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Preface

NAUI Nitrox: A Guide to Diving with Oxygen Enriched Air is a compre-
hensive text that focuses on the practical information a diver needs to know
to use oxygen enriched air. The text is presented in 14 chapters. It reviews
gases, explains the all-important concept of partial pressure, covers oxygen
physiology as well as oxygen limits and tolerance techniques, tells how to
select the right mix and to have the right amount of gas, includes both proce-
dures and tables to manage no-stop dives, incorporates dive computers and
dive planning software, reviews mixing and how to obtain a tank of enriched
air, and provides an introduction to technical diving, as well as contingency
procedures. An appendix includes several useful tables supporting the topics
just mentioned, a glossary of terms, and a bibliography that also includes cit-
ed references. Specific learning goals are stated at the beginning of each
chapter. Review these carefully before and after studying each chapter to
make sure the educational goals are met.

When this text is used as part of a course of instruction your instructor may
schedule the course in a sequence different from that presented here, for
logistical purposes. However, the chapters are to be studied in the order pre-
sented since each new chapter builds on the previous one. In any event, we
encourage you to use this text as your guide to diving with oxygen enriched
air and to reference it often. The authors also encourage you to seek out the
information that is available from the many fine texts in the reference sec-
tion, and encourage you to learn all that you can about this subject. If you
have a specific question, you are welcome to contact the authors by electron-
ic mail.

This book is not intended to teach all the techniques and knowledge neces-
sary for diving with oxygen enriched air without the guidance and supervi-
sion of a qualified NAUI instructor. Local knowledge, techniques, and regu-
lations for all areas cannot possibly be incorporated into this one text. This
publication provides only part of your education for diving with gas mixtures
other than air. Much of what you will learn about oxygen enriched air will
come from this text. However, your instructor will provide valuable demon-
strations, present diving techniques, and share personal experiences that are
not possible to present in a text.

Thus far in your diving education you have learned the fundamentals of div-
ing. You know what should and should not be done and you understand some
basic diving theory. You are qualified to dive in conditions similar or more
favorable to those in which you have received training. The purpose of this
book, when used as part of a course of instruction, is to increase your under-
standing of why certain things are or are not done in diving and to expand
your skills and qualifications. Upon successful completion of this course you
will be qualified to conduct dives using oxygen enriched air and engage in
additional diving activities and programs.



About the NAUI Enriched Air Nitrox Diver Course

Ahout the NAUI Enriched Air Nitrox Diver Gourse

The NAUI Enriched Air Nitrox Diver course is an intensive program consisting
of approximately eight hours of academic sessions plus the application of the
knowledge acquired through up to three open water dives. The knowledge you
acquire will help make those experiences safer and more enjoyable. One dive is
to be a repetitive dive. NAUI strongly recommends that the partial pressure of
the oxygen enriched air used during training dives not exceed 1.4 atm.

Responsihilities

Both you and your instructor have certain responsibilities during the NAUI
Nitrox Diver course. Your instructor must determine that you have the neces-
sary background and experience to safely participate in the activities of this
course, provide an academic session plus an on-site briefing for each activity,
ensure that you are properly equipped for the training dive, and oversee your
diving activities.

In a specialty diver course it is understood that you are already certified to dive
with a buddy, and you will be responsible for your own safety. It is not the
responsibility of your NAUI instructor to accompany you during all of the
dives, although he or she must be present at the dive site, in control of the activ-
ities, and ready to lend assistance if needed. You will be instructed what to do,
how to do it, and how to avoid potential hazards. It will then be your responsi-
bility to follow the instructions given. You will learn by doing activities at dive
sites selected by your instructor.

Getting the Most From the Course

1. Read and study the assigned section prior to the academic session on the
subject matter.

3]

Keep the leaning objectives in mind as you study, then review them after
completing the chapter to be sure you have acquired the knowledge.

b

As you study, keep notes on areas that are unclear to you, so you can obtain
clarification from the instructor during the academic sessions.

=

Become familiar with the “New Terms” identified at the beginning of each
chapter. When a term is presented a second time in normal text, refresh
your memory of its meaning if it is unclear to you. The terms are defined in
the glossary if you are unable to locate them quickly in one of the sections.

b

Obtain a notebook and take it with you to every session, including the open
water dives. Note pages that fit into your NAUI Deluxe Log Book are an
excellent choice. Save your notes for future reference. These notes will be
especially useful should you decide to pursue leadership training, and in
additional training programs you may participate in.
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6. Log your dives in detail. Your instructor will provide you with underwater
activities and skills that you will perform during your training dives. Keep
a detailed record of those activities as proof of your successful completion
of that training.

We commend you on your decision to become a NAUI Enriched Air Nitrox
Diver. You must do more and learn more to acquire this rating of an Enriched
Air Nitrox Diver than you would with other training organizations, but we feel
you will agree that it is worth it! A NAUI Enriched Air Nitrox Diver is knowl-
edgeable, skilled, and respected. You will know more, be able to do more, and
feel more comfortable and confident as a diver when you have successfully
completed this program; you will have met one of the highest standards of
diver education.

Scuba diving is an adventure activity with inherent risks of serious personal
injury or death. Good training and good equipment can help to minimize those
risks, but there is no guarantee that these risks can be completely eliminated.
The code of the responsible NAUI Enriched Air Nitrox diver states that:

You must accept responsibility for your own actions and safety dur-
ing every dive.

You must dive within the limits of your ability and training.

Evaluate the conditions before every dive; assure that they fit your
personal capabilities.

Be familiar with and check all equipment before and during every
dive.

Personally analyze or directly observe the analysis of the breathing
gas you will be using.

Always dive with an alternate air source.

Know your dive buddy’s as well as your own ability level.

A note ahout Units

In most cases involving units we attempt to include both Imperial and S.I.
(metric) units. The conversion between fsw and msw is for the pressure units,
not the units of length, so is 3.2568 fsw/msw. Where ranges of depth, etc., are
included the conversion is rounded and may not be exact. Gas partial pressures
are given in atmospheres; the metric near-equivalent of an atmosphere, the bar,
is not exactly one atmosphere, it is not a valid S.I. unit, nor is it equal to sea
level pressure, therefore we use atmospheres.



Foreword

You are about to embark on one of the most exciting and challenging
areas in scuba diving—oxygen-enriched air. And I can’t think of any
experts better to guide you than my close friends Dr. Bill Hamilton and
Joel Silverstein. I can honestly say that if not for Dr. Hamilton, the
world of technical and mixed gas recreational diving wouldn’t have pro-
ceeded as quickly and as safely as it has. You’re learning from “the
man.” I’ve put my life in Dr. Bill’s hands, in the form of his expertise
and table creation, many times. He’s the guy NOAA, the military, and
the huge international diving concerns trust with the lives of their peo-
ple. Follow his advice, and learn his lessons, and you’ll be diving mixed
gas with the best of them.

Joel Silverstein and I have been diving together for years. His experi-
ence in exploration, dive publishing, diver safety, operations, and train-
ing is an unbeatable combination. During the growth phases of technical
diving, his Sub Aqua magazine was one of the best places to learn about
key issues. This book is the result of years of communicating clearly to
divers. Joel’s work in hyperbarics and emergency diver treatment gives
him an extra perspective on safety. As an instructor who’s been teaching
oxygen enriched air almost since its first recreational application, Joel
has heard all the questions, and developed reliable and useful answers.

This is a book we’ve all been waiting for. I almost wish I had written it,
but knowing how much work Dr. Bill and Joel have put in, I'm glad I
can read my copy along with you, and get more diving time in. You are
holding the book we would have paid many thousands of dollars for not
too long ago.

Use it well.

Safe diving,

Captain Billy Deans
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Chapter

INTRODUCTION

LEARNING GOALS

In this chapter you will:

* Be introduced to enriched air
mixtures for recreational diving.

* Learn how enriched air nitrox
can benefit you for no-stop
diving.

* Learn about some of the myths

that cause confusion in enriched
air nitrox diving.

e Compare no-stop air dives to
enriched air dive profiles.

* Learn about the history and
development of enriched air
nitrox.




Introduction

New Terms in This Chapter

EAN

EANx

Nitrox

Oxygen enriched air, OEA

Enriched air nitrox

Enriched air breathing mixtures
in recreational diving

As you begin this book you may ask yourself,
“What’s wrong with diving on air?” Simply, air
contains two major components, oxygen (21%) and
nitrogen (79%). As you learned in your scuba diving
class, it is the nitrogen that limits no-stop diving
times. The nitrogen in normal air limits your bottom
time, or the number of dives you can do in a day, or
requires a longer surface interval between dives.
Nitrogen is also the cause of decompression sickness.

Enter Enriched Air Nitrox, also called Oxygen
Enriched Air, or just nitrox. Enriched air nitrox is air
that has more oxygen in it. Consequently it has less
nitrogen. Since nitrogen is the controlling factor for
decompression from no-stop diving, with less
nitrogen in the breathing mixture your body will
absorb less nitrogen and you will have less of a
decompression obligation. This book illustrates why
this works, and shows you how to take advantage of
this principle.

The two most commonly used nitrox mixtures are
32% and 36% oxygen, called also EAN 32 and EAN
36 (sometimes these are written EAN32 and EAN3g).
In all cases the remainder, the other gas in the mix, is
nitrogen. These mixes were first introduced by the
National Oceanographic and Atmospheric Adminis-
tration (NOAA) for use in their scientific and shallow
water research dives. Using these gas mixtures can
also significantly increase the amount of time a diver
can spend at depth without requiring decompression.

Today’s diver is seeking more adventure and explo-
ration, which almost always leads to the desire for
more bottom time. Many times the only way to get
that longer bottom time is to plan dives that require
lengthy and sometimes complicated decompression

stops. Using enriched air nitrox makes getting that
longer bottom time not only easier by eliminating
decompression stops required with air, but this also
allows the diver to have shorter surface intervals while
still maintaining a minimal level of risk.

When you look at Figure 1-1, which is a comparison
of no-stop dive times, you see why enriched air nitrox
is in such great demand.

A diver making a 90 fsw dive using one of these
mixtures can increase the air no-stop dive time from
25 minutes to as much as 50 minutes. This is a signif-
icant increase in no-stop bottom time.

But increased bottom time does not come without its
price tag. As you have learned in your other scuba
courses, enjoying the underwater world comes with
limits and safety procedures. In this book and the
training you will receive from your NAUI instructor
you will learn about the benefits and precautions
necessary to conduct enriched air nitrox dives in a
low-risk and efficient manner.

- No-Stop Dive Times

Depth  21% 32% 36%
fsw  Air  EAN32 EAN36
i s 100 100
T b 60 60
80 gl 60
90 o 40 50
100 22 30 [40]
110 997 s 25 [30]
1211 sl (25 ]¥ sis Al
130 8 20]

Figure 1-1. No-stop dive times in minutes using NAUI's air,
EAN 32, and EAN 36 diving tables. The times at 60 and 70
fsw are the same for 32% and 36% oxygen because of the
“EAD?” procedures. Brackets indicate high oxygen levels.
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Myths of enriched air nitrox

With all technology come facts and perceived facts. In
this book and your training program you will learn the
relevant facts and procedures for using enriched air
nitrox for recreational diving. There are, however,
some myths that we need to dispel.

Myth # 1: “Nitrox is safer than air.”

“Safe” to most people means without risk, and all
diving contains a level of risk. The techniques and
procedures you will learn will help you maximize the
benefits and minimize the risks. Enriched air nitrox
has significant decompression advantages over air, but
to take advantage of those benefits other risks must be
weighed. The risks include oxygen toxicity and the
required depth and time limits, need for special equip-
ment maintenance, and a requirement for gas analysis.
When all are managed properly, the risks are minimal,
just as for air diving in the same depth ranges.

Myth # 2: “Nitrox is for deep diving.”

Enriched air nitrox has very stringent depth limits due
to the higher concentration of oxygen in the mixture.
The greatest advantages for no-stop diving are in the
50 to 110 fsw diving range. The two standard mixtures
of EAN 32 and EAN 36 have maximum operational
depths of 110 fsw and 90 fsw respectively, with 130
and 110 fsw available for contingencies. There are
other applications for using enriched air nitrox to
accelerate decompression from deep dives, but these
are outside the scope of this training program and are
covered in other courses.

Myth # 3: “You can’t get decompression
sickness.”

No gas nor diving table can absolutely ensure that a
diver will not get decompression sickness. Using
enriched air nitrox provides significant decompres-
sion advantages over air, but with all diving there is a
risk of decompression sickness. The procedures and
techniques in this book will help minimize those risks
while maximizing diving enjoyment. In the unlikely
event, however, that a diver who was breathing
enriched air nitrox has a decompression incident, the
treatment is conducted in the same manner as an air
diving incident. There are well proven recompres-
sion protocols for treating decompression illness, and
they work as well for enriched air as for air.

Myth # 4: “Narcosis is eliminated.”

It might seem logical that with reduced nitrogen in the
breathing mix there would be reduced nitrogen narco-
sis at depth. The fact is, oxygen can also be a narcotic

gas when under pressure. The result is that there is no
significant change in narcosis when diving enriched
air nitrox as compared to air.

Myth #5: “Using enriched air nitrox is
difficult.”

Throughout this book you will learn the proper and
simple procedures for conducting dives with enriched
air nitrox. Some of the procedures in the planning and
preparation process are a bit more involved than for
air diving, but they are designed to help you have a
relatively low-risk and enjoyable dive. You will apply
many of these techniques to your air diving as well.

Terminology

A number of new terms are introduced and used in this
course. A box at the beginning of each chapter con-
tains some of the new terms used in that chapter. Some
terms used throughout the book and course follow in
this chapter. These mainly address correct names for
the gas mixtures and types of diving. A glossary at
the back collects these terms with their definitions.

The early terms for nitrogen-oxygen mixtures were
just that, nitrogen-oxygen mixtures. More recently it
has become customary to state the oxygen first, and
this is the practice in offshore oil rig diving in the
North Sea; U.S. usage has been to state the inert gas
first. Because of this it is important always to specify
the component gases as well as the percentages.

Sea floor habitats from which divers emerge to do
their work were popular in the 1960s and 1970s.
These often use an oxygen-nitrogen mixture with less
oxygen than air, reduced to avoid oxygen toxicity
from long-term exposure. The term given to such a
mix was “nitrox.” Later this same term became used
for oxygen-enriched mixtures, those having more
oxygen than air, creating an ambiguity. Since virtually
all oxygen-nitrogen mixtures with more oxygen than
air are made by adding oxygen to air or removing
nitrogen from air, the terms “oxygen enriched air” or
just “enriched air” are proper for the mixtures popu-
larly called “nitrox” today. The compromise term
“enriched air nitrox” is the primary one used in this
book.

From these have evolved the terms “EAN” or
“EANx” The “x” was originally the “x” in nitrox, but
in some usage has become a subscript of the oxygen
percentage, as in EAN3z for 32% oxygen. Sometimes
this same 32% mix is called “EAN 32.” This is not as
specific as it might be, but is acceptable. For the



Introduction

record, in the NOAA manual the 32% and 36% mix-
tures are called “NOAA Nitrox I (NNI)” and “NOAA
Nitrox IT (NNII),” respectively; these terms are not
specific.

A word of caution. It is not good practice to state a
mix only as “60-40” or “80-20”; the components
should be specified. Terms like this can be interpreted
two ways, and getting it wrong can easily cause a fatal
accident. This problem does not apply to a 50-50 mix.
Because of this mixed terminology this book takes the
approach that the student should know all the terms
used to describe gas mixtures, and uses them inter-
changeably. Likewise, gas percentages are frequently
stated as percentages, a preferred method, rather than
as abbreviations.

Justification for enriched air nitrox

It should seem obvious that using enriched air nitrox
provides significant benefits of extending bottom
times, but not so obvious is its benefit in helping pre-
vent decompression sickness. By using a gas with less
nitrogen in it we effectively lower this risk. This does
not mean that a diver will never get decompression
sickness, just that with proper management the
already small risk of DCS is even smaller when diving
with enriched air.

Enriched air nitrox is of special value in the multi-day
repetitive dive series. Recreational diving incident sta-
tistics show that almost 80 percent of all cases of
decompression illness are a result of repetitive dives.

If a diver were to dive the same profiles on an
enriched air mixture instead of air, not only would the
decompression be less but there would also be an
overall reduction of nitrogen in the body. As a result of
this, many divers report that they are not as physically
tired after a series of dives using enriched air nitrox as
they have been in the past using air.

Repetitive dive example

Looking at a typical recreational dive profile we com-
pare two dives, one using enriched air nitrox 36% and
the other using air (Fig 1-2).

Example #1, diver breathing air does a first dive to 90
fsw for 20 minutes, waits one hour between dives,
and then is allowed a repetitive dive to 80 fsw for 12
minutes.

Example #2, diver breathing 36% oxygen does the
same first dive to 90 fsw for 20 minutes, waits one
hour between dives and then can do a repetitive dive
to 80 fsw for 36 minutes. This is 3 times the time
allowed with air.

The diver using enriched air nitrox in the above
example has a 24 min no-stop time advantage over the
diver doing a similar profile with air. The air diver
would have to take a 10-min decompression stop to do
36 min on the second dive. If you can imagine a typi-
cal dive vacation where you may be diving two or
three times a day for five or six days, you can see that
the advantages for using enriched air nitrox become
quite significant in either extending bottom time or by
reducing required decompression.

Comparison of Typical Dive Plans, Air and EAN

Example #1, Air

First Dive
90 fsw/20 minutes no-stop

One hour surface interval,
Group F-->E

Second dive
80 fsw/12 minutes no-stop

Example #2, 36% O:

First Dive
90 fsw/20 minutes no-stop

One hour surface interval,
Group E-->D

Second Dive
80 fsw/36 minutes no-stop

Figure 1-2. Comparison of typical dive plans. In this example the 36% oxygen provides three times as much bottom time on the

second dive as an air dive, 36 min instead of 12 min.
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History of enriched air hreathing mixtures
in recreational diving

Credit for introducing the modern practice of oxygen-
nitrogen diving properly belongs to Dr. J. Morgan
Wells, who was Diving Officer of the National Oceanic
and Atmospheric Administration. The method using
32% oxygen was documented in the Second Edition of
the NOAA Diving Manual (1979), which also included
derived decompression tables and methods for prepar-
ing the gas mixtures; this was later extended in the
Third Edition (1991) to include 36% oxygen mixes and
more details on mixing.

Oxygen-nitrogen diving gas mixtures other than air
were not new with NOAA. This diving concept had
been studied intensively by the U.S. Navy in the
1950°s, particularly by Dr. Ed Lanphier, who was also
chief architect of the 1959 edition of the U.S. Navy
Diving Manual. References to oxygen-enriched mixes
go back to the 19th century. Although the benefits to
decompression were known, the main reason for USN’s
interest in O2-N2 mixes was for rebreathers.

Commercial application of oxygen-enriched air
mixtures was practiced from the 1960’s, particularly by
Andre Galerne’s International Underwater Contractors,
but at the time this was kept as a proprietary technique.
Galerne’s secret was that he knew that a proper decom-
pression table could be prepared by considering only
the nitrogen component of the mix. Galerne’s goal was
to keep his divers in the water working while also
minimizing the risks of decompression illness. Others
suspected this would be advantageous but it was not
widely used, partly because it was not well understood
by clients, but mainly because the cost and complexity
of making, analyzing, and handling the mixtures and
training for their use more than offset the benefits.
When equipment for on-line mixing of oxygen and air
was developed, enriched air techniques were used
extensively by a few commercial diving operators. One
project using a commercial mixer made by Driger
involved over 5000 working dives (Hartung et al,
1982).

While Morgan Wells gets credit for introducing these
techniques for diving with oxygen enriched air mixes,
the credit for introducing this concept to recreational
diving belongs clearly with Dick Rutkowski, a close
friend of Wells and colleague in the initial development
within NOAA. Rutkowski began in about 1988 (after
he retired from NOAA) to apply and teach the NOAA
techniques to ordinary scuba divers. His course was
adequate and fairly well designed. Divers from all over

the world would travel to Dick’s facility in Key Largo
to learn about the “new way” to extend bottom time
while not increasing decompression obligations.
Enriched air nitrox became the “in thing” to breathe
among a group of divers known for exploration in caves
and wrecks. Divers who had been experimenting on
their own with alternative breathing gases were now
able to talk about nitrox and not get strange looks. It
was emerging technology in a sport that had seen few
technological advances since the development of the
multilevel dive computer in the early 1980’s.

Although NOAA was comfortable in using enriched air
in their diving operations, there were still questions.
These had to do with the validity of the concept, mixing
methods, applications, etc. To address this, in early
1988 NOAA’s Office of Undersea Research sponsored
a workshop on the subject. Leading experts were
assembled at Harbor Branch Oceanographic Institution
to study the concept. They concluded that the
approaches were sound, and basically endorsed the
use of oxygen enriched air. The report of that work-
shop is a good review of the state of the art at the time
(Hamilton et al, 1989). This Workshop settled on the
term “enriched air nitrox,” abbreviated “EANX,” in
order to recognize the nature of the gases as oxygen-
enriched air but to preserve the vernacular “nitrox.”

Despite this, by late 1991 there was enough controversy
within the industry to provoke a workshop on the
question of oxygen enriched air in recreational diving.
Conceived by aquaCorps publisher Michael Men-
duno and jointly sponsored with the Scuba Diving
Resource Group in January 1992, the pre-DEMA
workshop presented accumulated experience, reviewed
mixing problems and myths, defined problems, and
set out to define mixing and handling rules. The
results of this workshop (Hamilton, 1992), were
instrumental in NAUI’s entering the world of enriched
air nitrox diving. With two specialty agencies already
providing nitrox training to instructors, it was only
appropriate that NAUI add the specialty to its list of
courses; this was done.

Some of the early promoters of enriched air nitrox kept
the training highly technical to keep it “special.” Others
took a very simple approach of “it’s just like
air-breathe in, breathe out.” These two very different
approaches created controversy and misunderstandings
of what enriched air nitrox was and what it was not.
Either way, the development and spread of “nitrox”
diving had all the aspects of a fad. However, over time
enriched air nitrox has become a viable part of recre-
ational diving. |
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Chapter 1. Knowledye Review—Introduction

Before moving on to the next chapter, Gases and Gas Properties, please test your under-
standing of this chapter’s information by completing the Knowledge Review.

1. The in air limits your bottom time.

2. What are two other terms used to describe enriched air nitrox?
and

3. The two most commonly used nitrox mixtures are and
percent oxygen.

4. The greatest advantages for no-stop diving using nitrox occur in what depth range?

5. Narcosis is reduced significantly when diving with enriched air nitrox. True or False

6. What does the “x” stand for in the term EANX?

7. Who is credited for introducing oxygen enriched air mixes to recreational diving?

8. NAUI introduced their own enriched air training programs in what year?

9. State two benefits of using enriched air nitrox? and

10. For what category of diving is enriched air most beneficial?
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bASES AND GAS PROPERTIES

LEARNING GOALS

In this chapter you will:

* Understand the nature of gases
in an intuitive way.

* [earn about air and the common
atmospheric gases.

* Become acquainted with quan-
titative aspects of gas behavior,
i.e., the “gas laws.”

