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Preface

The book is one of the publications in the series Diving Sciences aimed at publish-
ing research on diving and hyperbaric exposures pertaining to technology readiness
levels (TRL). It is especially focused on a system prototype demonstration in an
operational environment, a system complete and qualified, and a system proven in
an operational environment. The intended audience includes researchers in diving
science, military and civilian divers, and diving contractors, navies, defense and
civilian diving schools and related academic audiences.

This book will be of use to diving scientists, as they must assess the risk of cen-
tral nervous syndrome, and it will also be useful for special operations forces tactics
specialists, because:

* navies expect progress in technologies of diving dedicated to use in mili-
tary operations

* defense diving schools expect materials for training in modernized tech-
nologies of diving

* military divers expect aided materials in the process of self-education

Civilian diving with oxygen is illegal in many countries, and its use is only possible
during the decompression phase, where the risk of oxygen toxicity is minimal. The
models described in the book allow assessing the risk of oxygen toxicity, which may
be useful for technical divers.

The book deals with the validation process of a real system proven in an opera-
tional environment and is not intended as a summary or scientific discussion of cur-
rent trends in biochemical advances in oxygen toxicity research. The book explains
only the necessary biological mechanisms needed to understand the content, bearing
in mind that it will be read by users who do not need specialist knowledge of biol-
ogy, chemistry, biochemistry, biophysics, toxicology and so on, and focuses only on
oxygen toxicity models that have been proven beyond any doubt with an assumed
accuracy limit needed in practical use. This validation process is described in detail
in the book as its aim/canvas.

Validation studies are time-consuming and require a high budget. If someone
would like to save a lot of time and money, it is much better to first evaluate the sci-
entific process carried out in Poland and then implement their own research.

The described model of central nervous syndrome caused by oxygen toxicity is
based on survival analysis. It was based on earlier experiments performed by Great
Britain during World War II and introduced by the United States in the 1970s. This
theory is still valid and is used by most navies.

During the research conducted in Poland the model was validated, which is
described in the book. Additionally, this technology was further developed and now
embraces not only the oxygen technology but the oxygen/nitrox one as well.

The approach is similar to finding a new drug therapy. The studies described in
the book relate to clinical trials that were organized similarly to the clinical trials of

xiii



new drug therapies with the approval of the Bioethics Committee in accordance with
the Declaration of Helsinki. The research involved not the use of a new drug but the
optimization of the procedure for its use. That means the research described in the
book was formally carried out as the implementation of a new treatment procedure
using a classic drug, which consisted of checking the optimal method of its dosing.
Therefore, the book does not provide a critical analysis of current medical reports on
the mechanism of the toxic effect of oxygen as its content relates to the possibility of
practical optimal application of the achievements to date in this field.

An example of the equipment described in the book is a French-made diving
apparatus, but all special operations forces can use the technology modified in
Poland, especially if they use alternatively supplied diving apparatuses, such as

e oxy— CCR/Nx—SCR AMPHORA SCUBA!
* oxy— CCR/Nx—SCR LAR VII Combi FA (LEBA 24/LAR 5010) SCUBA
* oxy— CCR/Nx — SCR Oxy — Mix SCUBA and similar construction

but other countries can use this technology to a limited extent.

From the date of its establishment (1976), evaluation and study of diving equip-
ment and decompression systems has been the primary task carried out by the
Department of Underwater Work Technology? of the Naval Academy. The projects
referred to required proper research stations. We mostly built them ourselves or
acquired them special through orders. At the very beginning, the special purpose
team of technicians was established for this task. They were able to produce tech-
nology demonstrators® as well as prototypes of diving and scientific instruments.
Experimental Deepwater Diving Complex DGKN-120 was supposed to be a univer-
sal test bench and was designed to provide comprehensive research capabilities for the
diving apparatus. At that time, the initial concepts of research stations were designed
by the first head, late Cpt(N) Medard Przylipiak MSc Eng. The ideas of conducting
a comprehensive study of diving apparatus were common with his successors: the
late Cmdr. Marian Pleszewski MSc Eng. and Cpt(N) Stanislaw Skrzynski PhD Eng.,
which did not prevent them from making other scientific achievements.* One person
who played a leading role was Cpt(N) Prof. Tadeusz Doboszynski PhD, DSc Med.
from the Military Medical Academy.

It was Cpt(N) Stanislaw Skrzynski MSc Eng. who became an inspiring leader in
the development and research on new types of diving equipment. The results of this
work have been largely wasted due to the failure to promote research focused on
developing the original Polish diving apparatus and decompression systems.

