The need for a

breathing liquid with improved carbon dioxide solubility is

paramount to the further development of this technology.

6.3 ECHO

ECHO represents the greatest technical risk of all the

technologies examined. This can be attributed to the fact that

the development of ECHO is tied to the maintenance of basal

metabolic function alone. Current technology does not have a

small enough silicone membrane lung with sufficient surface

area to support normal variations -n activity level.

Furthermore, the concept involves major surgery to major

blood vessels. Redundancies in the way of system failures are

difficult to design and system failures in the ECNO loop whn'le

in the object environment would almost, necessarily be fatal. A

significant amount of work in artificial circulatory vessels

and cnnnectors is required for an employable system to become

feasible. In addition extraordinary measures to guard against
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infection must be taken, given the nature of employment

expected of this system.

Finally, ECMO has been accomplished using a membrane lung

with blood on one side of the membrane and oxygen on the other

side of the membrane. This application calls for a membrane

straddled by blood and oxygenated fluorocarbon. Oxygen

transfer and flow restrictions in this scenaric, are not

clearly understood. Study of direct fluorocarbon-blood

interface oxygenation have been conducted and bear examination

as alternative oxygenators, (19]

7 Cultural Risk

Human extension into hostile environments has always

involved shaping the environment to suit human life support

requitements, In the most hostile environments this approach

has manifested itself as the manufacture cf small artificial

environments. In a sense this has resulted in a modification

of human eVolItIon. downplaying the aspect of physeical

adaptation.

The technologies examined in this thesis take this

modific.atio,, of evolution one step further, by re-emphasizing

physical adaptation as a design tool for the extension of

humanity into increasingly hostile environments. In the past
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such physical adaptation has been accepted as a tool for

overcoming handicaps, injuries, and disease, but the

intentional modification of healthy human beings elicits is

not as clear-cut an ethical issue.

In a similar line of thought, advances in all three of the

technologies examined has involved and must involve further

animal and human experimentation. Recent public opinion and

resultant political sensitivities in these areas render this a

significant point for ethical consideration. The perceived

gains of such a program must De sufficient to outweigh

reluctance generated by recent sentiment. Most importantly,

the experimentation which results must be of such a caliber as

to totally preclude inhumane treatment cruelty and the

appearance of such to any e.,perimental subjects.

8 Conclusions

Life support augmented operating depth requires the

development of a vertically unconstrained diving technology.

All of the technologies examined herein are vertically

constrained. In particular mixed gas saturation diving

displays the greatest vertical constraint as a result of

decompression effects. This renders that technology infeasible

for this application.
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All of the technologies examined are capable of providing a

safe and stable artificial environment down to 600 ft.

Narcotic constrained ascent in liquid breathing and ECMO make

greater depths less accessible. This renders these two

technologies infeasible for this application without some

advance in the prophylactic treatment of HPNS.

Potent',al oplication of these technolog ies to diving and

the e~tension of human activities to greater dtpths make

further study and development a worthwhile pursuit. Sufficient

work nas been done to indicate that I i fe support sy/stems based

on these technologies is feasible.

Finally, the limiting factor to liquid breathing is carbon

diovide elimination. ECMO routinely requires carbon dioxide in

the oxygen supply because carbon dionide elimination as a

result of this process is too efficient. This suggests that a

marriage of the two technologies may provide the quickest

solution to the life support problem at great depth. A

significart body of research has been conducted on the removal

of carbo dioxide using extracorporeal circuits involving non-

major blood vessels.
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