* Understand the very real hazard
of nitrogen narcosis.

* Be introduced to partial
pressure and its meaning.




Gases and Gas Properties

New Terms in This Chapter
“Air”

Gas and gas mixture
“Martini’s Law”

Ideal gas laws

Absolute temperature

Boyle’s Law and others
Chemical potential or potency
Partial pressure

P = Symbol for partial pressure
Solubility

This chapter presents the general characteristics of
gases. It offers a basic introduction to gases for those
who have forgotten or never taken chemistry, and pro-
vides some reference material potentially of use to
recreational nitrox divers.

How gases hehave

Matter takes three forms or “states,” solid, liquid, and
gas. Several properties of gases are important to
divers. Probably the most important is that gases are
compressible, whereas solids and liquids essentially
aren’t. This is because a gas is made up of lots of indi-
vidual molecules that can be visualized as being loose
and bouncing around, bouncing off each other and off
the walls of the container if the gas is confined. A gas
will fill a container evenly. This compressibility is
affected by temperature, since the molecules become
more active at higher temperatures. In fact, for a
constant volume the pressure is proportional to the
temperature (in absolute units), and at a constant
temperature the pressure is inversely proportional to
the volume (that is, if the volume is made smaller, the
pressure goes up).

Most gases, including all those involved in diving, are
invisible, but the interface between gases of different
density may refract light in such a way that it can be
seen, although with difficulty.

A “gas” can be a mixture of several component gases,
in which case it is a gas “mixture.” In a mixture, once
it is completely mixed, the components are evenly
distributed according to their proportions. The gases
in a gas mixture are not affected by gravity. In fact,
once gas components are mixed it is quite difficult to
separate them, and they will not separate by them-
selves under normal conditions.

The components in a mixture may be either individual
atoms or may be molecules, depending on the nature
of the gas. The individual components in a mixture
exert their chemical or physical effects according to
the proportion that each component is of the whole
mixture.

Another important property of gases is that they
can dissolve in liquids (and also solids). The amount
of a gas that can dissolve in a specific substance is a
measure of or characteristic of its solubility and that
of the solute. The amount of gas that can be dissolved
in a liquid is also directly proportional to the pressure
of the gas at the interface with the liquid, and solu-
bility is greater at lower temperature.

This overview summarizes the “gas laws” as they
apply to a diver. In a non-quantitative way, this is a
large part of what a diver needs to know about gases.
Later in this chapter we go into more detail about
some of these in a more practical way, so these princi-
ples can be applied.

Composition of air

Compressed atmospheric air is the main gas used in
diving. Dry air has the following composition,
expressed as fractions:

Oxygen 0.2095
Nitrogen 0.7808
Argon 0.00934

Carbon Dioxide 0.0003
Others 0.0004

Thus for practical purposes oxygen is about 0.21 or
21% and the remaining 79% is “inert” gases (mainly
argon and nitrogen; see Fig 2-1). The small amount of
carbon dioxide (CO2) in the atmosphere (atm) is
gradually increasing but it is still inconsequential in
respiration. The “others” category includes neon, heli-
um, methane, krypton, xenon, and nitrous oxide, all of
which are physiologically inert at these low levels.

Chapter 2
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Practical Compostion of Aip

Nitrogen

Argon
78.2% 10

Oxygen
20.8%

Figure 2-1. Composition of air. Air is mostly nitrogen and
oxygen, with about 1% argon and other gases.

In industry, “air” is considered to have between 19.5%
and 23.5% oxygen, balance nitrogen. Oxygen,
nitrogen, and argon, among others, are obtained from
air by distillation. “Air” obtained in cylinders may be
prepared by mixing oxygen and nitrogen back together
after they have been separated. This is not important
in recreational diving because virtually all diving air is
compressed from the atmosphere.

Some properties of the individual gases:

Oxygen, O

Oxygen is the essential component of all breathing gas
mixtures. It is necessary for body metabolism, but in
excess it can be toxic. Oxygen’s properties would
indicate that it should be slightly more narcotic than
nitrogen, but because it is consumed in body tissue the
amount present at a given moment cannot be known
precisely. Likewise, oxygen in excess may act as an
“inert” gas for decompression purposes, to a limited
extent. Chapter 4 discusses oxygen in more detail.

Nitrogen, N2

Nitrogen is the inert gas in air and in nitrox mixtures.
The narcotic properties of nitrogen are its main disad-
vantage in diving, but it is also quite soluble and there-
fore difficult to unload during decompression.

Argon, Ar

Argon makes up about 1% of air; it is usually consid-
ered with the nitrogen component. Argon is about
twice as narcotic as nitrogen, and it is more soluble
and also denser. It has a lower heat conductivity than
air and much less than helium, so is used in dry suits
to improve their insulating properties.

Helium, He, and neon, Ne

Both helium and neon are less dense and less soluble
than nitrogen, and they do not cause narcosis. Helium
is the gas of choice for diving deeper than the air
range. Neon is too expensive to be of much benefit as
a diving gas, but it has been used experimentally.

Nitrogen and narcosis

As mentioned, air as a diving gas creates two main
problems for the recreational diver, narcosis and the
need for decompression. Decompression is covered in
Chapters 6, 7 and 8; narcosis is covered here.

“Narcosis” means “numbing” or a state of stupor, with
the apparent implication that it is caused by a narcotic
drug, but this is not always the case. Nitrogen is
indeed a similar “drug,” but in a context different from
habit-forming or addictive narcotics. Instead, nitrogen
belongs in the class of gaseous anesthetics. Surgical
anesthesia can be induced by small amounts of specif-
ic gaseous agents, some requiring only a few percent of
the breathing mixture at one atmosphere (a partial
pressure of 0.01 to 0.15 atm). Nitrogen behaves in the
same manner as a gaseous anesthetic, but requires
much higher partial pressures to have its effects.

Nitrogen becomes noticeably narcotic at around 3 or 4
atm PN2 (air at 100-130 fsw or 30-40 msw) for most
people, and when 7 atm (200 fsw or 60 msw) is
reached almost everyone is seriously affected. A face-
tious rule of thumb (that actually works) known as
“Martini’s Law™ states that for every 50 fsw (15 msw)
of depth breathing air a person is narcotized to the
extent of drinking a dry gin martini. Thus the diver on
air at 150 fsw has a degree of narcosis equivalent to 3
quick martinis. This diver can be seriously impaired,
and probably will not recognize it.

Narcosis is sneaky, because for most people it is a
pleasant, euphoric, feeling, yet the diver can be pro-
foundly affected. Although the biochemical mecha-
nism is different, the effects are like alcohol, even to
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slurred speech, numb lips, inability to concentrate, short
attention span, easy distraction, and, amusingly, a ten-
dency to giggle or break out in raucous laughter when
stimulated. Sensitivity to narcosis is an individual
matter; different people are affected in different
ways, but the effects are generally consistent for an
individual.

Narcosis has been found by psychologists to work by
slowing down processing of information by the brain;
it is not a matter of nerve conduction velocity. Narcosis
is likely to be the same as the phenomenon of general
anesthesia, and both seem to be related to solubility of
the narcotic gas in fat.

In recreational diving narcosis is an insidious and
dangerous hazard. It is insidious because it induces a
feeling of well-being that tends to disguise the threat.
Numerous fatalities have resulted with divers who
were apparently comfortable until something went a
little wrong. Even a slight degree of narcosis can leave
a person unable to deal with a problem. In the depth
range where narcosis is substantial, if one adds stress,
multiple tasks, and a complicated job, most people
become dangerously ineffective.

It is said that divers accommodate or acclimate to
narcosis. This seems to be valid, but it is not a pharma-
cological adaptation as much as an improved ability to
cope as a result of recent experience (see Brauer,
1985).

The question of whether one can benefit (have
reduced narcosis) by replacing some of the nitrogen in
a mix with oxygen (such as diving with enriched air)
is uncertain. Anecdotes say both that it is better and
worse, and laboratory studies are equivocal (Bennett,
1997; Linnarsson et al, 1990). It is best to plan for a
narcotic level based on both nitrogen and oxygen, or
to assume that the narcotic effect of an enriched air
nitrox mix will be the same as that of air at the same
depth.

Quantitative aspects of gases

The specific details about how gases behave have
been discovered bit by bit over the last several cen-
turies by a few scientists clever enough to make the
observations and disciplined enough to write down
what they had learned. Consequently, many of these
principles bear the names of the discoverers. Their
names are not nearly so important as the principles the
individuals discovered; they are included here by
name for completeness.

This section provides an introduction to the behavior
of gases, in order to show the relations between the
various properties and how they can be used in a
quantitative way. Although quantitative, these rela-
tionships are presented here without the essential units
to make them into useful tools. Users who have to use
these equations should refer to chemistry or thermo-
dynamics textbooks. Quantitative relationships, i.e.
equations, necessary for enriched air diving are
covered in subsequent chapters.

Pressure, Volume, and Temperature

Gas behavior is often summarized as “the gas laws,”
or the Ideal Gas Laws. These are extremely useful for
making calculations about gases, and can be summa-
rized in a simple algebraic relationship:

PV = nRT

Here P = Pressure, V = Volume, and T = Temperature.
The n is the number of molecules (far too many to
count), and R is the universal gas constant. All the
terms must be in consistent units, and temperature has
to be on the absolute scale. Celsius (centigrade) tem-
peratures can be converted to the absolute scale
(Kelvin) by adding 273 degrees, and are related to
Fahrenheit by the relation

‘F=9/5x°C

To convert °F to absolute (called Rankine when using
Fahrenheit degrees) add 460 Fahrenheit degrees. No
gas is really “ideal” in behavior, but the relation holds
well for gases at pressures close to atmospheric or
lower. At higher pressures real gas behavior can be
predicted more accurately by using some modifiers;
these can be both theoretical and empirical.

Temperature is rarely measured and used quantitative-
ly in diving work. The values of gas constants can be
found in textbooks (Wienke, 1994; Somers, 1997).
The relations of the other terms can be shown as the
gas laws named after their discoverers.

Pressure and Volume

Pressure and volume (at constant temperature) are
inversely proportional to each other. That is, as pres-
sure on a given mass of gas is increased, the volume
decreases, or as volume is reduced the pressure
increases (both assume a constant temperature). This
is Boyle’s Law.

PV = kg

Chapter 2
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There are two very important applications of Boyle’s
law to divers. The first practical aspect is that gas can
be compressed into cylinders. If the pressure is dou-
bled, twice as much gas (twice as many molecules)
can be in the tank, and so on. Another aspect is that as
pressure is reduced on the diver’s body during ascent,
the physical result is for the volume of any gas space
to increase. If this gas is held in the diver’s lungs
during this pressure reduction (ascent) it can cause the
lung to rupture, possibly leading to arterial gas
embolism or other trauma. Hence the useful adage,
“never hold your breath while ascending after breath-
ing compressed air.” Boyle’s Law can also be
expressed as

P1V1 = P2V2

Pressure and Temperature

Another look at the same general relationship shows
that at constant volume the pressure is proportional to
the absolute temperature. This is the situation encoun-
tered when one compresses gas into a tank. As pressure
goes up, so does temperature.

PT=kyor P=kyxT

The “k” is a constant that adjusts the units; the little
“y” subscript means “at constant volume,” which is
the case when gas is compressed into a tank. This is
often called Gay-Lussac’s Law. It can be stated in
another useful algebraic form.

Py/T: =P/T,

Volume and Temperature

Still another corollary of the ideal gas law says that if
the pressure is held constant the volume is proportion-
al to the temperature. This situation, which is called
Charles’ Law, is not encountered frequently in diving
but is quite important in hot air ballooning (Bookspan,
1995). It is occasionally confused with the previous
pressure-temperature relation. Charles’ Law states

V/IT=kp or V=kpxT

This says that as temperature increases, so will the
volume, if pressure does not change.

Gas Mixtures:
Partial Pressure and Chemical Potential

In a mixture of gases the total pressure is made up of
the sum of the pressures of the individual components.
Each component exerts its own effects according to its
proportion of the total pressure.

Ptotal = Pl + Pz + P3+... + Pn

The effects of each individual gas can be thought of as
the “chemical potential” of that gas, and is a function
of the pressure of that component independent of the
other gases (to the extent that they behave as ideal
gases). These individual pressures are also referred to
as partial pressures, and the concept of partial pres-
sures is known as Dalton’s Law. An understanding of
partial pressures is an essential component of safe
diving with gas mixtures other than air, including
enriched air nitrox. The next chapter (Chapter 3)
further addresses partial pressure manipulations.
Stated another way, the partial pressure of a gas “g” is
the product of the fraction of that gas times the total
pressure.

Pg = Fg X Piotal

This is the definition of a partial pressure, where Py is
the partial pressure of the component gas g, Fg is the
fraction of the component, and Prota1 is the total pres-
sure. The pressures may be in any type of pressure
unit, but for many diving calculations they are in
atmospheres (atm) or bars. The “fraction” component
has no units (it is dimensionless). The fraction is the
decimal fraction, or 1/100 of the percentage.

A capital P is the convention used by physiologists
and medical practitioners to represent partial pressure
(and is the style used in this book). For a specific gas,
the chemical symbol may be used as the subscript, or,
because multiple subscripts are hard to handle it may
be written on the line with the P, as in PO2 or PNaz.
Engineers sometimes abbreviate partial pressure as
pp, or ppO2, which is not ambiguous. The use of a
single lower case “p” is best avoided because this
symbol is also used in other ways, such as to represent
acidity, as in pH.
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Solubility

It was necessary to define partial pressure before the
next gas property could be explained—the solubility of
gases in liquids. When equilibration is complete, the
amount of a gas dissolved in a liquid is proportional to
the pressure of the gas at the interface between the gas
and the liquid. In the case of a gas in the lung, equili-
bration is essentially complete between the alveolar
gas and the blood passing through the lung (it then
becomes arterial blood). That the amount of gas
dissolved is proportional to the equilibration pressure
is Henry’s Law.

Solubility depends on the properties of both the gas
and the liquid (the solute and the solvent). Gases such
as nitrogen are about 5 times more soluble in fatty
tissues than in watery tissues.

Solubility also depends on the temperature. Gases are
more soluble in liquids at lower temperature. The
temperature of blood does not change much, so this
principle has minimal effect on gas uptake and, thus,

decompression. Temperature does affect decompres-
sion, however, because it causes physiological
changes in the circulation.

Inspired gas, the gas that is taken into the lungs, is
diluted slightly with metabolic carbon dioxide and
water vapor. The resulting partial pressures are an
important part of life, especially in diving. The alveo-
lar oxygen partial pressure, PO, is critical in normal
metabolism, and plays a major role in oxygen’s toxicity.
The nitrogen partial pressure in the lung, PoAN,, is
important in decompression and determines the level
of narcosis due to nitrogen. The P,CO, (alveolar
carbon dioxide partial pressure) basically determines
the metabolic and neurological etfect of carbon dioxide
in a given situation.

As a reminder, note that the equations given in this
section do not include the units. The units in an
equation must be compatible for it to produce correct
results. Except for partial pressure, which is covered
in Chapter 3, quantitative calculations with the equa-
tions in this section are beyond the scope of this text.
Ed
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Chapter 2. Knowledge Review—Gases and Gas I’rduéﬁiies

Before moving on to the next chapter, Pressure and Partial Pressure, please test your
understanding of this chapter’s information by completing the Knowledge Review.

1. Which gas in air is essential to sustain life?

2. Adiver breathing air at 100 fsw (30 msw) is not affected by narcosis at all. True or false.

3. The gas law that best describes changes in pressure and volume of gases is

4. As a gas is warmed in a closed container its pressure will

5. As the partial pressure of oxygen increases on a dive it becomes more

6. Isair a gas or a mix?

7. The three main components of atmospheric air are nitrogen, oxygen, and

8. “Martini’s law” states that every fsw of air pressure is narcotic to the extent of one
dry gin martini.

9. The primary safety hazard of diving deep with air is

10. The mechanism of narcosis is similar to what common phenomenon encountered in a

hospital?
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LEARNING GOALS

In this chapter you will:

* Understand fractions and
percentages of gases.

* Understand the concept of
partial pressure.

* Be able to convert between
depth units and atmospheres.

* Be able to define partial
pressure and its purpose.

* Be able to calculate partial
pressures of gases in a mix.




Pressure and Partial Pressure

New Terms in This Chapter
Fraction, F

Atmosphere, atm
Atmosphere absolute, atm abs
ata or “ATA”

fsw (msw)

gauge pressure

The concept of partial pressure

Enriched air nitrox diving is choosing and using spe-
cific gas mixtures other than air. The diver has the
opportunity to choose a gas that is most suitable for
the dive. As discussed in previous chapters, different
gases behave differently and have different chemical
potencies at various pressures. It is critically impor-
tant that you know the meaning of partial pressure
and how to apply it to dive planning. This chapter
discusses partial pressure and other practical aspects
of pressure; it is an expansion of Chapter 2 on gas laws.

The best way to describe the effect of the oxygen in
any given nitrox mix or of any other component is to
determine the partial pressure of the gas at a given
depth. However, first we need to understand what

partial pressure is. A diagram of partial pressure is
shown in Figure 3-1.

Consider first a single gas. The effect of the gasis a
function of its pressure. If the gas is oxygen, its
pressure determines its physiological effect on metab-
olism, or the toxicity of the gas, or it could apply to
burning rate. If it is an inert gas, the pressure deter-
mines how much of the gas will dissolve and perhaps
be involved in decompression. Even though we have
only one gas, that gas’s effectiveness, its physical or
chemical potential (or potency) is a function of the
pressure of that gas. In this example—a single gas—this
is the same as the total pressure. If we want to describe
this in quantitative terms, we report the pressure in the
appropriate units. The most common unit used for this
is atmospheres, or the metric equivalent, bars. Pure
oxygen at a total pressure of one atmosphere would
have an effective pressure of one atmosphere.

Now consider a mixture of gases, air for instance. Air
is 21% oxygen and the rest (79%) is nitrogen. The
effectiveness or potency of the oxygen in air would be
21% as much as the effect of 100% oxygen at the
same pressure.

We need to take one more step to make this more pre-
cise, to convert the relative measure “percentage” (%)
to an absolute measure. If we let 100% be 1, the whole
number one, then 21% will be a fraction of 1 equal to
0.21. The components add up to 1 (i.e., 100%). This is
shown for atmospheric air in Figure 3-2.

Surface (1 atm)

33 fsw (2 atm)

132 fsw (5 atm)

[T NITROGEN
[—1 OXYGEN

Nitrogen: 0.8 atm
Oxygen: 0.2 atm

Nitrogen: 1.6 atm
Oxygen: 0.4 atm

Nitrogen: 4.0 atm
Oxygen: 1.0 atm

Figure 3-1. Graphical representation of partial pressure, using air as an example. Vertical height is total pressure in atm,
while the cells or “bricks” show fractions of nitrogen (shaded) and oxygen.
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Percentage Partial Pressure
79% No = 0.79 atm
21% Oy = 0.21 atm

100% = 1.00 atm

Figure 3-2. Air at 1 atm.

Now, the values on the right are partial pressures.
If we have air at one atmosphere, the partial pressure
of the oxygen in air (21%) is 0.21 atm. If pressures are
higher the same relations prevail but are increased as
the pressure is increased.

To complete the picture, the oxygen in air is not the
only gas. Other inert gases make up 79% of the total
pressure (we normally lump all the inert gases into the
nitrogen category), and they have a partial pressure of
0.79 atm when the air is at one atmosphere total pres-
sure. As shown in the figure the partial pressures add
up to the total pressure.

Fractions and Percentages
Generally the relationship between fraction
and percentage is intuitive, but to be specific,

Fraction = Percentage / 100
and the converse
Percentage = Fraction x 100

The fraction of oxygen in 36% oxygen EAN
is
Fraction = 36% / 100 = 0.36

Fractions are dimensionless; that means they
have no units. The “100” actually has the
units of “percentage units per unit fraction.”

Figure 3-3. Fractions and percentages.

Definition of partial pressure

The partial pressure of a gas in a mix is the portion
of the total pressure exerted by that gas. This
applies to single gases or to a mixture of several gas-
es. Partial pressure is the fraction of the component
gas multiplied by the total pressure. When added, all
of the partial pressures of the component gases

become the total pressure. By calculating gas partial
pressures it is possible to estimate how much inert gas
(nitrogen) the body is exposed to and can take up. This
calculation also helps determine how much oxygen
the body will be exposed to at depth. Examples are
shown in Figure 3-3.

Calculating the partial pressures of a gas is easy if the
absolute pressure and the fraction that the component
gas makes up of the total are known. When planning
enriched air nitrox dives, we take into consideration
the oxygen partial pressure and the nitrogen partial
pressure for determining oxygen exposure time and
decompression.

Before we do partial pressure calculations we need to
review another maneuver, that of converting between
depth and pressure units.

Converting between depth and atmospheric units

Since gas partial pressures are usually encountered
as depths and handled as atmospheres, it is necessary
to be able to convert between these units.

By convention, depth is a “gauge” pressure referenced
to one atmosphere or sea level. Therefore when a
depth D, say 66 fsw, is converted to pressure in atmos-
pheres absolute (atm abs, sometimes called “ata” or
“ATA™), it is necessary to add the initial atmosphere
(equivalent to 33 feet of sea water, fsw) according to
the formula

Paimabs = D fsw + 33 fsw
33 fsw/atm
where P = the final pressure in atm abs
D = depth in fsw
33 = pressure in fsw at one atmosphere
or sea level.

For metric units the equations are the same except that
10 msw is equivalent to 1 bar or atm, replacing the 33
fsw/atm. See Figure 3-4. Another equation for making
the conversion to atmospheres is first to divide the
depth by the atmospheric factor, 33, then add the
atmosphere for sea level pressure with this equation:

D fsw

Sl Sy 1 atm
33 fswlatm

P atm abs =

Another example: Convert 98 fsw into atm.

Solve the equation by inserting depth in fsw into D,
such that 98 fsw divided by 33 fsw/atm = 2.96, then
add 1 atm; the total is 3.96 atm abs.
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The resulting number is fsw converted to atm. This
number (total pressure) can now be multiplied by a
gas fraction to find the resulting partial pressure of
that gas.

To go the other way, converting from a pressure P in
atm abs to fsw, multiply the number of atmospheres
by 33 and take away the initial ambient pressure in
fsw;

D fsw = (P atm abs x 33 fsw [ atm) - 33 fsw
Or the ambient atmosphere can be subtracted first.

D fsw = (P atm abs - 1 atm) x 33 fsw | atm
Example: Convert 3.96 atm to fsw
First 3.96 atm abs is converted to fsw by multiplying
by 33 to get 131 fsw, expressed as “absolute fsw.”

Then subtract 33, the number of fsw in the ambient or
atmospheric atmosphere to get 98 fsw.

Convert fsw into atm

Difswik 33SWE b e abs

33 fsw /[ atm
For a depth of 66 fsw:
66 fsw k33 fsw g0 be
33 fsw [ atm

For S.I. units the 33 fsw/atm is
replaced by 10 msw/atm.

For 20 msw:

20 msw + 10 fsw
10 msw [ atm

= 3 atm abs

Figure 3-4. Example of conversions from depth units (fsw or
msw) to atmospheres (atm).