Bearing in mind the old concepts and the undeniable achievements, efforts were
made to raise funds to continue the work done by their predecessors. Initially, the
purchases of foreign diving equipment facilitated this task, at the same time creating
aneed to start the implementation work.> The effective stage of research was reached
with modelling breathing in CCR and SCR systems, which made it possible to con-
nect the diving apparatus model with the model of decompression diving. Another
completed project made it possible to develop a statistical approach to the safety of
diving. The research into saturation diving and decompression systems allowed us
to extend our laboratory facilities and expand the filed specific knowledge. Using



Preface XV

predecessors’ ideas and not-so-small funds, we managed to build a material base and
theoretical knowledge to carry out research on diving apparatuses and decompres-
sion systems. The research facilities are also used for training and as an emergency
center. It is hoped that these efforts will not be wasted and Poland will return to and
continue to be present among the countries developing diving technologies.

NOTES

1 CCR - closed circuit rebreather; SCR — semiclosed circuit rebreather; Nx — nitrox;
SCUBA - self-contained breathing apparatus.

2 Formerly the Department of Diving Gear and Underwater Work Technology.

3 By technology demonstrator it is meant the practical demonstration of technical solu-
tions aimed at the development of a particular system, demonstrating the possibility of
achieving the required parameters for this system.

4 For example, the implementation of saturation dives.

5 But giving only evidence of the possibility of using domestic supplies.
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Definitions

Item Description

Bathynautics is the totality of knowledge about human underwater activities.

Bradycardia is herein defined as the state when the heart rate decreases upon exposure of the
body to hyperbaric conditions compared to the heart in normobaric conditions.

Buffer is a solution whose pH value after the addition of small amounts of strong acids or
alkali as well as after dilution with water is relatively constant.

Catalysts are substances that increase the rate of reaction but remain unchanged after the
reaction.

Catalytic (catalysis) is a chemical reaction in which a change in reaction rate occurs under the

reaction influence of a catalyst

Chemical (reaction equation) is a quick record of the chemical reaction; the starting materials

equation (substrates) are located on the left side of the formula and the substances obtained
in the reaction (reaction products) are on the right side.

Chemical (efficiency of a chemical reaction) is the ratio of the amount of reacted material to

reaction yield

Cycle ergometer
Cytochromes
Decompression
Diffusion
Dissimulation
Endothermic
reaction
Enzyme

Equilibrium
constant!

Exothermic
reaction

Homeostasis

Hyperbaric

oxygen therapy

Hypercapnia

Hyperoxia

the amount of matter that could theoretically react by chemical reaction.

is a device with a structure similar to a bicycle, controlled by inhibiting the pedal
effort at a controlled rate of the cycling.

proteins present in the cell mitochondria with biocatalyst function involved in
electron transport.

with respect to the dive is a gradual lowering of pressure applied to the diver at the
exit of the hyperbaric environment carried out so that there are no signs of disease.
is the spontaneous mixing of the components of the system as a result of the chaotic
motion of particles.

is understood here as a presence manifested in an attempt to meet the norms or hide
the actual situation and feelings, impulses, behaviors, etc.

is chemical reaction that occurs with the heat being absorbed.

is mostly protein and macromolecular chemical compound regulating life processes.
is the number given by the ratio of the product of the molar concentrations of the
products to the product of the molar concentration of substrates — the molar
concentrations should be expressed in molar fractions and raised to the power such
as results from the reaction stoichiometric ratio

is a chemical reaction that proceeds with the liberation of heat.

is the ability of a living organism, by proper coordination and regulation of life
processes, to maintain a relatively constant state of equilibrium, for example, blood
composition, temperature, etc.

is a therapeutic procedure often used for general and local tissue oxygenation
against anaerobes, after gas poisoning, to secure the graft, frostbite, burns,
radioactive damage, osteomyelitis, slow-healing wounds, sudden deafness, etc.

is a state of elevated partial pressure of the CO, in the blood above pCO, > 45
mmHg, referred here as the symptoms of CO, poisoning.

is a state of breathing respiratory medium, wherein the oxygen partial pressure
exceeds 21 kPa, this term is used herein to cases of breathing with medium with the
partial pressure of oxygen, which creates a toxic threat.
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Item

Description

Hypocapnia

Hypoxemia
Hypoxia

Ischemia
Mathematical
model
Metabolite
Mitochondria

Model

Mol

Paresthesia

Premix
Preoxygenation
Radical

Reaction
kinetics
Reaction
mechanism

Respiratory
dead space
volume
Saturated
solution
Semi-empirical
methods

Solution
concentration
Somatic
System

Target strength

(also hypocarbia) is a state of reduced partial pressure of CO, in the blood below
normal values.