Calculating partial pressures

To determine the oxygen partial pressure multiply the
oxygen percentage in the mixture by the total pressure
in atmospheres. The higher the oxygen percentage the
higher the ultimate oxygen partial pressure will be at a
given depth. This formula is:

Partial pressure = Total pressure x Fraction

By rearranging this formula algebraically it is possi-

Convert atm to fsw

(P atm abs x 33 fsw | atm) -33 fsw = D fsw.
For a pressure of 3 atm abs:
(3 atm abs x 33 fsw | atm) - 33 fsw = 66 fsw.

For S.I. units the 33 fsw/atm is replaced
by 10 msw/atm. For 20 msw:

(3 atm abs x 10 msw | atm) - 10 msw = 20 msw

Figure 3-5. Example of conversions from atmospheres (atm)
to depth units (fsw).

ble to solve it for each of the terms. To make this
easier without getting into the algebra, Figure 3-6is a
mnemonic device to help do these calculations. It is
derived from one often used for solving Ohm’s Law
relationships with electricity. To use the figure, cover
the item you want to solve for, and the others will be
in the relationship needed. For example, if “Partial
pressure” is covered, the other two terms are side by
side so are multiplied. If you want to know what frac-
tion to use to get a given partial pressure at a given
total pressure, cover “Fraction.” The other two terms
are in the right relationship, with “Partial pressure”
over “Total pressure”; this means divide partial pres-
sure by total pressure to get the fraction. And so on.

As an example, Figure 3-7 shows how to calculate
the partial pressure of the oxygen in air at 66 fsw.

Partial
Pressure

1

Total  puaction
Pressure | octon

Figure 3-6. Partial pressure mnemonic. Cover the item you
want to know and the others will be in the proper relation.
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Figure 3-8 shows some partial pressures of oxy-

gen at different pressures, equivalent to different Oxygen Partial Pressure
depths. : in air at 66 fsw

Let us look next at the nitrogen component in order
to compare the partial pressures of nitrogen in air and

in 36% oxygen enriched air, EAN 36. The calculations Pressure at 66 fsw =
are done the same way as they are with oxygen; the
non-oxygen fraction of air is the part‘ of %nterest in D fsw +323 fsw
this case. An example of this is shown in Figure 3-9, =((66 x 33)/33) = 3 atm abs
again at 66 fsw to simplify the arithmetic. It can be 33 fsw/ atm ;
seen that the partial pressure of the nitrogen is signifi-
cantly lower (PN,=1.92 atm) in the 36% oxygen The fraction of oxygen in air is 0.21
enriched air than in air (PN; = 2.37). It is this lower
partial pressure of nitrogen in the mix that allows Partial pressure, atm = total pressure, atm

oxygen enriched air to have such a significant decom- X ftachon= 3 ann 021 =062 4t
pression advantage.

In Figure 3-10 are several other examples. Look at
32% oxygen at 99 fsw. Air has a PN, of 3.16 atm and
EAN 32 has a PN, of 2.72. This is 14% less inspired
nitrogen with EAN 32 than with air. It is this
decrease in nitrogen that creates the benefits of
enriched air nitrox diving.

Oxyyen Partial Pressure at various depths

PO,
Depth Pressure Air 32% O, 36% O, 100% O,

Figure 3-7. Calculating an oxygen partial pressure.

0 1 atm abs 0.21 atm 0.32 atm 0.36 atm 1.0 atm

33 fsw 2 atm abs 0.42 atm 0.64 atm 0.72 atm 2.0 atm

66 fsw 3 atm abs 0.63 atm 0.96 atm 1.08 atm 3.0 atm

99 fsw 4 atm abs 0.84 atm 1.28 atm 1.44 atm 4.0 atm

Figure 3-8. Oxygen partial pressure comparison.

Nitrogen Partial Pressure at 66 fsw, air and 36% oxygen enriched aip :

Nitrogen partial pressure=total pressure x fraction of nitrogen component.
The fraction of the nitrogen component in air, FN2is 1 —-FO2 =1-0.21 = 0.79
and at 66 fsw (3atm) the PN of air is 3 atm x 0.79 = 2.37 atm.

For 36% oxygen, FN2 =1 -FO2 =1 -0.36 = 0.64 FN2
and the PNz at 66 fsw (3 atm) is 3 x 0.64 = 1.92 atm, substantially less than 2.37.

Figure 3-9. Calculating nitrogen partial pressure.
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As easy as it is to calcu- . . 5
Tiie 5% gen partil prees Nitrogen Partial Pressure Gomparison

sures, there may be PN 5

timeswhen using atable | - Nyenth  Pressure Air 2% 0, 36% 0,
will be simpler and

MOLE JSShIiie, ROLIis 0 latmabs | 0.79atm  0.68atm  0.64 atm
reason an Oxygen Par-

tial Pressure chart is | 33fowy  2atmabs | 1.58atm  1.36atm  1.28atm
included (in Chapter 5, ;

Figure 54, and in the | 66 fo  3atmabs | 237atm  2.04atm  1.92atm
Reference Section). To

use this chart, find \ERQGHEHESATatHIRATS M| R 116 1 TR A1) I 25 O 1]
the percentage of oxy-

gen across the top and
intersect this column with the corresponding depth.
This number is the partial pressure of the oxygen in
that particular mix at that specific depth. The table has
been created so that it only shows partial pressures of
oxygen that are less than or equal to 1.6 atm, which is
the maximum allowable partial pressure of oxygen to
which scuba divers should be exposed (values 1.4 to
1.6 atm PO, are for contingencies). This is a good way
to get the PO, needed to begin to plan a dive.

This section covers some of the conventions used in
non-air diving, describes the units used, and gives
examples of some unit conversions.

One atmosphere (atm) is the pressure equal to the
pressure of the air surrounding us, at sea level. This is
the definition of an atmosphere. (Strictly speaking, an
atmosphere is defined as 101.325 kPa or 1013.25 mil-
libars, and this equals the pressure of 760.0 millime-
ters of mercury or 14.696 psi.)

By definition, a foot of sea water, fsw, is normally con-
sidered to be 1/33.00 atmospheres, and we use that
definition here. Sometimes values like 1/33.05 or
1/33.08 are also used, using a definition based on an
assumed density of sea water. The difference is not
important physiologically (fortunately). A meter of sea
water, msw, is independently defined as 1/10 bar or
10.00 kPa, and this definition is universally used. This
gives a slightly different conversion factor between
fsw and msw, which are units of pressure, than the
conversion between feet and meters as units of length.

3.2568 fsw = 1 msw (pressure)
3.2808 feet = 1 meter (length)

Figure 3-10. Nitrogen partial pressure comparison.

As a diver descends the total pressure increases one
atmosphere for each 33 fsw (10 msw). Divers are
familiar with depth units, fsw and msw, but to calcu-
late partial pressures it is necessary to convert depth
to atmospheres before making the partial pressure
calculation.

Occasionally the abbreviation “ATA” is used for
“atmospheres absolute.” It is also frequently misused
as the unit of measure for partial pressure. Although it
is generally well understood and not the source of
dangerous confusion, using ATA is not really proper
since a partial pressure is more of a differential than an
expression of absolute pressure. An older (and slightly
different) European unit no longer in widespread use,
the “technical atmosphere,” uses the ATA abbreviation
as well.

Absolute pressure has its reference at zero pressure;
gauge pressure or seawater units are referenced to
one atmosphere.

What if the diving is in fresh water? Fresh water is
33/34 as dense as sea water, so it takes 34 feet of fresh
water to equal the pressure of 1 atmosphere. The easi-
est way to deal with this is to dive with sea water
gauges, use seawater units, and ignore the fact that the
distances are not the same as in sea water; it is the
pressures that really matter. But what if the gauges
are calibrated in fresh water? That, in fact, is the case
for most if not all depth gauges made in Switzerland,
where there is no sea water. For conversions to atmos-
pheres, to be ultra-precise one can use 34 instead of 33.
This problem is mentioned again in the chapters on
decompression. The difference is 3%; this is not of
major importance physiologically, and we take no
further note of it. H
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Chapter 3. Knowledge Review—Pressure and Partial Pressure

Before moving on to the next chapter, Oxygen Physiology, Toxicity and Tolerance, please
test your understanding of this chapter’s information by completing the Knowledge
Review.

1. The of a specific gas in a mix is the portion of the total pressure exerted by
that gas.

2. If there is 33% oxygen in a gas mix, what is the fraction of the oxygen in the gas mix?

3. During an enriched air nitrox dive using 34% oxygen you reach a depth of 71 fsw (22 msw).
What is the partial pressure of the oxygen at that depth? atm

4. What is the partial pressure of nitrogen from question # 3?7 atm

5. The pressure of the air surrounding us at sea level is

6. The pressure of the water surrounding us during a dive plus the pressure of the air at sea
level is the

7. The absolute pressure at 102 fsw (31 msw) is atm.

8. The absolute pressure at 69 feet of fresh water is atm.

9. The absolute pressure exerted on a diver in the ocean is 4.25 atm. What is the divers
depth?

10. The partial pressure of nitrogen in air at 130 fsw is
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LEARNING GOALS

In this chapter you will:

* Understand the metabolic role
of oxygen in the body.

* Become acquainted with the
range of oxygen effects.

* Learn about oxygen’s role in
decompression.

* Be introduced to oxygen
toxicities.

* Learn techniques for managing
central nervous system toxicity.

* Become acquainted with
procedures for dealing with
other oxygen toxicities.
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New Terms in This Chapter
Hypoxia

OTU and older terms

CNS oxygen “clock”

O3 limit fraction

Oxygen the Princess

Hannes Keller, the deep diving pioneer (early 1960s),
was aware of oxygen’s importance in physiology and
its benefit to decompression, and he used the gas
effectively in his dives. He dubbed oxygen the
Princess of Gases, noting her essential nature, the
beautiful things she can do, but also the necessity for
careful handling and great care in using this wonderful
gas. Because oxygen is the only breathing gas we use
that has to be kept within physiological limits in both
directions and its handling requires special care, we
take this somewhat allegorical approach.

Metabolism: Oxygen is essential for life and energy

Oxygen’s primary role in the body is to support
metabolism. The oxygen used by the body is trans-
ferred to the blood in the lungs and to the tissues by
the blood. About 80% of the oxygen consumed is
converted to carbon dioxide, which is exhaled by the
lungs. The amount of oxygen taken up by the body,
the oxygen consumption, is a means of measuring the
body’s metabolism and energy production. Usually
about 25% of the energy produced by the body is
available for muscular activity; the balance produces
heat and supports other metabolic functions.

The need for oxygen: Hypoxia

Oxygen is a constant requirement of the brain for energy,
and is needed to maintain consciousness and ultimately
life. The brain is subject to damage when it goes without
oxygen for more than 3 or 4 minutes, as can happen in
heart failure when the blood supply to the brain is inter-
rupted, in drowning or asphyxia or if breathing stops and
the lungs are getting no oxygen, or if the oxygen partial
pressure in the lungs is insufficient. The last case is of
concern to anyone breathing mixtures that may be low in
oxygen (as in commercial or military diving), or to those
who go to high altitude. An overview of the effects of
different levels of oxygen is given in Figure 4-1.

An inadequate supply of oxygen is known as hypoxia,
which means low oxygen. The symptoms of hypoxia
are loss of night vision, dimness of vision or “tunnel
vision,” skin itching or tingling, numb lips, difficult
speech, breathlessness, dizziness, and when more
severe, collapse and unconsciousness. A common sign
is cyanosis, blueness of the lips and fingernail beds. A
dangerous aspect is that often the individual feels
euphoric (happy). Some hypoxia symptoms are simi-
lar to those of nitrogen narcosis.

Uses and Effects of Different

Levels of Oxygen

PO2, atm
3.0 50/50 enriched air nitrox recom-
pression treatment gas for use in
the chamber at 6 atm abs.

2.8 100% O recompression treatment
gas at 2.8 atm abs.

2.4  40% 02-60% N2 enriched air
nitrox recompression treatment
gas at 6 atm abs.

2.2 Commercial/military “Sur-D”
chamber surface decompression,
100% O3 at 40 fsw pressure.

1.6 Maximum exposure for working
diver, NOAA limits.

1.4 Recommended maximum expo-
sure for recreational diver.

0.50 Threshold for whole-body effects;
maximum saturation dive expo-
sure.

0.35-0.40 Normal saturation diver POz level.

0.21 Normal environment oxygen (sea
level air).

0.14-0.16  Initial signs/symptoms of hypoxia.

0.09-0.10  Serious signs/symptoms of
hypoxia.

<0.08-0.10 Unconsciousness in most people.

<0.08 Coma to ultimate death.

Figure 4-1. Uses and physiological effects of different
levels of oxygen.
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In terms of inspired oxygen percentage at one atmos-
phere or at equivalent oxygen partial pressures, down
to about 16% oxygen (a POz of 0.16) there are usually
no perceptible effects. At 12-14% most people will
notice the first symptoms of tingling, numb lips, and
tunnel vision. These get more prominent at 9-10%,
with onset of dizziness, and collapse is imminent for
some. At levels much below this some people can stay
conscious with great effort but most will pass out.
There is a significant variation between individuals
in susceptibility and symptoms. Fitness helps, but
individual makeup is a more prominent factor. Typical
responses are included in Figure 4-1, which shows
both the range of hypoxic effects and the range of
applications.

One might wonder, with all this extra oxygen, why we
even bother to mention hypoxia. It is always possible
to get an incorrect mix, but in enriched air nitrox div-
ing where there are no pure inert gases being used for
gas mixing, the chance is slim that a mix will be
hypoxic. EAN gas mixes are normally made by
adding oxygen to air or by removing some of the
nitrogen, so are intended to be richer in oxygen than
air, However, other types of diving (as discussed in the
chapter on technical diving) may use mixes intention-
ally lower in oxygen than air. In deeper diving with
mixed gases the threat is very real, and many divers
have died because of hypoxia. Another possibility of a
low oxygen content is from a steel scuba tank that has
been stored with a little water in it for some time,
months or years. The oxidation reaction (rusting) can,
over time, use up some of the oxygen in the tank. It is
advisable for all special-mix divers to know about
hypoxia.

Oxygen’s role in decompression

From another perspective, oxygen can bring about a
prominent improvement in decompression. Decom-
pression requirements are dictated by the uptake of
inert gases. Since oxygen is metabolized in body
tissues it can reduce this uptake by displacing some of
the inert gas, thus improving the decompression by
making it both quicker and more reliable. The key to
doing this effectively is to manage the exposure of the
diver to oxygen to avoid the zones where oxygen can
be toxic. These techniques require significant training
that is outside the scope of this book.

Oxygen as an inert gas: Narcosis and decompression

Interestingly, it appears that too high an oxygen level
can leave some oxygen in the tissues unmetabolized, and
some experts feel this can take part in bubble forma-

tion. Also, to the extent that it is present in the tissues,
oxygen can act as an inert gas and thus can produce
narcosis. These levels of oxygen are not attained in
NAUI EAN diving.

Toxic effects of oxygen: The need for management

Given oxygen’s powerful metabolic effects, it should
be no great surprise that in excess it can be toxic. In
fact, all living things have enzymes and other mecha-
nisms that protect against oxygen’s toxicities. For
divers two types of oxygen poisoning are of concern,
those affecting the central nervous system (CNS),
and those affecting many other parts of the body more
generally, particularly the lungs. These are covered in
a later section in this chapter.

Oxygen is a powerful oxidizing agent

Oxygen is the agent responsible for most oxidation
that takes place on this planet. The gas itself does not
burn, nor does it explode. Virtually everything that is
not already fully oxidized can burn in oxygen. When
oxygen (or even air) is mixed with a fuel gas, however,
the combination can be explosive. In order for
combustion to take place there has to be an oxidizer
(usually oxygen), fuel, and a source of ignition.

Most people know that things burn in air. They burn
more vigorously in oxygen-enriched air, and a great
deal faster and more intensely in pure oxygen. With
several of the methods for manufacturing enriched air it
is necessary to handle pure oxygen. The enriched air
diver most likely does not need to know how to make
the mixes, but definitely must have some knowledge of
the hazards and their countermeasures. More details on
this are given in the chapter on gas mixing.

Oxygen toxicity

CNS: Effects on the central nervous system

CNS toxicity (Fig 4-2) acts at the higher end of
breathable POz levels, after short exposures. It typical-
ly can develop within a few to many minutes on expo-
sure to partial pressures of oxygen above about 1.8 atm
(roughly 5 to 50 min, but this is highly variable). The
end result may be an epileptic-like convulsion that is
not dangerous in itself but that can result in drowning
or physical injury. It is for this reason that the maxi-
mum PO2 for mixed gas diving has been set at 1.6 atm
by NOAA. A recommended maximum for recreation-
al diving is 1.4 atm. The mnemonic for remembering
the symptoms is shown in Fig 4-2 as “VENTID.”
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There are other signs and symptoms of CNS toxicity.
These are not onerous in themselves, but are justifica-
tion to stop a dive. They include twitching of lips and
facial muscles, visual or hearing disturbances, nausea,
dizziness, difficulty in breathing (dyspnea), anxiety,
confusion, poor coordination, and unusual fatigue.
These may warn of an impending convulsion, but a
convulsion may also come without any warning.
Divers have been known to “black out” or go uncon-
scious without a convulsion; this may be a manifesta-
tion of oxygen toxicity.

Whole hody toxicity, including the lung

Slower developing oxygen toxicities may follow expo-
sure to lower levels of oxygen for longer times. The
lung is the principal organ affected, but many other
parts of the body can be affected as well. Therefore we
use the term “whole body” toxicity to include the
affected parts of the body other than the CNS.

A classical symptom of oxygen poisoning is “pul-
monary,” the result of oxygen’s effect on the lung.
This takes hours or longer to develop from exposure
levels that may be lower than those that cause CNS
symptoms. It is of no concern to scuba divers doing
no-stop dives, but it may be seen during extensive

CNS Oxyyen Toxicity Signs and Symptoms

[Convulsion]

Visual disturbances, including
tunnel vision

Ear ringing
Nausea

Tingling, Twitching or muscle
spasms, especially of the face and
lips

Irritability, restlessness, euphoria,
anxiety

Dizziness, dyspnea

Figure 4-2. CNS oxygen toxicity signs and symptoms.
Effects may come on in any order or even start with a con-
vulsion. If symptoms begin, ascend to a shallower depth
immediately, reduce work level if possible, and ventilate
lungs well with deep breaths. Maintaining PO: levels of 1.4
atm or less is strongly recommended.

commercial and military diving operations or during
long oxygen treatments for decompression sickness in
a hyperbaric chamber. Symptoms are chest pain or
discomfort, coughing, inability to take a deep breath
without pain or coughing, development of fluid in the
lungs, and a reduction in vital capacity.

Non-pulmonary symptoms of “whole-body” oxygen
toxicity include skin numbness and itching, headache,
dizziness, nausea, effects on the eyes, and a dramatic
reduction of aerobic capacity during exercise.

Variations in tolerance

There is wide variation in susceptibility to oxygen
poisoning among individuals, and a significant varia-
tion in a single individual at different times. Part of
this latter variation is due to unknown causes, but a
large part can be attributed to known environmental
and physiological circumstances. Susceptibility to
CNS toxicity is increased by certain factors, particu-
larly those that cause an increase in internal PCO2
such as exercise, breathing dense gas, or breathing
against a resistance. Immersion increases sensitivity,
as do extremes of temperature. These differences
make it difficult to predict the occurrence of CNS
oxygen toxicity.

Benefits of intermittent exposure

Oxygen poisoning can be reduced or postponed by
interrupting the exposure. If “breaks” of a period of
low oxygen are taken during oxygen breathing the tol-
erance is greatly improved. In the USN tables for
treatment of decompression sickness using oxygen,
breaks of 5 minutes of air breathing are taken every 20
or 30 minutes of oxygen breathing. This avoids oxygen
convulsions in all but very rare cases, and also post-
pones pulmonary toxicity.

Managing oxygen exposure and prevention
of toxicity

Despite the uncertainties, the accepted method for
avoiding oxygen toxicity is to have the diver stay
within established exposure limits.

Concepts of exposure management

First a comment on the concept of limits. Just as with
decompression, a limit is implemented as if it were a
solid line dividing “no problems” from “guaranteed
problems.” Actually a limit is a solid line drawn
through a wide gray area of gradually increasing risk.
The limits given here and in other limit-based algo-
rithms (such as a decompression table) are recom-
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mended guidelines for use under normal conditions.
They have been proven in practice. They work for
most people most of the time, but they are not guaran-
teed to work all of the time for all people under all
circumstances. They may need to be more conserva-
tive when conditions are more stressful.

Let us likewise emphasize that diving with the NAUI
EAN procedures imposes an extremely low risk of
oxygen toxicity. The exposures are short and well out-
side limits expected to cause problems.

Prevention of CNS poisoning

The method used for prevention of CNS oxygen toxi-
city is to stay within exposure durations that are based
on the oxygen level, the partial pressure or POz, to
which the diver is exposed. These limits allow a
certain time at each POz range. Such an approach had
been practiced by the U.S. Navy for many years, in
their procedures for mixed gas and oxygen diving.
The former U.S. Navy procedures (pre-1991) were not
physiologically realistic, but were widely applied. In
1991 the Navy set an upper POz limit of 1.3 atm, with
no limit on the duration of exposure. They also have a

NOAA Oxygen Exposure Limits

Maximum Maximum
PO, Single Dive 24-Hour
atm Limit, min Limit, min
1.6 45 150
155 120 180
1.4 150 180
1.3 180 210
1.2 210 240
1.1 240 i 170
1.0 300 300
9 360 360
8 450 450
o 570 570
.6 720 720

Figure 4-3. NOAA oxygen exposure limits. Table gives limits
in min for a single PO3 exposure level, and for each day (24
hr). (NOAA diving manual, 3rd ed., 1991).

POz vs. duration chart in the familiar format for
cases where the 1.3 atm limit cannot be followed; the
latter requires high level Navy permission for its use.

NOAA, mentioned earlier as an originator of enriched
air nitrox diving, needed a more reasonable set of oxygen
limits than the then-current Navy limits. These were
needed for excursions from undersea habitats as well.
With the help of experts, NOAA developed new limits
that were published in the 1991 version of the
NOAA Diving Manual. These limits are shown in
Figure 4-3. They are intended for an unstressed diver
doing only light work.

For each level of oxygen the chart shows an allowable
time for a single exposure, and also an accumulated
time at that level over a full day. The NOAA manual
does not specify a recovery time between dives if
more than one dive is made (3 dives of 45 min each
would theoretically be possible within the 150 min
daily total allowed at 1.6 atm PO3), but a surface inter-
val of at least 90 min should be used if dives are made
to the 1.6 POz level. This only applies to the exposure
at 1.6 atm, because only one maximal dive can be
done in a day with the others.

The NAUI EAN tables use the NOAA limits,
but consider that dives at a POz higher than 1.4
atm are for contingencies; exposures at levels
above 1.4 atm should not be planned for recre-
ational dives.

The “oxygen clock” or “07 limit fraction”

These exposure limits are sometimes referred to as the
“oxygen clock” in percentage of the allowable limit,
or the “Oz limit fraction” as a decimal fraction of the
limit. For single dives to a single depth (square pro-
file) calculating the percentage of oxygen exposure is
as simple as dividing the minutes of the exposure into
the maximum allowable exposure time at a given POz.
However it is rare that a recreational diver is ever at
one depth for the entire dive. It is important to know
the percentage of exposure for different parts of the
dive, so one can calculate total oxygen exposure in a
given dive. Enriched air dive computers, discussed in
Chapter 7, manage these calculations quite well.

It is not necessary to have a dive computer if the dive
can be separated into segments that each have a pre-
dominant or average level. The times spent at each
depth or exposure level can be assigned a fraction or
percentage of the “allowable” limit, and these can
simply be added up. Figure 4-4 allows these segments
to be determined from a chart.
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For multilevel dives or more than one dive of less
than maximum allowed duration, it is possible to
interpolate the limit values (Fig 4-5). That is to say, at
any level the full limit on the oxygen clock is 100% of
the limit, or an Oz limit fraction of 1.0. Exposures at all
levels are totaled. For example, at 1.4 atm the allowable
exposure time is 150 min. If a diver has an exposure to
that level for 75 min, half the allowable time, this
would run the oxygen clock to 50% of the limit or the
limit fraction to 0.5. If there is additional exposure on
the same dive, say 60 min at 1.3 PO, an additional
one-third, 33% or 0.33 is added, giving an oxygen
clock now of 83% or a limit fraction of 0.83. When the
total reaches 100% or 1.0, the diver is considered to
have reached the allowable limit, and further exposure
to elevated oxygen is at increased risk. Diving beyond
the limit is not recommended.

Although there has been no laboratory validation of
this technique of interpolating the exposure times, it
makes sense and has been shown to work in practice
with many thousands of actual dives. The NOAA
oxygen exposure limits themselves are also general-
izations, but have been proven to be reasonable limits
through extensive practice.

The NAUI Enriched Air Nitrox diving tables fall well
within the NOAA oxygen exposure limits. However,
dives that involve exposures greater than 1.4 atm POz
are considered to be for contingency use only. Thus,
normal exposures to 110 fsw (33 msw) can be done

with 32% oxygen, and to 95 fsw (29 msw) with 36%.
The allowed times are sufficiently generous that the
oxygen exposure time limits are not at all likely to be
encountered in normal no-stop scuba diving.

One may ask why NAUI imposes more conserva-
tive oxygen exposure limits than NOAA. There are
several reasons. First, the NAUI procedures are
intended to be appropriate for divers with limited
training and experience. There may be discrepancies
not only in the conduct of the dive but also in gas mix-
ing and analysis, making the actual oxygen exposure
greater than expected. The range of activities of a
NAUI diver may exceed those used for the planning of
the NOAA limits. And there have been convulsions in
divers with a calculated oxygen exposure well below
the limit. Also, the rescue system for most recreational
divers may not be as effective if a convulsion does
occur.

If a convulsion does occur

A convulsion in itself rarely causes injury, but the sec-
ondary consequences for a diver can be disastrous. First,
the intense muscle contraction of the neck and jaw
cause the diver to spit out the mouthpiece. It is usually
impossible to put it back in. Consequently, the diver is
likely to drown unless rescued. There is a risk of pul-
monary barotrauma leading to arterial gas embolism if
a diver ascends too rapidly or out of control, but this is
not nearly so serious a threat as drowning.

NOAA
Oxygen  Single Dive
POy, atm  Limit,min. 5 10 15 20
1.20 210 2% 5% 7% 10%
1225 195 3% 5% 8% 10%
1.30 180 3% 6% 8% 11%
1.35 165 3% 6% 9% 12%
1.40 150 3% 1% 10% 13%
1.45 135 4% 1% 11% 15%
1.50 120 4% 8% 13% 17%
1.55 82 6% 12% 18% 24%
1.60 45 11% 22% 33% 44%

Single Dive Oxygen Exposure as a Percentage of NOAA Limits

25
12%
13%
14%
15%
17%
19%
21%
30%
56%

Bottom Time, Minutes
30 35 40 45 50 55 60
14% 17% 19% 21% 24% 26% 29%
15% 18% 21% 23% 26% 28% 31%
17% 19% 22% 25% 28% 31% 33%
18% 21% 24% 27% 30% 33% 36%
20% 23% 27% 30% 33% 37% 40%
2% 26% 30% 33% 37% 41% 44%
25% 29% 33% 38% 42% 46% 50%
36% 4285 48% 55% 61% 67% 13%

67% 78% 9% 100% [

Figure 4-4. CNS Oxygen Exposure Table; percentage of NOAA “allowable” limits for a single dive. Note the 1.6 atm POz level;
the “oxygen clock” runs almost 4 times as fast at 1.6 atm as at a POz level of 1.4 atm. PO levels higher than 1.4 atm are shown

for contingency purposes only. Values for intermediate 0.05 atm PO2 values are linearly interpolated. Values in main table are

rounded normally.
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Multilevel Dive Oxygen Exposure

Single Dive Time
POz, atm Limit, Min Used, Min % Limit

1.30 180 60 33%
1.40 150 7 50%

Total dive time = 135 minutes

Total exposure = 83% of the limit

Figure 4-5. Multilevel dive oxygen exposure. By adding
the oxygen exposure for each level the total oxygen exposure
can be estimated.

If a full-face mask is available the rescuer might make
it possible for the affected diver to breathe. If one is
not available, it is usually not worthwhile to spend a
lot of time trying to reinsert the diver’s mouthpiece.
As soon as the initial phase of the convulsion is over,
the diver should be taken to the surface using a slow
ascent rate, but without unnecessary delay. The trade-
offs here are a risk of embolism from too fast an
ascent, or certain drowning if ascent is delayed. The
risk of embolism is the better option; take the diver to
the surface. The ascent should take no longer than
necessary. At the surface treat for near drowning
according to signs and symptoms. This type of rescue
has been done successfully a number of times. Use
oxygen if available; a diver who has a significant
decompression obligation or symptoms of DCS
should be taken to a hyperbaric chamber and treated in
the usual way.

A diver who blacks out without a convulsion and
without losing the mouthpiece and who is breathing
may be taken slowly to the surface. An ascent rate for
this might be 20 fsw/min deeper than 30 fsw, and 10
fsw/min thereafter. Divers usually awaken from these
blackouts.

Prevention of lung or whole-hody oxygen poisoning

Other parts of the body are sensitive to excess oxy-
gen, especially the lungs. Pulmonary oxygen toxicity,
and in due course other whole-body aspects, can
become a problem in extended or repeated oxygen-
based decompressions and treatments in a pressure
chamber. These conditions are most unlikely to be

encountered in NAUI nitrox diving, and in fact are not
significantly more likely than in ordinary scuba diving
with air. However, procedures have been developed
for managing this toxicity, and it is helpful for the
EAN student at least to be acquainted with the general
methods and terminology.

On continued exposure to PO,, generally at levels
below those causing CNS toxicity but above a PO, of
0.5 atm, the lungs may show symptoms, and as the
toxic effects develop there is a reduction in vital
capacity. Vital capacity is the maximum amount of
gas that a person can exhale after taking a full inspi-
ration. Although it takes training to get reproducible
data, vital capacity is relatively easy to measure and it
has been used as the indicator for pulmonary toxicity.
At the laboratory of Dr. C.J. Lambertsen at the Uni-
versity of Pennsylvania empirical methods were
worked out in the early 1970s to use vital capacity as a
monitor for pulmonary effects of oxygen exposure
(Clark and Lambertsen, 1971; Wright, 1972). Among
the developments was a “unit” for measuring and
tracking oxygen exposure, the UPTD or Unit Pul-
monary Toxicity Dose, as a function of PO, and time.

The dose measure was built around a basic unit of
exposure of one minute of inspiring 100% oxygen at a
pressure of 1 atm. At PO, levels above this the dose
increases more rapidly as the PO; increases. This tox-
icity seems to have a threshold at 0.5 atm PO, below
which toxicity development is insignificant. The unit
dose for different exposure levels was determined by
mathematically fitting a dose curve to empirical data,
then deriving an equation to describe the curve. This
equation is available in many places, for example
Shilling et al, 1976, p. 158, which includes “look-up”
tables for deriving doses from exposure data. The
method also used an additional dose term, CPTD, a
measure of the Cumulative Pulmonary Toxicity Dose.
A more recent approach designated the Repex
method (Hamilton, 1989), allows doses to be calculat-
ed or looked up the same way but uses a single dose
unit, OTU or Oxygen Tolerance Unit. The Repex
method is a little less intimidating than the
UPTD/CPTD method of counting, but more impor-
tantly, it takes recovery into account and provides
procedures for avoiding toxic effects during extended
operational exposures. F
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Chapter 4. Knowledge Review—0xygen Physiology, Toxicity, and Tolerance

Before moving on to the next chapter, How to pick a Nitrox Mix, please test your under-

standing of this chapter’s information by completing the Knowledge Review.

1. Oxygen is used in the body to support

2. The main waste product of oxygen’s use in the body is

3. The best term used to describe a condition of low oxygen is

4. A high partial pressure of oxygen can cause what at depth?

5. List six possible warning signs and symptoms of CNS oxygen toxicity other than a
convulsion.

6. According to the NOAA limits, the maximum time a diver on a single dive can be exposed
to oxygen partial pressures of 1.6 atm is min.

7. NAUI recommends that the maximum POz for enriched air recreational diving be kept
below atm.

8. Adiver conducts a 60 minute dive to 80 fsw (25 msw) using a 36% enriched air mixture.
What percentage of the NOAA oxygen exposure limit has been used?

9. If signs of oxygen toxicity are observed, a diver is to assist his buddy how?

10. How many minutes of dive time can a diver have in a 24 hour period if breathing an

oxygen mix that produces a POz 1.3 atm?
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HOW T0 PICK A NITROX MIX

In this chapter you will:

* Gain an understanding of the
different standardized nitrox
mixes.

* Learn how to calculate
maximum and contingency
operating depths.

 Apply oxygen exposure limits
to dive planning.

e Learn how to choose the
optimal mix for any given
dive.
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New Terms in This Chapter
Maximum operating depth, MOD

Contingency maximum
operating depth

Optimal mix

First steps in planning an enriched air dive

In the previous four chapters we discuss the history of
enriched air nitrox, gases and their properties, and in
extensive detail, oxygen and partial pressures of gas-
es. Each of those chapters contain important consider-
ations necessary for planning an enriched air nitrox
dive. There are many steps that a diver needs to take
before jumping in the water with an enriched air tank.
They include choosing an appropriate enriched air
mix, analyzing the gas, planning operating depths,
managing oxygen exposure, and choosing the appro-
priate diving table. Think of this chapter as the begin-
ning of your “planning guide.” As with all types of
diving, there is a planning process. In the beginning it
may take some time to gather all the pieces. Take the
time to examine each component carefully, as each
will affect the others. With time and practice most
divers become familiar with the planning process and
it becomes automatic. Examining each component of
the EAN dive plan before the dive is critical to the
overall safety and effectiveness of the dive.

The steps addressed in this chapter are only the begin-
nings of the planning process. In later chapters we
address diving tables, computers, gas analysis, tank
selection, gas logistics, and thermal protection. Here
we deal with selecting the most appropriate mix based
on the partial pressure of the gas for the depth of the
dive. It is important to remember that all of the time
spent on a dive may not be at one constant depth, but
may be at many different depths throughout the dive.
For purposes of oxygen management for dive plan-
ning, NAUI nitrox divers use a partial pressure of 1.4
atm as the routine oxygen exposure limit, and up to
1.6 atm for contingency planning. The NAUI diving
tables take this into consideration.

Divers use two standard enriched air nitrox mixes,
with 32% and 36% oxygen. Figure 5-1 shows graphi-
cally that the nitrogen decreases with the increasing
percentage of oxygen. These two mixes, first used by
NOAA, have been determined to provide effective
no-stop diving times in the 40 to 120 fsw (12-36
msw) range.

Chapter 4 discusses that oxygen in high doses
becomes toxic and can cause central nervous system
problems if the dose is too high for too long. The
partial pressure of oxygen or the POz is the depth
limiting factor to any enriched air mixture. A key facet
in enriched air dive planning is to optimize the oxygen
level.

Concerns of the mix

One concern to divers is the final gas mix they will
breathe. Qualified technicians are trained to blend
enriched air nitrox mixes to certain specifications. In
this chapter we assume that the mix delivered to the
diver in the cylinder is to the exact proportions
requested and has been analyzed. In the chapter on gas
mixing we describe the mixing processes, handling
concerns, mix tolerance limits, and user analysis.
However, the most important concern, the one
addressed here, is that the mix chosen is the most

Nitrogen-0xygen Mixtures

percent

T T T T
Air EAN 32 EAN 36  EAN 40

[ OXYGEN I NITROGEN

Figure 5-1. Graphic representation of nitrogen and oxygen
in various mixes by gas percentage.
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appropriate for the dive planned. Too much oxygen in
the mix increases risk of oxygen toxicity, too much
nitrogen and no-stop time is shortened. Using the
wrong mix with the wrong table could lead to decom-
pression sickness or oxygen toxicity. It is important
that only the appropriate mix be used with the correct
table.

Oxygen exposure time

In choosing the appropriate mix the diver should refer
to the Oxygen Exposure Limits (Fig 5-2); this figure is
the same as in Chapter 4, but it has the PO2 limits
interpolated. The lower the PO, the longer the dive
can be from an oxygen tolerance perspective. The
higher the PO, the shorter the dive has to be.

Enriched air nitrox dives are planned with PO2 levels
not exceeding 1.4 atm. This level provides significant
bottom time with minimal risk of oxygen toxicity.

For example, a dive planned for a POz of 1.4 atm will
allow up to 150 minutes of dive time according to the
oxygen exposure limits, This does not, however, take
decompression into consideration; this is discussed in
Chapters 6, 7, and 8.

Maximum operating depth

The NAUI EAN32 and EAN3g diving tables for 32%
and 36% oxygen are limited to a maximum oxygen
exposure time at 1.6 atm of no more than 30 minutes,
but this is for contingency purposes only. Longer
times are available for 1.4 atm PO: and lower, and
these levels should be used for routine dives. When
planning dives, the PO2 must be a major considera-
tion.

Maximum Operating Depth, P0; 1.4 atm

The Maximum Operating Depth (MOD) is the maxi-
mum depth that should be dived routinely with a giv-
en enriched air mixture. The MOD is controlled strict-
ly by the limits of oxygen exposure. As stated in
Chapter 4 on oxygen, NAUI recommends a maximum
operating PO to be 1.4 atm. Higher than 1.4 atm the
risk of CNS oxygen toxicity is too high for routine
recreational scuba diving. Knowing the MOD for a
given gas mix is important when using enriched air
nitrox. Some experienced divers put prominent labels
giving the MOD on all gas cylinders containing oxy-
gen-enriched mixes, so both the diver and companion
divers can check to ensure that the depth is not
exceeded. MODs for the two NAUI enriched air mix-
es are shown in Figure 5-3.

NOAA Oxygen Exposure Limits

Maximum Maximum
PO, Single Dive 24-Hour
atm Limit, min Limit, min
1.60 45 150
155 83 165
1.50 120 180
1.45 135 1.80
1.40 150 180
1555 165 195
1.30 180 210
1.25 195 225
1.20 210 240

Figure 5-2. NOAA oxygen exposure time limits. Table gives
limits in minutes for a single PO, exposure level, and for
each 24 hour day. This table has been interpolated for 0.05
atm PQ; limit increments. Levels of 1.45 to 1.60 PO, atm
are for contingency purposes only. (NOAA diving manual,
3rd ed., 1991)

An advantageous level for most dives is a PO2 up
to 1.4 atm. This oxygen limit has a low risk of CNS
oxygen toxicity; it will allow for up to 150 minutes in
a single exposure (dive) and up to 180 minutes of dive
time in any 24-hour period. This POz level can be
considered the routine limit for most dives.

Typically when a diver knows the dive site ahead of
time, an optimal gas mix can be chosen. If possible
choose a gas mix that can be used to the maximum
depth of the site. If the site does not have a hard bot-
tom (like a wall) choose a mix based on the maximum
depth that the diver will not exceed. Under these “no-
bottom” conditions, monitoring the depth gauge or
computer is critical so that the MOD is never exceed-
ed. Exceeding the MOD can increase the chance of a
diver suffering from oxygen toxicity, and this can
have fatal consequences.

Example: Using A 32% nitrox mix the maximum
operating depth is 110 fsw (33 msw). The contingency
depth for 36% oxygen is also 110 fsw.
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Maximum and Contingency

Operating Depths

EAN3;  EAN3g

Maximum depth 110 fsw 90 fsw
PO2 1359 1.34

Contingency depth 130 fsw 110 fsw
POz 158 1.56

Figure 5-3. NAUI maximum operating depths and maximum
contingency operating depths for standard mixes, based on
a normal maximum PO, of 1.4 atm, and a contingency limit
PO of 1.6 atm. Limit depths are rounded to the nearest table
depth.

Calculating the MOD

To calculate the maximum depth to give a POz of 1.4
atm with a given mix, we need to find out how many
atmospheres of that mix it takes to produce a POz of
1.4 atm, then convert that back to fsw. First, determine
the fraction of an atmosphere of oxygen in each
atmosphere of the mix (here 0.32 atm), then divide the
limit POz (here 1.4 atm) by this value, then convert
this from absolute units back to depth units by sub-
tracting 1 atmosphere and multiplying the number of
atmospheres remaining by 33, the number of fsw per
atm.

= limit, at
MOD, fsw = (02 limit, atm) (0150‘2”’]:”.5 ™) 1 atm ) x 33 fswiatm

Or, the conversion back to fsw can be done by multi-
plying by 33 first, then subtracting the number of fsw
in one atmosphere.

_ [(PO2 limit, atm) y
MOD, fsw F02m5) x 33 fswlatm | - 33 fsw

To calculate the MOD for 32% oxygen, which has an
FO2 of 0.32, at a limit of 1.4 atm:

MOD, fsw = (](4553'1) -1 atm) x 33 fswlatm = 111 fsw

Contingency maximum operating depth, P07 1.6 atm.

The contingency maximum operating depth is the
depth to which the diver can descend for a limited
time under special circumstances. This is the depth
where the mix has a PO2 of 1.6 atm. Dives should not
be planned so as to exceed this depth; the risk of CNS
toxicity increases sharply above this limit, and is high-
er than acceptable for routine recreational diving in
the range 1.4 to 1.6 atm POz. Although routine dives
should not be planned to exceed 1.4 atm, it is a good
idea to have an idea where the contingency limit for
a given mix will be reached.

Calculating the contingency MOD

Another way to determine the maximum operating
depth of an enriched air nitrox mixture is to back into
the formula. Let’s say we have a nitrox cylinder that
has been analyzed at 32% oxygen. How deep can that
gas be used in a contingency situation? Since we
know that the maximum PO, allowed for contingency
oxygen exposure is 1.6 atm abs, and that each atmos-
phere of 32% oxygen has a partial pressure of 0.32
atm, just divide 1.6 by 0.32; the result is 5 atm abs.
Remember that oxygen exposure limits are measured
in absolute pressure, so convert 5 atm abs into depth
units by subtracting 1 atm and multiplying by 33; the
result is 132 fsw (40 msw).

1.6 atm / 0.32 = 5 atm abs

Contingency MOD, fsw = (5 atm - 1) x 33 fsw
=4 x 33=132 fsw

This can be done with any mix. Here a 37% mix is
used that has an oxygen fraction of 0.37.

(1.6/0.37) = 4.32

(4.32 atm - 1) x 33 fsw/atm = 3.32x 33 =
109.7 fsw

Partial pressure of oxygen chart

To make these calculations easy, use the Partial Pres-
sure of Oxygen chart, Figure 5-4. To use the chart to
find the depth for a given PO2 with a specific mix,
enter from the top under the percentage % of oxygen
in the mix, then slide down that column to the number
that is closest to but does not exceed the desired PO2,
then move to the left to the fsw/msw column to read
the depth. To find the depth for maximum POz with a
given mix, select the mix at the top, move down to the
maximum PO2—in this case 1.4 atm, the maximum
PO allowable for that mix—then move to the fsw/msw
column; this number is the maximum operating depth
for that gas.

Chapter §
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Depth atm

PARTIAL PRESSURE OF OXYGEN, P02, atm
Basep on DepTH AND PERCENTAGE OF OXYGEN (F02)

WL msW L e 21% 28% 29% 30% 31% 32% 33% 34% 35% 36% 37% 38% 39% 40%
0 0 1.00 | 021 | 028 | 0.29 | 0.30 | 0.31 | 0.32 | 0.33 | 0.34 | 0.35 | 0.36 |0.37 | 0.38 | 0.39 | 0.40
35 | 10 | 2.05| 043 | 057 | 0.59 | 0.62 | 0.64 | 0.66 | 0.68 | 0.70 | 0.72 | 0.74 |0.76 | 0.78 | 0.80 | 0.82
40 | 12 | 221 | 046 | 062 | 0.64 | 0.66 | 069 | 0.71 | 0.73 | 0.75 | 0.77 | 0.80 |0.82 | 0.84 | 0.86 | 0.88
50 | 15 | 252 | 053 | 0.70 | 0.73 | 0.75 | 0.78 | 0.80 | 0.83 | 0.86 | 0.88 | 0.91 |0.93 | 0.96 | 0.98 | 1.01
60 | 18 | 282 | 059 | 0.79 | 0.82 | 0.85 | 0.87 | 0.90 | 0.93 | 0.96 | 0.99 | 1.01 |1.04 [1.07 | 1.10 | 1.13
70 | 21 | 312 | 066 | 0.87 | 0.91 | 0.94 | 0.97 | 1.00 | 1.03 | 1.06 | 1.09 | 112 |1.15 [1.19 | 122 | 125
80 | 24 | 342 072 | 0.96) 099 | 1.03 | 1.06 | 1.10 | 1.13 | 1.16 | 1.20 | 1.23 |1.27 | 1.30 | 1.34 | 1.37
90 | 27 | 373 078 | 1.04 ] 1.08 | 1.12 | 116 | 1.19 | 1.23 | 1.27 | 1.30 | 1.34 |1.38 | 142 | 145 | 1.49
100 | 30 | 403 | 0.85 | 143 | 117 | 1.21 | 1.25 | 129 | 1.33 | 1.37 | 1.41 | 145 [1.49 | 153 ‘;. 157 | 181
110 | 33 | 433 ) 091 | 1.21 | 1.26 | 1.30 | 1.34 | 1.39 | 143 | 147 | 1.52 | 1.56 |1.60
120 | 36 | 4.64 | 097 | 1.30 | 1.34 | 1.39 | 1.44 | 148 | 1.53 | 1.58
130 | 39 | 494 | 1.04 | 1.38 | 143 | 148 | 1.53 | 1.58

Figure 5-4. Partial pressure of oxygen chart. Body of chart has POz values for various mixes at a range of depths. Standard 32
and 36% mixes are in light grey. PO levels higher than 1.4 atm should be avoided and are shown for contingency purposes only,

darkened.