is a reduction of the diffusion of the oxygen in the lungs.

is the state of oxygen deficiency in the tissue resulting from reduced oxygen
diffusion in the lungs (hypoxemia) or disorder of the blood oxygen transport to the
tissues (ischemia).

is a disorder of oxygen transport by blood to the tissues.

is a mathematical description of the behavior of the modelled system, usually
expressed in the form of algebraic mathematical equations.

is an organic or inorganic metabolic product.

is a structure surrounded by a membrane, present in the plasma of most nucleated
cells, and is the place where in the process of cellular respiration most energy-
carrying compounds are produced.

is a system whose function is to imitate the distinguished features of another
system, known as the original.

is a basic unit in the SI system that specifies the amount of substance in the system.?
is a deficit in sensorial perception involving the wrong location of the stimulus and
warped fillings described as tingling, numbness, etc.

is a mixture of two or more components standardized prior to use.?

is flushing the body with oxygen.*

is a group of atoms, generally incapable of independent existence, having unpaired
electrons.’

is reaction duration/mechanism as a function of time.

describes a mechanism created during the chemical reaction via intermediate stages,
which further result in final products, as summarized in reaction equation,
illustrating transition from the starting particles into particles which are reaction
products.

is the lung space volume in which the ventilation does not occur or mass transfer
occurs only to a limited extent.

is a solution which, under specified conditions, is/can be in equilibrium with excess
of the solute.

are methods describing the behavior of the object according to criterion equation®
typically containing one or several constants determined empirically for a model,
but these do not have constant physical interpretation and are often dependent on
the units of measurement.”

is the amount of solute in a given amount of solvent; concentration of the solution
most often is expressed using a fraction or percentage concentration.?

concerns the body; carnal, physical.

is distinguished from the reality collection of elements with links between them
(Other elements are outside the system and form the system context. Links between
system elements and context elements create interactions between the system and
the environment).

Strength is the most commonly expressed in decibels [dB@1 m] as the ratio of the
intensity of the wave [W - m~] reflected from the target toward the receiver at a
distance from its center and a intensity of the acoustic wave [W - m~?] incident on
the object from the receiver.
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NOTES

1

2

[=))

If the reaction reaches equilibrium it can be characterized by the equilibrium constant,
which depends only on the type of reaction and temperature.

1 mole of the substance occurs when the number of particles is equal to the number of
atoms contained in the carbon isotope >C with mass 0.012 kg.

This term is used here to emphasize that nitrox used in a diving apparatus must be
premixed, seasoned, tested, certified and operationally tested before use.

In normal tissues dissolved nitrogen is in equilibrium with atmospheric air, but dur-
ing the initial phase of diving nitrogen is purged from the tissues, causing delay in the
dissolution of nitrogen in the tissues during the phase of nitrox diving, thus allowing a
slight shortening of the decompression process without increasing the risk of decom-
pression sickness (DCS).

Free valences.

Received, e.g. via dimensional analysis.

Algebraic model thus obtained is not adequate when you change the units of measure-
ment, and due to the approximate nature of the relationship (consisting of approximately
a function of the unknown laws of physics) semi-empirical and empirical models are
valid only to the extent of their determination and allow in this field interpolation and
every extrapolation is always risky.

There are several kinds of concentration expressed using a fraction or percentage con-
centration: mole (normal), mass, volume, etc.



Acronyms

Item Description

CCR SCUBA closed circuit rebreather self-contained breathing apparatus

CNSyn oxygen toxicity impact on the central nervous system is called the Paul Bert effect;
sometimes the acronym CNS for central nervous syndrome is used, but for the
purposes of this book, in order to distinguish it from the acronym used to define the
central nervous system (CNS), CNSyn will be used

co, carbon dioxide

fsw feet sea water

GABA There are two GABA types of receptors binding y-amino butyric acid:

— GABA, adrenoceptor regulates the influx of chloride ions into the cell hindering
the formation of action potentials responsible for providing information in the
nervous system

— GABAj adrenoceptor regulates the flow of potassium ions and calcium to
neutralize the effect of chloride ions and regulates the release of
neurotransmitters

HBO hyperbaric medicine (HBOT — hyperbaric oxygen therapy) is the use of pressurized
oxygen for medical purposes; in addition to the treatment of a decompression
sickness pressure it is a good method for the treatment of gangrene, diabetic foot,
exhaust gases and carbon monoxide poisoning and helps in the healing of wounds
after frostbite and skin transplantation; there are also reports of its use in
regenerating nerve tissue, especially the auditory nerve