Fraction of Oxygen for the Mix

Once the diver has determined the PO level for the
dive the next step is to find the correct faction of oxy-
gen needed to make the mix. This is all based on the
ultimate partial pressure of the oxygen. This is cov-
ered next, using Figure 5-5.

Ghoosiny the hest mix for a yiven dive

For most recreational enriched air diving the standard
32% and 36% oxygen mixes are quite sufficient. As
Chapter 8 on diving table techniques mentions, the
NAUI EAN32 and EAN3g diving tables cover these
gas mixes, +1%. This tolerance range makes the stan-
dard NAUI nitrox tables useful for dives using gases
from 31 to 33% and 35 to 37% oxygen content.

There may be times however when a diver would like
obtain the most no-stop dive time for a specific depth.
This would be achieved by determining the fraction or
percentage of oxygen needed for that depth and hav-

ing a specific mix blended for that dive. This mix is
sometimes called the “best mix.”

Figure 5-5 provides oxygen percentages for PO> lev-
els from 1.3 to 1.6 atm and depths to 130 fsw (41
msw). When planning dives use the 1.5 and 1.6 atm
levels for contingency purposes only.

One can also make these calculations by formula.
Select the desired POz and divide by the depth of the
dive converted to atmospheres absolute. This will
result in the fraction of the gas needed to be mixed.

PO:> limit

PO; Fraction = <
Depth in atm

This is another application of the basic formula for
partial pressure covered in Chapter 3. Remember to
convert fsw to atm abs. As an example, if the PO2 is to
be 1.4 atm, the “best mix™ for a dive at 85 fsw (3.58
atm) is 1.4/3.58, or 39% oxygen, 61% nitrogen.
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The planning process can also be done in reverse, as
we did with the maximum operating depth of a given
mix (Fig 5-6). If you have a nitrox cylinder that has
been analyzed at 32% oxygen, how deep can that gas
be used and still maintain an operating PO2 of 1.4
atm? Divide 1.4 atm by 0.32, the result is 4.4 (4.375)
atm. Next, convert 4.4 atm into depth units
(fsw/msw) and the result is 111 fsw (33 msw).

From the steps just applied, the diver can take the
desired mix and go on to choose the appropriate div-
ing table. |

Percentage of Oxygen at Various PO, Levels
f: t 1 1.4 1.5 1.6

SwW msw atin 0

40 12 il 59% 63%  68% 2%
45 14 2.36 55% 595 63%  68%
50 15 2.52 52% 56% 60%  64%
55 17 2.67 49% 53% 56%  60%
60 18 2.82 46% 50% 5o
65 20 2.97 44% 47% 51%  54%
70 21 3.12 2% 45% 48%  51%
75 23 590 40% 43% 46%  49%
80 24 3.42 38% 41%  44% 47%
85 26 3.58 36% 399, R0
90 i 373 35% 38%  40% 43%
95 29 3.88 34% 36% 9% 4%
100 30 4.03 32% 35% 37% 40%
105 32 418 31% R .
110 33 433 30% 32% 35%  37%
115 35 4.48 29% 31% 33%  36%
120 36 4.64 28% 30% 2%  35%
125 38 479 27% 29% Sl
130 39 4.94 26% 8% BB0%E el
135 41 5.09 26% 237 [T

Maximum Depth for a Mix:

PO> limit, atm/ FO7 = atm
1.4/0.32 =4.4 atm
(4.4 atm x 33 fsw/atm) - 33 =111 fsw

Figure 5-6. Maximum depth for a mix.

Figure 5-5. Selecting a mix by PO. Choose the desired upper PO> limit, then intersect with the row having the
target dive depth. This percentage is the oxygen in the mix to get the chosen PO>. Avoid using 1.5 and 1.6 levels.
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Ghapter 5. Knowledge Review—How to pick a Nitrox Mix

Before moving on to the next chapter, Decompression Principles, please test your under-
standing of this chapter’s information by completing the Knowledge Review.

1. What are the two standard enriched air mixes recreational divers use?

2. What is the primary concern divers have about the gas mix?

3. The Maximum Operating Depth (MOD) of a gas mix is controlled by its and
a limit chart.

4. Calculate the maximum and contingency depth limits for a 34% oxygen enriched air mix.
fsw and fsw

5. Calculate the oxygen partial pressure of a 38% enriched air mix at the following depths.
A. 55 fsw C. 105 fsw

B. 66 fsw D. 87 fsw
6. Calculate the best mix to use at a partial pressure limit of 1.4 atm for a dive to the following
depths.
A. 81 fsw C. 105 fsw
B. 93 fsw D. 110 fsw

7. What would be the best enriched air mix to use for dives in the following depth ranges that
would not exceed 40% or a 1.6 atm PO contingency depth?
A. 40 to 60 fsw C. 100 to 130 fsw
B. 60 to 90 fsw

8. What is the contingency depth limit for a 32% enriched air mixture?
9. At 98 fsw what is the percentage of oxygen in the mix if the POz is 1.4 atm?

10. At 132 fsw what is the fraction of oxygen in the mix if the POz is 1.6 atm?
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LEARNING GOALS

In this chapter you will:

* Learn the meaning of
decompression.

* Learn why decompression is
important to the diver.

* Appreciate why decompres-
sion is not to be feared, but
to be respected.

* Get an overview of
decompression physiology.

* Be introduced to table
development.

* Gain an understanding of
table reliability.




Decompression Principles

New Terms in This Chapter
Decompression

Profile

Table

Schedule

M-value

Gas loading

Doppler

Haldane

Empirical

Meaning of “decompression”

In this chapter we confront “the D word,” and try to
show that while it deserves respect, the diver should
not be intimidated by decompression. The word
“decompression” has two different meanings in div-
ing. The first is the dictionary definition, the second is
the act of doing it in a controlled way.

The dictionary definition of decompression is the
reduction of pressure or release from compression.
In the context of a pressure vessel, this meaning is
more or less obvious, reducing the pressure is decom-
pressing the vessel (Fig 6-1). It might as well be called
depressurizing. In the context of a diver ascending, the
ascent takes the diver to a place where the pressure is
lower, and this too is decompressing. Decompression
is nothing to fear, you do it every time you dive.

However, although divers occasionally use the word
as defined, they also use the word “decompression”
to mean the release or reduction of pressure in a con-
trolled or planned way to avoid bubble formation
and decompression sickness (DCS). The latter is an
outcome of decompression when the pressure release
is not done properly. So it is in the best interest of the
submerged diver to “decompress” in order to reach
surface pressure. “Decompression” in this sense
means the diver is required to follow a specific time,
depth, and breathing gas profile. This profile, which
may be called a decompression table or decompres-
sion schedule, is designed to allow a diver to ascend
to the surface without incident or symptoms. It may
involve stops, or only require a specific ascent rate
without stops.

Figure 6-1. Dissolved gas forms bubbles on reduction of
pressure.

The process of ascending to the surface is decompres-
sion in both senses. Ascending without stops is still
decompressing. The important point is that every
ascent is a decompression; you actually “decompress”
from every dive. Further, every dive of any conse-
quence involves a certain decompression obligation.
More about this later.

The NAUI diving tables are for no-stop diving. They
have provisions for decompression with stops, but
these are not considered routine application of the nor-
mal tables. “Decompression diving”, diving with
planned or “required” stops, is not normally practiced
for most recreational diving in the U.S. There is a pro-
vision for this in some European diving organizations.
Decompression diving, however, is done for some
advanced types of dives that require additional train-
ing and equipment. This is discussed in greater detail
in the NAUI Technical Nitrox and Decompression
Techniques Diver courses.

Decompression physiology

Divers in training are exposed to various descriptions
of decompression and the need for it. Because the ben-
efits of diving with enriched air relate solely to
decompression, it is worthwhile to know a little about
it. This section reviews the basics.

Gas uptake

When a person’s body is exposed to increased pres-
sure, greater than the familiar one atmosphere at sea
level, additional inert gas dissolves in body tissues.
Inert gas is gas that is neither metabolized by nor is a
product of body metabolism; inert gases are not

Chapter §
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Figure 6-2. Bubbles in blood stream of experimental
animal. These are much larger than those detected by
Doppler.

changed in the body. When a gas is dissolved it is not
in gaseous form. The inert gas of interest in air and
enriched air diving is nitrogen (N2).

During an exposure to increased pressure inert gas is
picked up by the blood in the lungs and distributed to
all parts of the body, at different rates and not neces-
sarily evenly. When pressure is reduced the opposite
takes place. Gas is picked up from the tissues—still dis-
solved—and moves into the lungs where it resumes the
gaseous state and is exhaled uneventfully. However, if
the pressure reduction takes place too fast the gas does
not stay dissolved but is released into the tissue or
blood as bubbles. Bubble formation inhibits the trans-
port of gas out of the body in several ways.

Bubble detection

It is not easy to detect bubbles in tissue, but they can
be detected in circulating blood because they are mov-
ing. This is done with a device called a Doppler ultra-
sonic bubble detector. Ultrasonics, sound waves at too
high a frequency to be heard, are used in medical diag-
nosis. Using Doppler electronics, ultrasound reflected
from moving objects is detected. Bubbles can be
“heard” moving through the circulation on the way to
the lungs (Fig 6-2). Doppler bubble detectors have
shown that normal and otherwise benign dives may
create a few circulating bubbles in some divers. These
are called “silent bubbles” because they do not cause
symptoms. In fact, the bubbles detected in the venous
blood are “on their way out” and are not likely to be
involved in decompression sickness. Doppler bubble
detection in venous blood has not proven to be useful
for predicting DCS in a given diver, but dive profiles
that cause a lot of bubbles also tend to cause a lot of
DCS cases.

Prediction: Tahle computation

The most common method used for predicting if a pro-
file (of pressure and gas as functions of time) will
cause DCS dates back to around the turn of the 20th
century, when physiologist J.S. Haldane developed a
method for keeping track of gas in the body and
showed how to prepare decompression profiles or
“tables.” At the outset it is important to make clear
that this “model” proposed by Haldane and later mod-
ified by others is hypothetical. It is not what really hap-
pens in the body, nor was it intended to be, but it does
afford a method of moving from yesterday's dive expe-
rience to tomorrow’s new tables. This was the first
such model; many others have followed, and many are
offshoots of the Haldane method. A well developed
computational method similar to Haldane’s was
published by the late Swiss cardiologist, Prof. A. A.
Biihlmann, and it has been widely used by others.

At today’s state of knowledge (this is not likely to
change much in the near future) the only criterion for
the preparation of useful decompression tables is
empirical experience. As models improve, predic-
tion capability will continue to get better, but the
judgment as to whether a model is right is how well it
actually works, not how sophisticated the math is.

Review of Haldane

Because it is the oldest and most used of the computa-
tional methods, it might be worthwhile to review the
Haldane method. The model considers that the body is
made up of a number of independent compartments,
each of which takes up and releases inert gas at differ-
ent rates; the computations keep track of where the
gases are expected to be. Although compartments are
sometimes called “tissues” they are not anatomical
entities; each consists of whatever parts of the body
handle gas at a specific rate.

The rate of uptake and elimination of a gas is propor-
tional to the difference between the amount in the
compartment and the inspired gas in the lung, and
it is normally considered to work the same way in
both directions (it is “symmetrical”). The greater the
difference between the gas in the lung and in a given
compartment, the faster gas moves into or out of that
compartment. Quantitatively this process is called
“exponential” after the mathematical method used to
calculate the rates.

The rates associated with the individual compartments
are described in terms of “half times,” which is the
time it takes the gas in a given compartment to pro-
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ceed halfway toward being equal to the source. From
six to as many as 32 compartments have been used,
with half times ranging from two to over 1200 min. A
short half time results in a faster rate of gas transport.
Gas “quantities” in this context are handled as partial
pressures. One may speak of the “gas loading” in the
60-minute compartment as the partial pressure of
that gas in that compartment. Remember that these are
hypothetical values.

After gas uptake, when an ascent is begun and pres-
sure is reduced, some of the compartments may not
release gas fast enough to match the ascent rate,
and, as a result, bubbles can form.

Computing decompression tables

Experience has shown that certain profiles—and pre-
sumably the hypothetical gas loadings produced
by such profiles—have or have not produced DCS.
With enough experience—data—it is possible to assign
limits to ascent. With these tools, table developers cal-
culate suitably slow ascent rates for a variety of expo-
sure profiles; the results of these calculations are
decompression tables.

The limits just mentioned are in terms of the gas loading
that can be tolerated in each compartment at each depth
during ascent. Ascent limits are normally considered in
10 fsw or 3 msw increments, and are known as “M-val-
ues” (where M stands for “maximum”), the maximum
permitted gas loading at that depth in that compartment.
To calculate a decompression table, the developer needs a
set of M-values, usually determined from experience.
The calculated gas loadings in each compartment are
compared with the M-values, and ascent is adjusted to
keep the loadings below the limits. The diver’s ascent is
halted with “stops” at specified depths to wait until the
hypothetical gas loadings have “decayed” to below the
limits for that depth; the diver then ascends to the next
stop and the process is repeated.

Haldane’s method goes back nearly a century, but by
using it with continuously updated experience, it can
be used to produce reliable decompression tables. It
is not quite correct to consider this a “theory” of how
the human body works. Rather, it is a computational
tool that allows prediction of tomorrow’s dive from
yesterday’s experience. Bithlmann’s method uses the
same gas uptake but calculates the ascent limits in a
different ways; it, too, incorporates experience.

Reliahility of tables

Virtually any exposure to pressure imposes an obliga-
tion for decompression, and even when decompression

Figure 6-3. Cochran Navy VVAL-18 dive computer which
uses the exponential-linear program for determining
decompression.

is done correctly it may create some probability of
symptoms of a decompression disorder. For this reason
we do not use the word “safe” to describe a decom-
pression procedure. In the sense that “safe” means “an
acceptable level of risk” the word may be applicable,
but too many people perceive that as meaning no risk
at all, and that is not the case. We refer to a satisfactory
decompression table as being “reliable.” The tables in
this manual are considered reliable.

The limits of a decompression procedure do not repre-
sent a hard line between developing or not developing
decompression sickness symptoms, but rather a fuzzy
boundary of “acceptable risk.” Accordingly, one
should always consider DCS as a possibility. Plan for
it, be prepared for it psychologically, and have a plan
for dealing with it.

There is a wide variation in the physical makeup of
divers, and part of this variation is in susceptibility to
decompression disorders. There are differences among
individuals, and in each individual at different times.

There are also environmental effects. Immersion,
exercise, and warmth increase gas uptake and elimina-
tion; cold and dehydration reduce them. Depending on
where in the dive these conditions occur, they may be
either beneficial or detrimental to the decompression.
Because of the variations, a given schedule is not
“safe” or “unsafe,” but rather DCS has a certain prob-
ability of occurring. Therefore, decompression data is
sometimes analyzed statistically. The U.S. Navy and
other decompression researchers have developed a
means of analyzing past dives using a type of statistics
called “maximum likelihood.” With it, the probability
of DCS can be predicted from a given profile when
compared with a collection of past dives of the same
general type. [ |
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Chapter 6. Knowledge Review—Decompression Principles

Before moving on to the next chapter, Diving Tables, please test your understanding of this
chapter’s information by completing the Knowledge Review.

1. is the controlled release of pressure during a scuba dive.

2. In general terms, a gas that cannot be metabolized by the body is called

3. Name an electronic device used to detect silent bubbles in the venous circulation.

4. The first person to calculate decompression in quantitative terms was

5. The rate at which a absorbs gases is expressed as its

6. The maximum gas loading that a compartment can tolerate at a given depth, hypothetically,
is called its

7. The numbers on a decompression table are rigorous, and if they are not exceeded it is
certain that bends will not occur. True or False.

8. A satisfactory decompression table is best referred to as

9. All decompression models are and are not an exact representation of
what happens in the body.

10. No matter how sophisticated the mathematics, reliable decompression tables still have an

basis.
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LEARNING GOALS

In this chapter you will learn

about:
* Air diving tables.

* Enriched air nitrox diving
tables.

* The equivalent air depth
principle.

* The NAUI EAN tables.

* Alternative methods of dive
planning.

* No-stop diving.
* Repetitive diving.

* Altitude diving,




Diving Tables

New Terms in This Chapter
Equivalent air depth, EAD
No-stop

No-decompression

Safety stop

Repetitive diving

Surface interval

Custom tables

Dive computer

Dive planning software

Rir tables )

This section discusses some examples of standard
decompression tables and moves on to the special tables
and techniques needed for diving with enriched air.

The US Navy tables

Beginning with Haldane’s work early in the 20th centu-
ry, the U.S. Navy has developed over the years a set of
air decompression schedules that have become some-
thing of a standard. These make up the U.S. Navy Stan-
dard Air Decompression Tables. Although the Navy did
not have recreational diving in mind when the tables
were developed, they have become the basis for many
recreational tables. The present set of tables were first
issued in the 1959 version of the U.S. Navy Diving
Manual. They were not changed appreciably until 1993,

A table is a set of schedules; a schedule is for one
depth-time combination. It is customary in the U.S.
also to refer to a single schedule as just defined as a
“table,” and we occasionally do that in this book.

The Navy’s No-Decompression Limits and Repetitive
Group Designation Table for No-Decompression Air
Dives has been adopted by most recreational diving
agencies (sometimes with modification). This table is
used for air dives that do not require decompression
stops, and it provides for repetitive diving. The no-
stop table covers the depth range 10 to 190 fsw (3-60
msw), with bottom times as short as 5 minutes at 190
fsw to as long as 310 minutes at 35 fsw (11 msw).

The main table, the US Navy Standard Air Decom-
pression Table, covers air dives that require decom-
pression stops over the range 40 to 300 fsw (12-92
msw). Dives to depths 200 fsw (60 msw) and deeper
and some longer exposure times in the shallower
range are considered “exceptional exposures,” are
printed in red in the manual, and may be used by Navy
divers only with high level military approval.

In the 1993 revision of the U.S. Navy Diving Manual,
some modifications were made in the USN tables. The
main one is a change of the 60 fsw/min ascent rate in
the original tables to a slower 30 fsw/min rate.

Two other USN air decompression tables are for “sur-
face decompression.” These are used with a deck
decompression chamber, where some of the decom-
pression is performed in the water and the rest in a
chamber using either air or oxygen. This procedure is
useful in that it gets the diver out of the water as soon
as possible during decompression from long dives,
and can allow oxygen breathing for improved decom-
pression. Since decompression for some dives can
take up to four hours, the advantages of a warm, dry
chamber are significant. These tables are used for mil-
itary and commercial diving operations and have no
application in recreational diving.

The fact that USN tables exist for depths deeper than
130 fsw (40 msw) should not be interpreted as mean-
ing that it is safe to make recreational dives to such
depths. Navy and commercial divers have an entirely
different support structure that includes an air hose to
the surface, communications, a tender, a stand-by div-
er, and a decompression chamber.

Other air tahles

The Defense and Civil Institute of Environmental
Medicine in Canada, as its name implies, serves both
the civilian and the military sectors. Primarily for the
Canadian Forces, DCIEM in 1983 released a set of
decompression tables for air diving. These tables were
designed to be slightly more conservative for air div-
ing than tables available at the time. They have a good
track record and have been widely used by recre-
ational divers as well as commercial diving com-
panies. The Finnish Navy has air tables that work well
but are not widely distributed, and there are Dutch and
French commercial air tables in the public domain.
The British Royal Navy has its own set of tables cov-
ering many different diving styles. Many other navies
and commercial ventures use tables derived from
those of USN.

An excellent set of air tables was also prepared by
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Prof. A.A. Biithlmann. These are conservative in the
no-stop range, but are efficient yet reliable in ranges
requiring stops. The published tables also provide for
diving at altitude. Unfortunately the older English ver-
sion of Prof. Biihlmann’s book (1984) is out of print,
and the latest versions (1993; 1995) are only available
in German at this time. Bithlmann’s tables deserve
special mention because the algorithm has been pub-
lished and serves as the basis for many dive computers
and PC decompression programs.

In 1983 Dr. Ray Rogers set out to create a set of recre-
ational no-stop diving tables that took into considera-
tion the general diving public as opposed to military
divers, using the 60 minute half time for controlling
repetitive diving (USN uses 120 min). In 1987 the Div-
ing Science and Technology Corporation (DSAT)
commissioned the development and testing of his new
computational method. The development involved
comprehensive laboratory studies conducted by Dr.
Michael Powell using Doppler bubble detection,
hyperbaric chamber exposures, and over 900 dives in
Puget Sound. The result was new diving tables that
provided slightly shorter no-stop dive times than the
U.S. Navy tables but with shorter surface intervals.

The NAUI air diving tables

The NAUI air diving tables are based on the U.S.
Navy Standard Air Decompression Table, with modi-
fications for recreational diving use. These changes
make the NAUI tables more conservative in nature
than the standard US Navy tables (Fig 7-1).

The NAUI modifications to the tables are a reduction
in allowable no-stop dive times, the addition of a 3 to
5 minute safety stop, and changing the surface interval
to 24 hours instead of 12 hours for repetitive diving.
Another change is the depth at which the decompres-
sion and safety stops are made; this has been set at 15
fsw (5 msw), instead of 10 fsw. All of these modifica-
tions have worked well.

A comparison of US Navy and NAUI no-stop dive
times shows that NAUI decreased the no-stop time
significantly at 30 and 40 fsw, and made modifica-
tions for depths of 50 fsw and deeper (Fig 7-2).

The NAUI table allows a diver to start fresh at a cer-
tain dive depth with a choice of several no-stop dive
times, follow with a repetitive dive adjustment based
on the actual depth and time of the first exposure, then
re-enter the table for a subsequent “repetitive” dive.
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Figure 7-1. NAUI air diving table.

Divers are not encouraged to plan dives with decom-
pression stops, but stop times for several bottom times
are included on the NAUI table for contingency pur-
poses.

No-Stop Time Comparisons for a Single Air Dive

30 310 130
40 200 130
50 100 80
60 o0 55
70 50 45
80 40 35
90 30 25
100 25 22
110 20 15
120 s SEED
130 10 8

Figure 7-2. No-stop time comparison between US Navy and
NAUI air diving tables, minutes.
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Tables for enriched air diving

NOAA enriched air nitrox tahles

In 1979 the diving program of the National Oceanic
and Atmospheric Administration, NOAA, introduced
diving procedures and decompression tables for a
standard oxygen-enriched mixture of 32% oxygen,
68% nitrogen. At that time NOAA felt the 32% mix-
ture was the best all-around gas for diving in the 50 to
130 fsw (15-39 msw) depth range. The decompression
tables were calculated using what has become known
as the “equivalent air depth” concept, which is sim-
ply to decompress from an enriched air dive using the
air table that has the same nitrogen partial pressure
(PN2). For the air tables, NOAA chose the U.S. Navy
standard air tables. Later they expanded the program
to include a 36% oxygen mixture, which was even
more beneficial for the 50 to 90 fsw (15-35 msw)
range, and almost doubles no-stop time compared to
air diving. The display of the tables is in the same for-
mat as the USN tables. The NOAA diving tables for
32 and 36% oxygen, which NOAA named NOAA
Nitrox I and NOAA Nitrox II, are the most widely
used enriched air tables.

NAUI EAN Tables

NAUI has chosen to use the NOAA nitrox tables as
the basis for the NAUI tables. The NAUI EAN tables
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use the same 32 and 36% oxygen mixes, and provide
the same no-stop times as those developed by NOAA
(Fig 7-3, Fig 7-4). Because of the efficiency of these
tables and the reliability of this type of decompres-
sion, the NOAA no-stop times are taken at face value,
without conservative modifications like those felt by
NAUI to be necessary for air diving. Two minor but
familiar changes have been made. The first is in
decompression stop depths; in the event a decompres-
sion stop is needed the “10 fsw stop” is taken at 15
fsw, as are any safety stops. The second modification
is in the repetitive procedures. The surface interval
necessary for a dive not to be repetitive is increased
from 12 to 24 hr. This causes the repetitive group let-
ter “A” to remain in effect for up to 24 hours follow-
ing a dive, instead of the 12 hours used by NOAA.
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Figure 7-3. NAUI table for EAN35, 32% oxygen enriched air.

Figure 7-4. NAUI table for EAN34, 36% oxygen enriched air.

Additional methods for EAN diving

Equivalent Air Depth principle

The equivalent air depth (EAD) is the depth defined
by the partial pressure of nitrogen that will be
breathed, rather than the actual depth of the dive. For a
nitrox mixture with less nitrogen than air, the equiva-
lent depth is shallower than if air were being
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Equivalent Air Depth Comparison

Actual EAD
fsw Air 32% 36%
60 60 47 42
80 80 64 59
90 90 75 67
110 110 90 83
130 130 107

Figure 7-5. Equivalent Air Depth Comparison. Shows
equivalent shallower depth for determining no-stop times
for 32 and 36% oxygen mixtures compared with air.

breathed. Although a diver is physically at a specific
depth, physiologically the body is absorbing nitrogen
equivalent to a shallower depth, since it is the partial
pressure of the breathing gas that matters.

EAD decompression is based not on the actual depth
of the dive, but on the equivalent inert gas exposure
depth experienced by the diver. Once the EAD has
been determined, the diver can use the “equivalent air
depth” with any air diving table and find the resulting
no-stop and decompression stop dive times, and the
repetitive criteria. In practice, the EAD or the equiva-
lent no-stop time is selected from a chart, but these
can be calculated as well, using the above process or
by using a look-up chart or applying a formula given
in the next chapter (Fig 7-5).

Custom tahles

NOAA and NAUI as well as other recreational scuba
training agencies have produced diving tables for 32%
and 36% oxygen enriched air mixtures. Tables for oth-
er mixes are not generally available. Some of these are
calculated with the EAD method from existing air
tables, others are calculated directly. The tables com-
puted directly are likely to appear more efficient
(more available no-stop bottom time) but they do this
at the expense of conservatism. There may be situa-
tions where a table for a specific mix and depth are
needed for a special diving project. In these cases, the
diver has a few choices. The first and most effective
option is to use a dive computer equipped for enriched
air calculations. Another option is to select a table
using EAD techniques. Here the diver determines the

equivalent air depths for the specific depths and mix-
es, either selected from a chart or calculated using the
formulas, then selects the desired air diving tables
based on the equivalent depths. This is time-consum-
ing and presents opportunities for error. Another
approach is for the diver to seek out a professional
“table maker,” a person well-versed in decompression
computation who is able to prepare custom tables. Or
the diver can generate (“cut”) tables specific to the
actual dive project using one of the many personal
computer programs designed to produce custom
decompression tables.

Definition of no-stop diving

Traditionally, “no-stop” or “no-decompression” div-
ing is staying within time-depth exposure limits
that allow the diver to ascend at a specified rate to
the surface without the need for a stop. That is, the
diver’s exposure time, depth, breathing gas, and
ascent rate are specified, and when the profile stays
within these specifications the diver can ascend with-
out stopping.

Accordingly, we use the terms “no-stop” and “no-
decompression” interchangeably. “No-stop™ is used to
remind divers that every dive is a decompression dive
in the physiological sense. “No-decompression” is
used to emphasize the fact that stops are not required,
and to stay in keeping with familiar terminology. As a
logical progression of this approach, diving with
planned stops can properly be referred to as “decom-
pression diving.”

Physiologically, the body makes little distinction
between a no-stop dive taken to the allowable limit
and a similar dive with planned decompression stops,
presuming that the same ascent constraints are used.
However, there may be a significant difference in the
two dives in their operational complexity. A dive
using stops requires at least a means of stabilizing the
diver at the stop depth, some extra breathing gas, more
careful planning, and should include surface support.
It is more for these operational reasons than for extra
decompression stress or DCS risk that recreational
agencies discourage diving with planned stops.

The safety stop: Is this decompression?

Along the same lines, some “no-stop” procedures call
for the diver to make a safety stop of 3 to 5 min in the
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range of 10 to 20 fsw, nominally 15 fsw. This has been
shown experimentally to reduce the level of ultrasoni-
cally detected bubbles, and should therefore reduce
the likelihood of decompression sickness.

The safety stop has been criticized as being “decom-
pression diving.” This is a moot argument. If the stop
is required as part of the decompression, it is a decom-
pression stop. If the profile is one calculated or devel-
oped to allow decompression without stops but the
safety stop is inserted to give the dive profile a lower
risk of DCS, then it is a no-stop dive with a safety
stop. The distinction does not matter; the important
thing is to carry out the dives as planned.

One benefit of the safety stop and a good reason for
doing it is that it more or less obligates the diver to
have good buoyancy control, and this is an all-around
safety factor.

Repetitive dives

Repetitive diving is not widely practiced in either the
commercial or military diving communities, but is
quite common in recreational diving.

Physiology of a repetitive dive

In the physiological sense, a repetitive dive is one cat-
ried out soon enough after a previous dive that its
decompression is influenced by the previous dive or
dives; effects may accumulate over several dives.

Unless the first dive was relatively short and the inter-
val between them (called the “surface interval”) is rel-
atively long, there is likely to be a “gas loading”
remaining from the earlier dive. This means that some
inert gas is still dissolved in the diver’s tissues.

Another thing that may result from an earlier dive is
bubble formation. Bubbles may form and may be
eliminated during a decompression, but some may
remain; these can grow if subjected to an additional
compression and decompression. On the other hand,
preexisting micronuclei (necessary to form bubbles)
can be destroyed by the first dive, leaving fewer avail-
able for the second dive. This can be beneficial.

Research indicates a higher incidence of DCS from
repetitive dives than from single non-repetitive dives.
This depends, in part, on how a repetitive dive is
defined.

Definitions of a repetitive dive

Although uncertainties remain about the physiology
of repetitive diving, to some extent it has been defined
explicitly. The U.S. Navy defines a repetitive dive as
one that begins within 12 hours of a previous dive.
This means that the tables assume that a diver is clear
of inert gas (for practical purposes) after 12 hr. If the
second dive starts within 10 minutes of the first it is
considered an extension of the previous dive.

NAUI and most other authorities consider that there
may be residual effects lasting beyond a 12-hr surface
interval, and extend the influence of the first dive to
24 hr. Thus the NAUI definition of a repetitive dive is
one that begins more than 10 min and less than 24 hr
after the end of a previous dive.

How developers produce repetitive tahles

The developers of the USN tables devised a somewhat
arbitrary but quite effective method of managing
repetitive dives. USN developers assumed that the
effect of a previous dive on a following dive can be
expressed in terms of gas loading, and calculated this
for each schedule using the 120-min compartment as
the reference. They then evenly divided the allowable
inert gas overpressure in that compartment into 16
“groups,” and assigned a letter to each group. The lat-
er letters are associated with larger overpressures in
the “repetitive group” chart. This group designation
then leads the diver to the “residual nitrogen
timetable” chart, which shows how a diver’s gas load-
ing and hence group designation changes as the gas in
the compartment decreases during the time at the sur-
face. The effect of this loading depends in part on the
depth of the next dive, so the final chart in the
sequence, the “new group designation” chart, shows
how much residual nitrogen time should be used, as a
function of the depth of the next dive.

The surface interval does not begin until 10 min after
the end of the first dive. This somewhat arbitrary val-
ue is intended to recognize that during the transition
period the outgassing process of the surface interval
may not be fully functional.

Using repetitive procedures

The procedure for using USN-type repetitive adjust-
ments is straightforward and reasonably simple for
users who have a good idea what they are trying to
accomplish. Basically you want to determine from the
first (or previous) dive its “residual” effect, then apply
that to the next dive. For a first dive read the repetitive
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Figure 7-6. Diving at altitude requires special diving tables.

group directly off the chart. This letter group depends
on the actual bottom time of the dive, for both no-stop
and decompression dives. Then the time spent at the
surface between this dive and the next one is used to
determine the “repetitive group.” The selection here
depends on the duration of the surface interval. Once
this is determined, select the new group designation to
be in effect after the surface interval. Follow that to
the depth of the next dive and read the “penalty” for
the second dive, in minutes to be added to the actual
bottom time to use in selecting the right table for the
second dive. This method works the same for both
USN and NAUI tables, although the charts are
configured differently.

Once the second dive is complete, re-enter the chart
with a new repetitive group designation and repeat the
process. For surface intervals of less than 10 minutes,
add the entire time of the first (or previous) dive to the
actual time for the second (or following) dive to get
the corrected repetitive dive time, and use this for
selecting the table to use.

Diving at altitude

When a dive is performed in a lake at an altitude well
above sea level, several things are different, and some
of these must be considered in planning the decom-
pression (Fig 7-6). First, the barometric or ambient
pressure at the surface of the lake is less than normal.

Figure 7-7. Dive-Rite Bridge Il allows the manual setting
of altitude.

The surface acts as the reference point for tables, and
since that is different, some compensation is needed in
standard tables. The relative change in pressure on
descent in the water will be greater than at sea level;
this requires that the tables be adjusted for altitude.
Details on diving at altitude are beyond the scope of
this text.

Altitude tables may be prepared by performing alti-
tude “corrections” to standard tables. Methods used
for calculating altitude tables have been reviewed by
Egi and Brubakk (1995) and the principles by Wienke
(1993). Probably the best known method is the “Cross
Corrections,” examined in detail and reported in table
form by Bell and Borgwardt (1976).

The U.S. Navy air tables are authorized for use to alti-
tudes of 2300 feet (700 meters). The NAUI tables are
more conservative and are recommended for use to an
altitude of 1000 feet.

There are a number of other factors to be considered.
The water in a mountain lake will be fresh water,
which has a lower density than sea water, and because
of the lower reference pressure some pressure gauges
will not read correctly in a mountain lake. Buoyancy
is affected by altitude. At significant altitudes, say
above 10,000 feet (3000 meters) another concern is
relative hypoxia, which can lead to mountain sickness.
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For diving at elevations above 1000 feet, it is neces-
sary to use tables designed or adapted for altitude, and
the diver should be trained for diving at altitude. The
Equivalent Air Depth principle will work for altitude
diving with enriched air, but should be done with air
tables that are already adjusted for altitude, such as
those just mentioned. Enriched air nitrox is well suited
for diving at altitude for several reasons. One is the
benefits to decompression; these become even more
valuable at altitude to help offset the reduced dive
time due to altitude adjustments. A given table should
be more reliable, and there is less chance of hypoxia
when the diver is near the surface. As mentioned
above, altitude tables are included in those published
by Prof. Biithlmann.

The best way to minimize altitude as a decompression
problem is to use a dive computer equipped for
both altitude corrections and enriched air (Fig 7-7).
Dive computers made in Switzerland are calibrated
for fresh water, and if they use Prof. Biihlmann’s algo-
rithms, they are likely to manage altitude quite well.

Dive computers and enriched air

A dive computer performs the same sort of calcula-
tions mentioned above for tables, but does them in
real time. Instead of displaying a series of stops at 10
fsw increments as a table does, the computer shows
the “ceiling”—the depth to which the diver can ascend
without violating the computer’s ascent limits. This
has been called the “safe ascent depth,” but for the
same reason we do not speak of a decompression table
as “safe,” we prefer to use the term “ceiling.”

There are two options for using dive computers with
enriched air. The best is to use a computer designed
for enriched air, and use it with the proper mixes. Ear-
ly “nitrox” DCs were limited to one or two oxygen
percentages, but more recently DCs have become
available that allow the percentage of oxygen to be set
in one percent increments (Fig 7-8). Some computers
even allow for multiple nitrox mixes to be used dur-
ing advanced types of dive. Enriched air computers
monitor the diver’s exposure to oxygen, based on the
mixture entered, and warn when limits are approached
or exceeded. For these computers, we refer the diver
to the manufacturer’s instructions and to the specific
training for the particular DC. A dive computer is not a
substitute for proper training.

et 5

Figure 7-8. Dacor EquaNO2x enriched air dive computer.
Monitors decompression status and oxygen exposure for gas
mixes in 1% increments. The recorded data can also be
downloaded to a PC for logging and analysis.

As a second option, a common application is an
enriched air mixture used with a dive computer
designed for air. Here the main gain is the same as
mentioned above in reference to tables, a reduced risk
of DCS. In using an air computer with oxygen
enriched air it should be possible to use the computer
to its full no-stop limits (but not beyond!) without the
need for as much added conservatism as when using
air. Even so, ascent rates should be according to rec-
ommendations; the benefit of the extra oxygen in
enriched air is not enough to compensate for too fast
an ascent rate. Be sure to check the oxygen limits of
the mixture; since the computer “thinks” the diver is
using air it will not warn when oxygen limits have
been exceeded. It is most important to observe the
maximum operating depth of the gas being used, as
the air computer will not be able to issue a warning if
the maximum depth is approached or exceeded.

Dive planniny software

In recent years there has been a remarkable develop-
ment in the field of decompression technology—the
development and marketing of commercial com-
puter programs for generating decompression tables.
For decades it has been felt that only decompression
specialists, and in the case of the Navy, diving medical
officers, were qualified to produce decompression
tables. That consideration has not really changed,
especially in the eyes of commercial divers, diving
companies, and their lawyers, as well as the Navy, but
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Figure 7-9. Abyss advanced dive planning software. Data
input screen for creating diving tables for specific gas mix-
tures.

the development of technical diving has presented a
need for tables that were just not “in the book.”

Responding to this need, several entrepreneurs have
prepared and distributed computer programs that can
be used to generate tables. This has been possible
because of publications by Prof. Bithlmann (1984;
1995) that give tested and accepted algorithms for
computing tables. All the readily available programs
are based at least fundamentally on Prof, Bithlmann’s
algorithms.

The different programs manage the algorithm in dif-
ferent ways, especially with regard to introducing
extra conservatism into the computations. Even so,
when used properly they all produce acceptable
enriched air tables. As with dive computers, many of
these programs allow oxygen exposure to be tracked
and warn the user when limits are exceeded. It is up to
the user to know the meaning of the oxygen calcula-
tions and the limits used.

The caveat remains, however, that producing proper
decompression tables in a safe manner requires a sub-
stantial knowledge of decompression practice. The
user should have a firm idea of what to expect, and
should be able to recognize if things are not right.
These programs can generate satisfactory tables in
the right hands, but we do not advocate their casual
use by novice divers or those with limited experience
in decompression. E
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Chapter 7. Knowledue Review—Diving Tables

Before moving on to the next chapter, Using NAUI Diving Tables with Enriched Air,
please test your understanding of this chapter’s information by completing the Knowledge

Diving Tables

Review.

10.

A decompression table may be made up of a set of

In 1993 the ascent rate for the USN air tables was changed from
fsw/min to fsw/min.

NOAA introduced diving tables for use with a 32% oxygen enriched air mixture in 1979 by

using the concept to determine the decompression.
For an enriched air mix with less nitrogen than air, the EAD is a depth.
Staying within time-depth exposure limits that allow the diver to ata
specific rate to the without stopping for decompression is called a

dive.
It is a good idea to do a at the end of a no-stop dive.
Gas loading from a earlier dive is important when doing a dive.

NAUI recommends that you do not use their tables at an elevation more than
feet above sea level when diving at altitude.

The best way to do multilevel dives is with a

NAUI provides tables as plastic cards for enriched air mixes containing Y/
and % oxygen.
959€¢ PUB 247€ 0 (uoissardwooap-ou 10) dojs-ou fadefIns {pusdsy g
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USING NAUI DIVING TABLES
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LEARNING GOALS

In this chapter you will:

* Select an appropriate diving table.
* Use the NAUI EAN diving tables.

* Use the Equivalent Air Depth
Conversion table.

* Use the NAUI air tables with
oxygen enriched air.

* Learn about dive computers and
their role in enriched air diving.




Using NAUT Diving Tables With Enriched Air Nitrox

New Terms in This Chapter
Fixed or flat table

OCEANX calculator
Multi-level diving

Dive computer

Selecting the appropriate diving tahle

This chapter discusses the procedures for using oxy-
gen enriched air mixtures with NAUI EAN tables, and
NAUI and other air tables.

Using fixed tables

Part of the dive planning process is selecting the appro-
priate diving table and schedule for the dive. The most
expedient method is to use a prepared table, such as the
NAUI EAN3, and EAN3¢ tables. Beyond this, by using
the EAD principle any valid enriched air dive can be
planned using the EAD formula and an air diving table.
However, the length of the dive should be considered from
an oxygen exposure perspective in choosing the appropriate
diving table. Prepared tables may be called “fixed” or “flat.”

NOAA Dxyyen Exposure Limits

Maximum Maximum
PO, Single Dive 24-Hour
atm Limit, min Limit, min
1.60 45 150
1135 83 165
1.50 120 180
1.45 135 1.80
1.40 150 180
1.35 165 195
1.30 180 210
1.25 195 225
1.20 210 240

Figure 8-1. NOAA oxygen exposure time limils. Table gives
limits in min for a single PO2 exposure level, and for each
24 hr day. Interpolation used for 0.05 atm increment limits.
Levels of 1.5 to 1.6 atm PO> are for contingency purposes
only. (NOAA diving manual, 3rd ed, 1991)

As discussed in Chapter 4 on oxygen, divers have cer-
tain single and repetitive time limits for oxygen expo-
sure, depending on the partial pressure of the oxygen
at the maximum depth of the dive. For dives with a
maximum operating partial pressure of 1.4 atm, the
time limit is 150 minutes (Fig 8-1). No-stop times fall
well within this time limit. If a single planned dive is
to be longer than 150 minutes the PO, level will have
to be reduced by choosing an EAN mix with a lower
oxygen content.

Other considerations include having enough gas to
breathe, repetitive diving procedures, and verifying
the actual mix in the tank. For most enriched air nitrox
diving the mix you request from your dealer will be
delivered to you with an accurate composition. Make
sure that the mix falls within the tolerance limits of 1
percentage unit from the nominal value. When using
the EAD principle, always base the calculation on the
exact mix in the tank.

NAUI enriched air nitrox 32% and 36% tables

The NAUI EAN3; and EAN3g4 diving tables make
planning dives that use 32% and 36% oxygen relative-
ly simple (Fig 8-2, 8-3, 8-4). The familiar format is
one that NAUI divers have been using for years. The
full tables are shown in the Reference section in the
back of this book and are available on waterproof
plastic cards.

These tables are designed for no-stop enriched air
nitrox diving in the range 40 to 130 fsw (12-39 msw).
Each depth schedule has contingency information for
completing required decompression stops if they are
needed. The EAN3; table has a useable depth range to
130 fsw (39 msw) and the EAN3¢ table has a range to
110 fsw (33 msw). The deeper depths are for contin-
gency use for both of these tables, otherwise these
tables fall within the normal range of oxygen expo-
sure limits as described in Chapter 4 on oxygen.

To become familiar with the table and some of the
new information, let’s look at it section by section.
The EAN diving table is divided into three sub-tables
that interact with each other.

Figure 8-2 shows Table 1, the No-stop Time and
End-of-Dive Letter Group table. It shows the no-
stop dive times for the various depths with a circle
around the maximum no-stop time for each depth.
For dives of less than the maximum time, the times are
shown in the body of the table and the End-of-Dive
letter group is shown at the bottom for each of these
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times. Dive times that require decompression are
shown as a double entry, with the upper figure the
time at depth and the lower figure, in a dark box, the
stop time. Stop time is to be taken at a depth of 15 fsw
(5 msw).

Table 1 also has a POz level indicator for each depth
of the table. The dive schedules that are listed for PO2
levels higher than 1.4 atm are for contingency plan-
ning only and are not intended for routine dives.

NEW
GROUP

EEEEHEE

EAN 32 DIVE TABLE

USE ONLY WITH 32% OXYGEN ENRICHED AIR
TABLE 1 - END-OF-DIVE LETTER GROUP

DIVE TIME REQUIRING DECOMPRESSION [ 00 ]
MINUTES REQUIRED AT 15 FSW STOP (5Msw) [

START
P02 m‘:zn:w NM;-Xs%ﬁms
0.7 |12 | 40> 15|30 |45| 60|75 |95 [120/145[170|20 250(310) I
||].3 15| 50> 5 |15(25|30|40|50|70|80 [100{110{130150
0.9 |18 | 60> 10|15|25|30|4050(60|70

1.0(21] 70> |10|15|20|25]a0 40|50]55

1124 80> |5 |10/15|20|30 35|40(d5

12 [27] 90> |5 |10/15|20|25 30|35

1.3 [30fi00»] |5 |10]12]15/20

.4[33[10>| |57 |10[15]20

15 (38[120»| |57 |10/15/20

1.6 |39 [130> 5 10]13[15 20 &

i Ka B G O EAE Bl o) Joko i MmN D
ol o s 5 o [
b srou Y YYYYYYYYYYVYYYY

Figure 8-2. The Table 1 part of the NAUI EAN3; table, the
No-stop Time and End-of-Dive Letter Group table.

For example, we do a 40 min dive at 70 fsw (21 msw)
using a 32% mix.. This shows an end-of-dive letter
group of G, which is at the bottom of the column con-
taining 40 min on the row holding 70 fsw. The PO is
shown at the left end of the 70 fsw row as 1.0 atm for
this dive.

Table 2, Figure 8-3, is the Surface Interval Time
Table. This table is for determining a new letter group
after a surface interval following a dive. Enter this
table from the top, following down from the letter
group at the bottom of Table 1 to the appropriate inter-
val time. This time is a range, so select the range that
will include the actual interval time from surfacing
from the first dive until beginning ascent for the next.
For example, for an interval of 2:20, enter the table in
the G column, move down to the box containing
2:58/2:00, indicating any time between 2 hours and 2
hours 58 minutes. From here, move to the left to find
then next group letter at the end of that interval, which
in this example is now D.