IR infrared

MoD Ministry of Defense

o1T oxygen tolerance test

pH the exponent of multiplicity of hydrogen ions,! which is regarded as a physical
quantity and a quantitative measure of the activity of hydrogen ions in solution

ppm parts per million

SCR SCUBA semiclosed circuit rebreather self-contained breathing apparatus

SEV surface equivalent value

STANAG NATO standardization agreement

STP standard temperature and pressure — 7'= 273 K and p = 101,325 kPa

T treatment table

NOTE

1 Negative logarithm of the hydrogen ion activity; pH of water and neutral solution
pH =170, acidic solutions pH < 7, alkaline pH > 7.
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Introduction

This monograph contains the results of studies conducted within the framework of
development project N° OR00000108 entitled “Designing Decompression in Combat
Missions” and the development project N° OR00009811 entitled “Detection and
Prevention of Diver Terrorist Threats.” Both projects were financed by the Polish
National Research Council. The monograph contains the results of the research on
the possibilities of conducting nitrox! (Nx)/oxygen exposure using a diving appa-
ratus type oxy — CCR/Nx — SCR AMPHORA SCUBA. It also contains references
to the other published results dedicated to the design and the methods of testing
semiclosed and closed circuit diving apparatuses. The reason for undertaking the
research was the need to adapt the diving technology to the tasks planned for the
future.

FRAMEWORK

Research and training was carried out under the authorization obtained from the
Bioethics Committee of the Military Medical Institute. From the start, it was
assumed that the technical capabilities of the apparatus should contribute to improv-
ing the flexibility of combat missions. The oxy — CCR/Nx— SCR AMPHORA SCUBA
apparatus has been designed to facilitate deployment of assault groups/special forces
through the torpedo hatch of large submarines staying at periscope depth. The launch
of an underwater mission at depths below 6 mH,0O with the use of oxygen appara-
tus type oxy — CCR SCUBA significantly limits the duration time and the depth of
the mission, which makes it less effective. On the other hand, resignation from the
benefit of a hidden transfer and from the possibility to launch a mission of a special
group/special section from the submarine is, from a tactical point of view, unreason-
able exclusion. It was recognized that the best option would be to start the mission
using Nx and semiclosed circuit Nx — SCR SCUBA then proceed to a transit depth H <
6 mH,0 and finally continue the mission using oxygen in a closed circuit oxy — CCR
SCUBA. In general, the depth of the Nx? diving phase does not exceed 24 mH,0? —
see Figure 0.1.

FIGURE 0.1 Typical dive profile for oxy/Nx dives
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SUMMARY

The research program focused on two areas. The first was to introduce a method of
transit-type dives using oxygen with the possibility of one trip below the depth
of transit. The possibility of making a second trip of this kind, which would com-
plete the dive, was also investigated. During this phase of research, the closed circuit
mode of the CCR oxygen apparatus was used: oxy — CCR AMPHORA SCUBA.

In addition to evaluating the risks of oxygen toxicity that could occur during trips
to a depth greater than the maximum depth of the transit, research was also focused
on developing rules of purging the respiratory loop of the apparatus.

The second area covered the use of oxy — CCR/Nx — SCR AMPHORA SCUBA
apparatus in Nx mode and was focused on developing tables and know-how for an Nx
trip after the initial phase of transit. Throughout this initial phase, the apparatus is
used in oxygen closed circuit mode: oxy — CCR AMPHORA SCUBA. During a dive
to a depth greater than the maximum depth of the transit, the apparatus is switched
to Nx supply in semiclosed circuit mode: Nx — SCC AMPHORA SCUBA. The main
task of the research was to establish the maximum dive time while using Nx, assum-
ing direct decompression obligation after reaching the specified maximum depth
of the trip. While determining the maximum dive time, the influence of the initial
preoxygenation* had to be taken into consideration.

NOTES

1 A nitrogen-oxygen gas mixture in which the oxygen content is different from that in the
air.

2 Prior to the underwater mission which uses oxygen as a breathing medium.

3 For Nx — SCR AMPHORA SCUBA apparatus, Nx maximum operational depth can be
deeper (see Chapter 1).

4 Flushing the body with oxygen. In standard conditions, nitrogen dissolved in tissues is
in equilibrium with atmospheric air, but during the initial phase of oxygen diving it is
flushed out from the tissues, causing delay in the dissolution of nitrogen in the tissues
during the nitrox phase of diving, which allows a slight shortening of the process of
decompression without the increased risk of decompression sickness.
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