Table 3, Figure 8-4, is the Repetitive Dive Timetable.
The top of the table has a depth (in both fsw and msw)

AlA[AIA|A[A|A[A[A|A|A[A[A]A
ZE|r=x|lel—xomMmo|o|w|3=

51

5 (<0
ABLE TABLE 2 - SURFACE INTERVAL TIME TABLE
RAT) TIME RANGES INHOURS : MINUTES

PETITIVE ENTER FROM THE TOP, MOVE DOWN TO FIND SURFACE INTERVAL TIME. @ 1897 NAUI
IS NUMBER, MOVE LEFT TO FIND THE NEXT PRESSURE GROUP.  #33502-32 (1108)

Figure 8-3. The Table 2 part of the NAUI EAN3; table, Sur-
face Interval Time Table.

o e i e o i o [ A B
|PO= 08|09(1.0]11/12|13|14|156|16
msw| 12 [15|18 |21 |24 |27 (30|33 |36 |39 | new
fsw |40 |50 | 60|70 | 80 | 90 |100/110{120(130| GROUP Y Y
T 6|6 44233 W28k ;00241
193] 04 | 55 | 48 |38 [ 27 | 22 | 22 [ 17 | A L gr10] 211
7[B[11[8[8[7[7 [T [8 211
183 87 |40 |41 |32 |23 | 18 | 18 | 14 [<B <« o
25 |21 |17 |16 | 18 [ 11 | 10 | 10 | 10
=] |176| 70 (43 |36 [27 [ 10 [ 15 | 16 | 10 <«C 3
3| [37 2024 [20 [18 |16 | 14 |14 [ 13
2@ [te3|71)38 B0 22 |14]11]|11]7 <D
eg| [@ s a0 2623 [20 16 [8 |16 [ o
=w)| |161(/62|30 (24 |17 [10]| 7 | 7 | 4
LE| |61 |47 |36 |31 |28 |24 |22 2220 <F
Bl|[189|53|24[19[12]|6 |83 |38
Sw| [73[66 |44 |37 |82 |20 |26 |26 |24 PT)
Eo|(127|44 |16 |13 ] 8 | 1
G2 [87 66|52 |43 |38 |33 |30 |80 |27
Eo||malsale |72 <H
g‘; 101176 ['61 [ 60 [ 43 [ 38 | 3¢ [34 |13 | ¢ |
52 99 | 24
| [116]87 [70 |57 [48 |43 |38 |38 |34
z G |ea 13 <J
138 99 | 79 | 64 | 54 | 47 | 43 | 43 | a8
E g\ e 1 <K
G| [181]111|88 |72 [61 | 53 | 48 | 48 | a2
Sl s 5 <L
< | [187[124[ 97 |80 |68 | 58 | 52 | 62 | 47 <M
13
213 [142[107 |67 | 73 |64 | 57 | 67 | 51 <N
24T [Te0[Ti7 [ e |80 [70 [e2 [62 | 86 [ g
00 | RED NUMBERS (TOP) ARE RESIDUAL NITROGEN TIMES (RNT)
BLUE NUMBERS (BOTTOM) ARE ADJUSTED NO-STOP REPETITIVE ENTER)
DIVE TIMES. ACTUAL DIVE TIME SHOULD NOT EXCEED THIS NUMBER.

Figure 8-4. The Table 3 part of the NAUI EANaz table,
Repetitive Dive Time Table.
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for each column. In the body of the table, in the col-
umn below those depths, the entries each have two
numbers. The top (red) number is the Residual Nitro-
gen Time from the previous dive, the number below
(blue) is the Adjusted No-stop Dive Time that can be
done for the repetitive dive to the depth at the top of
the column.

To use this table the diver enters on the right with the
letter group designation from Table 2 (which is D
from the above example) and moves to the left to the
column that has the depth of the next dive at the top.
Let us continue with a repetitive dive to 60 fsw (18
msw). Intersect row D with the 60 fsw column and the
resulting no-stop dive time is 71 minutes and the
residual nitrogen time is 29 min.

Let us look at some single dives done with the NAUI
EAN diving tables.

Dive Example #1.

In this example (Fig 8-5) the diver uses a 36% mix for
a dive to 90 fsw, using the 90 fsw schedule. The PO>
level is 1.3 atm at 90 fsw so the oxygen exposure lim-
it of 1.3 is applied for calculation of the CNS “clock”
using the exposure limits chart in Chapter 4, Fig. 4-4.
MOD limits are on the EAD chart, Fig. 8-7.

Single Dive, EANsg Tahle

Dive Depth = 90 fsw

Mix = 36% oxygen enriched air, EAN3q
Maximum No-Stop Time at 90 fsw = 50 min
PO, = 1.3 atm

Maximum Operating Depth at 1.4 atm = 95 fsw
Contingency Depth at 1.6 atm = 110 fsw
Repetitive group letter = J

[From O chart] Oxygen exposure “clock” for

single dive = 28% or 0.28 limit fraction

Figure 8-5. Dive Example #1. Using 36% O, for a 90 fsw
dive for 50 min.

Single Dive, EANs32 Tahle

Dive Depth = 110 fsw

Maximum No-Stop Time at 110 fsw = 25 min
POz = 1.4 atm at 110 fsw

Maximum Operating Depth at 1.4 atm = 110 fsw
Contingency Depth at 1.6 atm = 130 fsw
Repetitive group letter = H

Oxygen exposure for single dive = 17% or 0.17

Figure 8-6. Dive Example #2. Using 32% O: for a 110 fsw
dive for 25 min.

Dive Example # 2

In this example (Fig 8-6) the diver uses a 32% mix for
a dive to 110 fsw using the 110 fsw schedule on the
NAUI EAN3, table. The POz level is 1.4 atm at 110
fsw, so the oxygen exposure limit of 1.4 is applied for
calculation of the CNS “clock” using the oxygen lim-
its chart.

Application of Equivalent Air Depth and NAUI air tables

We have discussed the NAUI EAN3, and EAN;y¢ div-
ing tables and have shown the ways they are mix spe-
cific. However, enriched air divers may not always
have access to those mix-specific tables or the mix
available may not be applicable to those tables. In
these cases an effective alternative is to apply the
equivalent air depth conversion to the NAUI air tables
(or any air diving table). The first principle to remem-
ber is that any time the fraction of the oxygen is
greater than 0.21 you can use an air diving schedule
for a depth shallower than the one you are actually
diving.

When using an oxygen enriched mixture, the body is
considered to be taking up nitrogen in a way equiva-
lent to diving with air at a shallower depth. A formula
is used later in this chapter to convert the actual dive
depth into one that can be applied to an air diving
table. But first, let us make this conversion with a
look-up chart.
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EQUIVALENT AIR DEPTH CONVERSION and MOD

PERCENTAGE OF OXYGEN AND ACTUAL DEPTHS (FSw)
EAD 28% 29% 30% 31% 32% 33% 34% 35% 36% 37% 38% 39% 40% EAD

sw V VY Y YRNEY VY YVMY VY VY fsw
30 « 36 37 38 39 40 41 42 43 44 46 47 49 49 » 30
40 47 48 49 50 Eo® 53 54 S5 ®iE® 58 60 61 63 40
50 58 59 60 62 Eui#E 64 66 67 WMo 71 72 74 76 50
60 69 70 71 73 @GR 76 78 80 @SR 83 85 87 89 60

70 80 81 83 B84 W8GR 88 90 92 @A 96 98 100 70
80 90 92 94 96 98 100 102 104 106 108 80
90 101 103 105 107 109 112 114 116 90
100 112 114 117 119 g 123 100
110 123 126 128 130 : 110
120 134 137 139 120
130 145 148 130

“WoCEw 132 126 121 116 111 107 102 99 95 91 86 85 82 Jooew
XoD tew - E RGN G 3G N0 oM T [T DG R AR DZMNGDN VoD few

Figure 8-7. Equivalent Air Depth Conversion and MOD chart. Enter the chart at oxygen percentage, move down the column to
the depth or next greater depth of the dive. Move across to the left or right to find the Equivalent Air Depth for use with the NAUI
air diving table (or another air table). Maximum Operating Depth (MOD) of each oxygen percentage is indicated at the bottom,
the standard limit at 1.4 atm PO, and the contingency limit at 1.6 atm.

Using the Equivalent Air Depth Conversion Chart 1.4 atm PO>) and the Contingency Operating Depth
The Equivalent Air Depth Conversion table (Fig 8-7) (shown as MOD for 1.6 atm POy) for the various mix-

converts actual dive depth ranges to EADs, Equiva- es are given at the bottm of the chart.

lent Air Depths. The steps for using this table follow. . p ]
Example 1: Planned dive to 90 fsw. Mix to be used is

1. Enter the table at the top under the oxygen percent-
age, move down that column to the depth or next
greater depth for the dive.

2. Move to the right or to the left end of that row to
find the EAD, equivalent air depth.

3. Use this EAD to find the no-stop time for that depth
using the NAUI air diving table (or another air
table).

Note that the depths in the body of the table are not
even or numbered by tens. This is to take advantage of
the entire “group” range that converts to each even
table depth. The Maximum Operating Depth (MOD;

34% oxygen enriched air. Enter the table at top of the
34% column, track down to 90 fsw. Read to either
right or left side; the resulting EAD is 70 fsw. This
dive is now planned using a 70 fsw air schedule,
which has a no-stop time of 45 minutes. Oxygen
exposure and gas usage have'yet to be determined.

Example 2: Planned dive to 105 fsw. Mix to be used
is EAN32. The next deeper depth in the 32% column
is 109 fsw, which give a resulting EAD of 90 fsw. This
dive is now planned using a 90 fsw air table, with a
no-stop dive time of 25 minutes.
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OCEANx calculator

In addition to the Equivalent Air Depth Conversion
chart shown here there is another tool that also makes
the EAD calculations easy. It is the NAUI Oxygen
Calculator Enriched Air Nitrox, the OCEANx calcu-
lator. This is a wheel-type tool that allows the oxygen
percentage of the mix to be dialed in, and the equiva-
lent air depth for several actual dive depth ranges and
some other oxygen exposure information is shown.
This includes oxygen partial pressure (POz) at the dive
depth, the NOAA time limit, the rate of approach to
the CNS limit, and the rate of buildup of oxygen toler-
ance units.

Calculating the Equivalent Air Depth

There may be times when a diver would like to calcu-
late the EAD manually. This is done by finding the
depth at which air has the same nitrogen partial pres-
sure, PN, as the enriched air being used at the depth
of the dive. This is done by multiplying the absolute
pressure (in "absolute" depth units) by the ratio of the
FN: to that of air, then converting back to depth units.

EAD formula:

EAD, fsw = (D fsw + 33 fsw) (1—F02)) S
0.79

This equation shows the EAD formula, where

* EAD is the equivalent air depth.

¢ D is the actual depth of the dive with enriched air, in
fsw.

« FO; is the fraction of oxygen in the enriched air
mix.

e (1-FO3) yields the fraction of nitrogen in the mix,
FNxz.

* (.79 is the fraction of nitrogen in air.

* 33 is the number of fsw in one atmosphere.

The formula for the equivalent air depth converts the
depth D fsw to an absolute pressure by adding 33 fsw
(the number of fsw in one atm), then multiplies this by
the fraction of nitrogen in the enriched air mix, the
term (1-FOz); this term derives the FN2 by subtract-
ing the oxygen fraction from one. The product of the
two terms in the numerator is the nitrogen partial pres-
sure in “fsw absolute.” To relate this to air it is divided
by the fraction of nitrogen in air, 0.79, with the result
still in “fsw absolute.” Then this is converted back to
fsw by subtracting 33 fsw. (The unit “fsw absolute” is
an oxymoron, since fsw by definition is a gauge pres-
sure, but this unit disappears at the end.)

EAD example:

: 0.79

This is a dive to 81 fsw using 37% oxygen EAN. The
EAD computes to 57.91 fsw, which rounds to 58. The
appropriate dive schedule would be a 60-fsw air
schedule.

Repetitive diving

As noted, in the military and commercial sectors it is
rare that divers conduct repetitive dives, but among
recreational divers its more the rule than the excep-
tion. Repetitive diving is a major part of recre-
ational diving, whether on a local charter or a live-
aboard vessel in an exotic place. To review, a repeti-
tive dive by NAUI procedures is any dive that follows
a previous dive during a 24-hour period.

Repetitive dive with the same gas

Repetitive diving with the NAUI enriched air diving
tables basically is really no different from the proce-
dures used for air diving. Using the repetitive time
table is covered earlier in this chapter. A normal "same
gas" repetitive dive can be carried out with the NAUI
EAN table or with the EAD method. If the first dive is
done with an EAN table, then the repetitive dive can
be done with the same table. Likewise, if the first dive
was done with the EAD conversion and an air table,
then subsequent dives should use the same method.

Also, dives should be conducted in a progressively
shallower manner. The initial dive should be the deep-
est, with subsequent dives being the same depth or
shallower. For example, consider a first dive to 105
fsw (30 msw) and a second dive to 70 fsw (21 msw).
and if a third dive is done it should be shallower than
the previous dives (or equal to the last one). The ratio-
nale for this is based on empirical data that doing a
deep dive after a shallow one increases the risk of
decompression sickness. Further, there just may not
be enough no-stop time to do another dive to the same
or deeper depth. Divers should pay close attention to
the repetitive dive table to avoid entering the situation
where decompression is required.

Repetitive dive with a different gas

There may be times when a diver will use a different
gas for a repetitive dive, by choice or circumstance.
By choice, the diver will have already planned to use a
higher oxygen mix for the shallower repetitive dive,
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Figure 8-8. Dive computers, both air and enriched air types.
[From front] Dive Rite Bridge II, Uwatec Aladin Nitrox,
Uwatec Aladin, Cochran Nemesis Ila, Cochran Comman-
der, and Dacor EquaNOx.

which will ultimately provide longer no-stop time. By
circumstance, the diver’s analyzed mix may be differ-
ent from the standard 32 and 36% mixes for which
there are tables. In either case, the diver will resort to
calculating the repetitive dive using the equivalent air
depth conversion and air tables. The procedure for
doing this is to calculate the ending pressure group
from the previous dive based on its EAD, and plan
the repetitive dive using the EAD for the new gas.

Example: Dive # 1 using 32% oxygen mix was to 110
fsw. The EAD is 90 fsw with a no-stop dive time of 25
minutes from the NAUI air tables. The pressure
group at the end of the first dive is G; after a 1:30
minute surface interval the new Group is E.

Dive # 2 will use 36% oxygen with a planned depth of
60 fsw. The EAD is 50 fsw. Enter Table 3 at Group E
(from the first dive, after the interval). Follow to the
column under 50 fsw; the adjusted no-stop dive time
is 42 minutes (blue, lower number).

A repetitive dive with a lower oxygen content than the
previous dive, although it will calculate correctly, will
provide shorter no-stop dive time. For that matter it is
best to plan repetitive dives with progressively higher
oxygen content mixtures.

Multilevel diving

A multilevel dive is one in which the diver moves to a
progressively shallower depth during a dive. Due to
the lower nitrogen absorption at the shallower depth,
the no-stop dive time continues to increase as the lev-
els of the dive get shallower. The NAUI air and EAN
diving tables were not designed for efficient multi-
level diving calculations. Multilevel diving is best
planned and carried out using an electronic dive com-
puter that calculates no-stop dive time throughout the
dive.

Dive computers

Dive computers (Fig 8-8) have become extremely
popular over the past ten years. In fact, one is hard
pressed to find an experienced diver today who does
not use one. The dive computer tracks time and depth
every second or so (depending on the model), calcu-
lates the gas loadings, and presents the diver with the
decompression status more or less instantaneously.
The remaining no-stop dive time is displayed through-
out the dive. If the diver enters into a required decom-
pression mode, the computer will display a “ceiling,”
which is a depth above which that diver must not
ascend until the required decompression has been com-
pleted; in effect, this is the first stop depth.

Using a diving table is a slightly more conservative
approach, since decompression is based on the deep-
est part of the dive and does not take into consideration
that a diver will work progressively shallower on
most dives. The diving table, for all intents and pur-
poses, “averages” the overall decompression into
groups. The DC, on the other hand, allows divers to
have no-stop diving time calculated based on where
they have actually been. When using a dive comput-
er for “square” dive profiles, there is usually not
much of a no-stop dive time advantage over conven-
tional tables.

Using an air computer with enriched air

Using a dive computer designed for air while breath-
ing oxygen enriched air allows the diver to conduct
multilevel dives in the same manner as done while
diving on air, but with the enhancement of less nitro-
gen being absorbed in the body.

To use an air computer while breathing enriched air
the diver needs to add two things to the dive protocol,
the monitoring of the maximum operation depth of the
oxygen-enriched gas and the maximum exposure time



Using NAUT Diving Tables With Enriched Air Nitrox

of the deepest part of the dive, both to maintain oxy-
gen limits. Since the air computer does not “know”
that the user is breathing anything other than air, it
cannot warn when maximum operating depths or oxy-
gen exposure times are being reached. We recommend
that the diver using an air computer with enriched air
place a piece of tape on the computer or console indi-
cating the maximum operating depth and contingency
depths for the gas being used, and keep it in mind
throughout the dive (see Fig 8-9).

Enriched air computers

During the past few years, several manufacturers have
made dive computers specifically designed to use
oxygen enriched air mixtures. The first enriched air
computer was introduced by Orca as the Phoenix
Nitrox. This was a single gas, 32% oxygen unit with
the EAD conversions applied to its algorithm. Its main
limitation was that it could not also be used with air.
The Dive Rite Bridge was the first programmable
unit, The Bridge allows a diver to change the oxygen
percentage within the range 21% to 50%. The Bridge
also tracks oxygen toxicity limits (Fig 8-10).

Today, almost every manufacturer has programmable
enriched air computers. These units allow the diver to
program the computer in 1 to 2 percent oxygen incre-
ments, usually up to 50% oxygen. These computers
also track oxygen tolerance limits and display wam-
ings when a diver approaches a limit. Programmable
enriched air computers simplify diving with different
mixtures.

. [ £ - |
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Figure 8-9. Air computer with MOD markings.

Figure 8-10. Photo of DiveRite Bridge II computer. This
was the first enriched air computer that allowed the oxygen
percentage to be set.

The diver using a programmable enriched air comput-
er must pay more attention to gas analysis and plan-
ning of the dive. The computer must be programmed
each time it is used, since gas mixes may be different
from dive to dive. It is critical that one does not use a
low oxygen content mixture with a computer pro-
grammed for a higher fraction of oxygen; the results
would be an inaccurate decompression and an
increased risk of decompression sickness. Because
these units have many variables that require attention,
the diver is strongly urged to read the computer’s
instruction manual and understand how to use the
computer before diving with it. A professional dive
retailer can assist in determining which computer is
most appropriate for a diver’s needs.

Repetitive diving with computers

A great advantage of dive computers is that they cal-
culate repetitive dives. Within ten minutes of surfac-
ing from any dive, the computer goes into desatura-
tion or surface mode. During the surface interval, the
computer periodically recalculates allowable no-stop
dive time for the next dive. A screen will scroll this
information. When an appropriate surface interval has
passed, diving can resume. On programmable units
the diver can reset the oxygen fraction for the gas to
be used on the subsequent dive, and the computer will
use this when calculating the next dive. Pay attention
to surface interval time. Even though the computer
calculates no-stop dive time with surface intervals
shorter than 60 minutes, it is best to wait a minimum
of one hour between dives.

E
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Return to dive from computer failure

When a diver’s equipment is well maintained it is rare
for it to fail, but on occasion it does happen. If the fail-
ure occurs on the dive and the diver has a back-up
computer or bottom timer, it is prudent to terminate
the dive, ascending on the back-up computer or on
diving tables (Fig 8-11). If, however, there is no back-
up the diver should just terminate the dive and make a
slow ascent.

In most cases, the diver will be with a buddy who also
has a computer or timing device, in which case the
ascent can be made on the buddy’s computer. Both
should make a safety stop at 15 fsw for no less than 3
to 5 minutes to account for differences in profiles. If
the computer failed at a point where the diver had just
entered into decompression, the safety stop should be
extended to 15 minutes, air supply permitting. A diver
who has become separated from his buddy should
make an ascent to 15 fsw (by estimation if necessary)

and make a contingency decompression stop for 15
minutes, air supply permitting. The chapter on tank
selection covers procedures for determining time
elapsed by gas consumed.

Once the diver has surfaced from a no-stop dive, it
is recommended that no further diving be conducted for
the number of hours required by the computer’s
manufacturer-or wait 24 hours. Then the diver may
return to diving using dive tables. This method allows
the diver to go back to diving in the event a computer
has failed.

The diver who will have access to another computer
and does not wish to resort to table-based diving
should follow the above procedure, and start over with
the new computer. Divers should never share activat-
ed computers for repetitive dives, since they are not
likely to have the same gas loadings. [ |

Figure 8-11. Mares Divemate air computer with NAUI air diving tables.
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Chapter 8. Knowledge Review—Using NAUI Diving Tables With Enriched Air Nitrox

Before moving on to the next chapter, Overview of Gas Mixing, please test your under-
standing of this chapter’s information by completing the Knowledge Review.

1. The most efficient decompression table to use with enriched air nitrox is a
nitrox table.

2 exposure is a major safety consideration when picking a nitrox table.

3. Using the equivalent air depth conversion table, what is the EAD for a 75 fsw dive on 32% oxygen
enriched mix? fsw

4, Using the EAD formula, calculate the answer to question #3.

5. Using 32% oxygen mix and the NAUI EAN 32 diving table a diver does a dive to 112 fsw for 23
min, surfaces, and has a surface interval of 2 hr 33 min. What is the new group after the interval?
Then the diver does a second dive on the same gas to a depth of 65 fsw for 35 min.
What is the diver’s end of dive letter group after the second dive?

6. Using 32% oxygen mix, a diver does a dive to 112 fsw for 23 min., surfaces, and has a surface

interval of 2 hr 33 min. What is the new group after the interval? Then a second dive on
38% oxygen mix to 65 fsw for 35 min. What is the diver’s end of dive letter group after the second
dive?

7. When using an air computer with oxygen enriched gas, what are two additional protocols the diver
must use?

8. If your dive computer fails while in decompression dive mode in the range of NAUI EAN tables
and you have no backup, you should

9. Computers designed for enriched air allow the diver to and monitor
levels.
10. When planning repetitive dives with different gas mixes it is best to use or
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DVERVIEW OF GAS MIXING -

LEARNING GOALS

From this chapter you will learn:

* About fire safety with oxygen.
* About oxygen handling.

* How to apply the “40% rule.”
* About the different gas

blending systems.
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New Terms in This Chapter

Fire triangle
Oxygen-compatible lubricant
Adiabatic heating or dieseling
Oxygen cleaning

40% rule

Partial pressure blending
Continuous flow mixing
Pressure swing absorption

Membrane separation

As a diver using enriched air nitrox, you need to
obtain gas mixes other than air. You do not need to
know how to mix nitrox, but you should know about
how it is prepared and the requirement for cleaning
your equipment that using an oxygen enriched mix
creates. Several of the commonly used methods for
creating oxygen enriched air are discussed in this
chapter, each with its own advantages and disadvan-
tages. The gas you ultimately breathe has to have the
proper oxygen content.

Oxygen handling

Oxygen is the wonder gas that can be friend or foe. In
the process of gas mixing for scuba use, the object is
to get the right percentage of oxygen in the high pres-
sure mix. This can be done by mixing pure oxygen
with nitrogen or air, or by removing nitrogen from air.
The main problem with mixing high pressure oxygen
is the risk of fire. Everything that is not already com-
pletely oxidized—which means virtually everything—
will burn in high pressure oxygen when there is a
source of ignition. There is a certain risk with oxygen-
enriched mixtures once they are mixed, but by far the
biggest hazard is high pressure oxygen. The enriched
air nitrox diver has no need to handle pure oxygen, but
some understanding of its hazards is essential; oxygen
does come into the operation as diving range and com-
plexity increase.

Figure 9-1. Oxygen cylinders in oxygen room at US Navy
Submarine Escape Training School, Groton, CT.

The fire triangle

To prevent a fire its important to know what ingredi-
ents are needed to start a fire and keep it burning.
These are summarized in a mnemonic called “the fire
triangle” (Fig 9-2). Fire is a rapid chemical reaction
between a fuel and oxygen (an oxidizer), and it can
only take place if there is a source of ignition (heat) to
start it. Oxidation can occur without fire, as in rusting,
but fire requires heat to initiate burning. After ignition
the chemical reaction releases energy as heat, and this
heat sustains the reaction. If we remove any one of the
ingredients (fuel, oxygen, or ignition) there cannot be
a fire. If all three are not present at the same time, fire
is prevented. If a fire does exist, removing any one of
the ingredients can make the fire go out. This is the
basic theory of firefighting. Another essential element
is that a fire has to propagate, to spread, if it is to car-
ry on. There is a trend toward adding propagation as
another limb of the fire “triangle.”

Oxygen

In the systems under discussion, oxygen is present by
intent at levels greater than in air; the oxidizing agent
in the fire triangle is there by default and cannot be
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Oxygen

Figure 9-2. Fire triangle.

removed from the equation. The oxygen in air, as
everyone knows, can participate in combustion vigor-
ously under the right circumstances, so increased lev-
els of oxygen can only increase the hazard. Further,
recalling the main theme of this enriched air text, as
oxygen is increased in a mix the inert nitrogen back-
ground gas is reduced; for this and other reasons com-
bustion does not follow oxygen fraction in a linear
way. The rate of combustion increases as both the
fraction and the partial pressure of oxygen increase.

Fuel

We are concerned here about the fuel in a breathing
gas system. At high pressures of oxygen, once a fire is
started the system itself can become the fuel, but it
takes something more finely divided and more flam-
mable to start a fire in a piping system. This can be
any sort of particulate matter, lubricants, solvents, and
“soft goods” like rubber and plastic that may be part
of the system.

Some types of fuels found in scuba systems that nor-
mally are of little fire concern in air become quite
flammable in an oxygen enriched environment. These
include silicone grease, silicone rubber, neoprene,
compressor lubricants, plastic shavings, metal shav-
ings, organic material, dust from a variety of sources,
and even finger oils. Lubricants are probably the worst
offender in practice. Since “silicone” sounds exotic
there is a misconception that it is safe with oxygen,
and this is not so. There are oxygen-compatible lubri-

cants such as Christo-Lube, Krytox, and Halocarbon
and these should be used.

Ignition

Some ignition sources are obvious, but most of these
are outside the breathing gas system and are not of
consequence. Two main sources of ignition inside a
gas handling system are friction and compression of
gas flowing through the system, and these are interre-
lated. Friction is used in a general sense here to mean
particles moving in a gas stream or the gas itself mov-
ing around corners or through constrictions. Another
phenomenon, the one that causes a tank to heat up
when compressed, may cause enough heat to initiate
combustion; this is the same effect that causes fuel to
ignite in the pistons of a diesel engine without a spark
plug, and in fact a gas heating up in this manner is
called adiabatic heating or “dieseling.”

The compression in a gas line when a valve is opened
or closed abruptly can cause ignition temperatures to
develop. If there are contaminants in the line a fire can
result. For this reason, oxygen systems do not use
quick opening valves (“ball valves”).

Technique in using oxygen systems

The bottom line is that risk of fire in a system working
with high oxygen levels can be minimized by proper
design and technique. Design includes avoiding
sharp comners and fast-operating valves, and using the
right materials. The metals used for ordinary scuba
equipment are acceptable for oxygen use. The “soft
goods,” which includes seals, flexible tubing,
diaphragms, etc., should be replaced with “oxygen-
compatible” components. In some cases these are less
likely to burn in oxygen, but in other cases the materi-
als are chosen because they are more durable when
exposed to high pressure oxygen. Kits are available
for converting scuba gear.

Techniques include cleaning systems properly and
keeping them clean, using proper lubricants, handling
gases so as to avoid causing ignition, and opening
valves slowly.

Gleaning for oxyyen service

Confusion about the need for oxygen cleaning

The matter of “oxygen cleaning” is a source of confu-
sion in recreational diving. The reason for this is that it
is not really clear whether oxygen-enriched air with
oxygen in the range between air and 40% requires
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oxygen cleaning. A problem arises here because there
are no existing industrial procedures for handling gas-
es with oxygen fractions in the range between air and
100% oxygen, so to comply with industrial practice if
a gas has more oxygen than air, it has to be handled as
if it were pure oxygen.

The Compressed Gas Association (CGA), National
Fire Protection Association (NFPA), NASA, and
numerous other organizations consider that gases in
this intermediate range should be handled as if they
were oxygen. It is not that they have examined this
issue, it is just that there are no rules covering this
range and they therefore take the conservative posi-
tion. The U.S. Navy, on the other hand, has issued pro-
cedures saying that gas mixes with oxygen up to 40%
can be handled as if they were air. No definitive test
results have been published to show this is a valid
conclusion, but it has been in practice for many years
with no reported problems. NOAA has adopted this
limit for its enriched air operations. NAUI accepts
this, with some stipulations.

Clean compressed air

Another cause of some confusion has to do with the
cleanliness of compressed air. The various “grades” of
breathing gas purity from organizations like CGA and
the U.S. Navy are misleading with respect to being
clean enough to use with oxygen. The standards allow
a certain amount of “oil mist” in compressed air (usu-
ally 5 mg/m3). This may be safe to breathe, but the
allowed condensable hydrocarbons are high enough
that oil can accumulate in equipment and cause a fire
with high pressure oxygen.

There is no recognized purity grade for air that
restricts oil enough to make the air safe for mixing
with high pressure oxygen. Industry leaders have
agreed that a condensable hydrocarbon level of 0.1
mg/m3 is acceptable for “air to be mixed with oxy-
gen,” and filtration systems have become available in
the last few years that can produce compressed air
meeting this requirement (Fig 9-3). Compressors that
do not expose the air to lubrication in the first place
can produce oil-free air, but these are more expensive.

Formal oxygen cleaning

One reason oxygen cleaning is intimidating is that
when it is done in industry it requires rather strict pro-
cedures to be followed and detailed documented by
trained technicians. CGA and other organizations pub-
lish the procedures. Procedures of this type have been

Figure 9-3. Mako compressor with ten-canister filtration
package for purifying air.

found time and time again to be necessary to maintain
safety when working with high pressure oxygen.

The NAUI rule is that any equipment used for pure
oxygen or an oxygen level above 40% at high pressure
(above 200 psi) must be oxygen compatible and
cleaned for oxygen service. This includes the tank and
first stage regulator, and any high pressure hoses. For
some scuba equipment, it is possible to obtain conver-
sion Kits.

Informal oxygen cleaning: The “40% rule”

Despite its lack of documented testing, the so-called
“40% rule” has merit and has not been found to cause
problems in the field . There have been many fires in
diving gas systems, but these have all involved higher
levels of oxygen.
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Figure 9-4. Service technician J.D. Selser prepares regula-
tor parts for enriched air service.

NAUI accepts this rule, but requires that the equip-
ment be cleaned, and oxygen-compatible lubricants
used. This level of cleaning is less stringent than for-
mal oxygen cleaning, but if done properly will be
effective. The cleaning is to be done by trained techni-
cians.

Equipment should be cleaned of any visible debris and
lubricants, then scrubbed or cleaned ultrasonically
with a strong detergent in hot water, then rinsed sever-
al times in clean hot water. Good detergents are liquid
household detergents such as Joy®. The cleanliness
should be “as clean as one expects dishes and silver-
ware to be.” When dry, the soft components are

replaced and the equipment is lubricated as necessary
with oxygen-compatible lubricant.

Once cleaned, the equipment should be dedicated to
enriched air use only and not used for compressed air.
If it is, it should be cleaned again.

Preparing enriched air nitrox

Enriched air blending systems have traditionally
involved adding oxygen to air in some manner.
Recently two new methods have become available
that enrich air in a different way, by removing some of
the nitrogen. This section reviews three “oxygen addi-
tion” methods, commercial mixing by weight, partial
pressure, continuous flow, and the two nitrogen
removal methods, pressure-swing absorption and
membrane separation (Ballantyne and Delp, 1996).

The type of system that a dealer uses is important to
the end user with regard to filling procedures and
range of mixtures that can be delivered.

Figure 9-5. Cutaway view of typical air distillation plant.
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Commercial pre-mix

The simplest and most straightforward method of
obtaining precisely mixed gases is to purchase them
from a commercial supplier (Fig 9-5). An industrial
gas company will normally mix pure oxygen and
nitrogen instead of oxygen and air.

The gases are mixed by weight; this avoids any anom-
alies due to “non-ideal” behavior of the gases and
allows mixes to be quite precise. Mixing can be in
cylinders, small banks of cylinders known as “quads,”
or tank trailers. It is necessary to have appropriate
scales, which are somewhat expensive because they
measure a small change in a heavy weight. This is by
far the most accurate method of obtaining oxygen
enriched gas, and mixes come with a reliable analy-
sis. Although premix requires oxygen handling by
the commercial gas company, it does not require oxy-
gen handling by the retailer. This is one of the most
expensive methods, and additional expense is incurred
because the containers belong to the supplier and must
be rented.

Partial pressure mixing

As its name implies, partial pressure mixing sets the
proportions of the mix by partial pressure (Fig 9-6).
The technician puts a measured amount of oxygen (by
pressure) into a cylinder and then fills the cylinder to a
specific final pressure with ultra-clean air. Oxygen is
added first so that it need not be handled at the full
cylinder pressure. Because high pressure oxygen is
used, the entire system, including the cylinder being
filled, must be oxygen compatible and clean. Because
pressure is influenced by temperature and the cylin-
ders get hot during compression, it is necessary to let
the cylinders cool or adjust for the temperature in
making the pressure determinations. Because the pro-
portions often need to be adjusted after cooling, the
overall process is fairly time consuming. This process
can also be used to “top off” a cylinder for which the
oxygen content and pressure are already known, to the
same or a different mix.

A compressor is not needed for this method if air can
be supplied at a pressure high enough to fill the scuba
cylinders completely. To get maximum utilization of
pressure from a bank of supply cylinders, they are
often used in a “cascade” technique, by which the sup-
ply cylinder with the lowest pressure is used first and
others follow one at a time in sequence, progressing to
the one with the highest remaining pressure. This
method is often called the “cascade” method of mixing.
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Fzgure 9-6. Enrlched air cy[mder being filled by partaal
pressure blending method at Key West Divers. Note that
Capt. Billy Deans is wearing eye protection, an important
safety measure when handling pressurized gases.

Compressors are often used with this method. They
must be oil free or used with ultra-filtration systems
that can supply air suitable for mixing with oxygen.
Another way to “boost” gas to scuba cylinder pressure
is with an air-driven booster pump. These can easily
be designed and cleaned for oxygen service. They use
low-pressure air as a power source, and amplify pres-
sure by means of different sized pistons on the same
shaft. A popular brand is Haskel®, and these are often
called “Haskel boosters.”

Partial pressure blending is popular among dive facil-
ities that mix a variety of custom blends in rather low
volumes for different recreational and technical diving
applications, including enriched air mixtures with
oxygen percentages higher than 40%. The main
expense is for a precision gauge, but a booster pump is
extremely useful with this method. This method is
good for mixing in remote locations. Because oxygen
is added at relatively low pressures, some technicians
do not clean the cylinders for oxygen service. This is
not recommended; the cylinders should always be
clean before adding oxygen.
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Figure 9-7. Rix oil free compressor with oxygen entrain-
ment system installed. This facility is at the University of
North Carolina at Wilmington, a NOAA undersea research
center.

Continuous flow mixing

This system, also known as the atmospheric entrain-
ment method, was first employed by NOAA (1979;
1991) and is by far the most user-friendly method for
mixing oxygen enriched air (Fig 9-8). With this
method, oxygen is added at low pressure to the input
stream going to an oil-free compressor. The mix com-
ing out of the compressor is analyzed continuously,
and this analysis is used to adjust the input oxygen
flow; the output flow is allowed to bypass the storage
bank until the mix is correct. Once in storage cylinders
the mix can be transferred into scuba cylinders using a
gas booster pump, or scuba cylinders can be filled
directly. A PSA system (Fig 9-8) may also be used as a
source of oxygen to be mixed with air in a continuous
flow blender.

There is another category of continuous flow mixers
used in commercial diving, in which the diver is sup-
plied directly by hose from the mixer or blender.
One system uses precision regulators and flowmeters
to provide a constant mix. Another commercial sys-
tem uses a blending tank with a mixing fan inside and

continuous on-line analysis. Both these systems do the
mixing at the pressure needed to supply the diver, usu-
ally under 200 psi.

Pressure swing absorption (PSA)

This system is based on a material called “molecular
sieve,” a synthetic clay-like mineral that has pores that
give it a very high surface area that adsorbs gases
(“adsorb” means to absorb on the surface). Nitrogen is
adsorbed more readily than oxygen, so air that has
passed through the adsorbent bed emerges richer in
oxygen. Two beds of adsorbent are used, and the gas
stream is selectively alternated between them. While
one is adsorbing, the other is being purged. Control of
the cycling and pressures enables different levels of
oxygen to be produced. The maximum oxygen such a
system can deliver is 95%, with the balance argon.
Argon behaves much like oxygen in this type of
adsorbent bed, so will be present in the product gas in
about the same ratio to oxygen as it is in air. This
argon is of no consequence to a diver.

This system does not require high pressure oxygen,
but is complicated and moderately expensive to

Figure 9-8. Pressure swing absorption (PSA) system.
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acquire and maintain, and the output gas has to be
boosted to scuba tank pressure with an oxygen-clean,
oil-free booster pump or compressor (Fig 9-8).

Membrane separation

This system works by forcing clean air through a mem-
brane that allows oxygen to pass more readily than
nitrogen. The “membrane” is in the form of thousands
of tiny hair-like hollow tubules. The output gas is rich-
er in oxygen than air, and the level of oxygen can be
controlled by means of the flow rate. The maximum
effective oxygen level in commercial membrane sys-
tems is about 40%. This technique, by the way, is used
commercially to separate helium from natural gas and
for other processes.

Like the PSA system, no oxygen is needed to prepare
enriched air nitrox with the membrane system. The
output gas has to be boosted to scuba cylinder pres-
sure with a suitable oxygen-compatible booster pump
or compressor. The membrane system is relatively
sturdy and needs little maintenance if the input gas is
properly filtered.

Divers getting their cylinders filled from this system
are warned to be sure that an oil-free compressor is
used. Some dive shops believe that because the mixes
never contain more than 40% oxygen that it is all right
to pump this gas with an oil-lubricated compressor.
This is not recommended. They might get away with
the pumping, but in the process might also fill divers'
cylinders with oil-contaminated mix. [ |
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Chapter 9. Knowledge Review—Overview of 6as Mixing

Before moving on to the next chapter, Obtaining and Analyzing Enriched Air Nitrox,
please test your understanding of this chapter’s information by completing the Knowledge
Review.

1. The main risk when mixing with high pressure oxygen is

2. All components of the are required for a fire to take place.

3. With regard to oxygen enriched air, as the and of oxygen increase,
so does the rate of combustion.

4. Silicone lubricants are safe to use with oxygen. True or False

5. and are the two main sources of ignition inside a gas
handling ystem.

6. The NAUI rule is that any equipment used for pure oxygen or with an oxygen level above
shall be formally cleaned for oxygen service.

7. NAUI requires that equipment to be used with enriched air be cleaned and
lubricants used.

8. The simplest method of obtaining precisely mixed gas is

2 i mixing, oxygen is added first so that pure oxygen is not handled at

full cylinder pressure.

10. The continuous flow blending system allows oxygen to be added at low pressure to a
compressor intake, but it requires an COMpressor.
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Chapter

OBTAINING AND ANALYZING
ENRICHED AIR NITROX

LEARNING GOALS

From this chapter you will learn:

* How to get your cylinders filled
with enriched air nitrox.

* Why it is important to calibrate
an oxygen analyzer.

* How to analyze enriched air
mixtures properly.

* How to label and log cylinders.




Obtaining and Analyzing Enriched Air Nitrox

New Terms in This Chapter

Electrochemical sensor
Fuel cell sensor

Zero

Span

Cylinder label

Fill station log

Ohtaining nitrox fills

Completing the NAUI enriched air diver course certi-
fies a diver to make enriched air dives and obtain
enriched air tank fills. Certain protocols between the
diver and the blending station warrant discussion.

Certification required

To obtain an enriched air tank fill, a diver must present
a valid Enriched Air Nitrox Diver certification card
(Fig 10-1). This card indicates that the diver has been
trained for using enriched air. All reputable facilities
around the world honor the NAUI certification.

Rental cylinders

If a diver is renting cylinders from a store or a dive
vessel, the gas—in most cases—will have already been
premixed, and will probably be available in a variety
of blends. The diver has only to request what is need-
ed in terms of oxygen percentage and tank size. The
facility will have the diver verify the analysis and sign
the tank out. Most facilities have restrictions on hav-
ing rental cylinders refilled by other facilities.

Filling a cylinder

A more common way to get enriched air is to
have a cylinder owned by the diver filled at a dive
shop, in the same way that this is done with air. When
an enriched air cylinder is presented to a blending
facility the technician will check the cylinder to make
sure it is in current hydrostatic service, and that is has
been visually inspected and cleaned for enriched air
service within the past 12 months.

17790

Figure 10-1. NAUI Enriched Air Nitrox Diver Certification
Card.

Next the technician will examine the cylinder contents
tag or label. This label will show the date and oxygen
percentage of the last filling of this cylinder. Then the
technician will analyze the tank to confirm that the tag
and the analysis match. If it does not match, the tech-
nician will ask why, and may—depending on the expla-
nation-require that the cylinder be re-cleaned for oxy-
gen or enriched air service.

If all is fine with the labels and initial analysis, the tech-
nician will fill the cylinder to the requested oxygen
percentage and pressure using one of the methods dis-
cussed in the chapter on mixing. Once the cylinder has
been filled, it will be analyzed for accuracy; if adjust-
ments are necessary they will be done, either by
adjusting the existing mix or dumping it and starting
over. Most qualified gas blenders mix accurately the
first time. Once the technician is satisfied with the
final mix, the cylinder is tagged as full with the tech-
nician’s analysis and initials.

Performing yas analysis

In the overall picture of oxygen enriched air diving,
the gas analysis is one of the critical steps. All
enriched air divers need to know how to properly ana-
lyze the gas they will be using. Before discussing
analysis procedures, we should cover how analyzers
work and what they do.

Oxygen analyzers

Oxygen analyzers are available from many manufac-
turers, in different sizes and types; some have a digital

Chapter 10
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CALIBRA
VOID IF
SEAL BROKEN

TELEDYNE ©

pes
PORTABLE OXYGEN ANALYZER ANALY TICAL INCTRUMENTS

Electrochemical oxygen
analyzers use two elec-
trodes made of different
metals; these are immersed
in an electrolyte solution
that is contained by a thin,
oxygen-permeable mem-
brane (Fig 10-3). Oxygen
diffuses through the mem-
brane to the cathode, where
it is reduced, generating a
very small current. This
current is linearly propor-
tional to the POg; it is mea-
sured by the unit’s elec-
tronic circuit and the result
displayed.

Electrochemical analyzers
are relatively inexpensive,
can be made portable and
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Figure 10-2. Oxygen analyzers. (From left) Analox Mini-
02, OMS Professional, Teledyne 320B, Miniox (Catalyst
Research).

display and others use an analog (needle) readout (Fig
10-2). Either type can be used successfully for analyz-
ing enriched air mixtures. Ideally, an analyzer must
be able to read and show oxygen values down to a
fraction of 0.001 or 0.1% (one-tenth of a percent). For
example, the digital read out should be able to read
32.4% instead of 32% or 35.8% instead of 36%.

The heart of an oxygen analyzer is its detection
method. There are two primary types of oxygen
analyzer generally used for breathing gases. The para-
magnetic analyzer takes advantage of the fact that
oxygen is attracted to a magnetic field; these are
primarily used in research laboratories and industry;
they are accurate, stable, relatively expensive, and
somewhat delicate.

The other main category of oxygen analyzer available
in portable units comprises those that are electrochem-
ical in function. These break oxygen into ions and
electrons and measure the current generated; this
current is proportional to the partial pressure of oxy-
gen to which the sensor is exposed. The electrochemi-
cal analyzers are of two types—polarographic and fuel
cell. The function of these is the same to the user and
the difference is not relevant here. These are also used
in hospitals, laboratories, and industrial settings.

rugged, and show little
interference from other
gases. However, they tend to be unstable and may
need frequent calibration, especially as the cell begins
to age.

The need for calibration

No matter what the method or mechanism of a gas ana-
lyzer, the analysis is no better than the calibration of
the analyzer. An electrochemical cell tends to be quite
linear (some types are not linear, and these can be a
great deal more trouble to use). Being linear, it need
be calibrated in only two places to give reliable read-

Figure 10-3. Electrochemical oxygen sensors.
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ings. This is called “zeroing” and “spanning.” In effect
this sets the slope and the intercept of the calibration
curve. Usually an oxygen analyzer is “zeroed” with an
inert gas such as argon, nitrogen, or helium; the gas
type does not matter with this mechanism. Some ana-
lyzers rely on an electrical zero, but this may not be
quite as reliable, since this method does not account
for drift of the sensor cell.

Ideally it is best to calibrate or “span” an analyzer
with a “standard” gas that is close in oxygen level to
the sample. For analyzing oxygen in the range to 40%
oxygen, it is normally satisfactory to calibrate with air,
using the value 20.95% oxygen. Since values above
20.9% are “extrapolations,” it an analyzer is spanned
but not zeroed properly it may be off by a percentage
point or two at 40%. The best method is to “bracket”
the unknown with calibration gases.

Need for two analyzers

One properly calibrated analyzer, used correctly, is
adequate for checking scuba cylinders. The notion that
two analyzers are necessary to be “sure” of the reading
suggests a lack of confidence in the analysis process.
Better than a second analyzer, for the same gas
analysis, are competence and confidence in calibrat-
ing and using one analyzer well. Repeated analysis
with the same unit properly calibrated helps build the
confidence in the tool.

However, while one good well calibrated analyzer is
sufficient for a given analysis, every gas blending
facility dependent on gas analysis needs a backup
analyzer. This means also that extra sensors and bat-
teries should be on hand. Complete analysis redun-
dancy is a good practice for field and other operations
where prompt repetitive analysis is critical.

Acceptable range of mixes

When a diver requests a specific mix from a supplier,
it is generally accepted practice that a mix within +1%
of the desired mix is acceptable. If a mix is more than
1% off the desired mix, have the blender make adjust-
ments or re-mix the tank. The NAUI tables and most
other EAN tables are tolerant of this range.

Analyzing the gas

When a diver picks up an enriched air cylinder, the
vendor will require an analysis of the gas by the diver
before signing it out, and the diver will want to ana-
lyze the gas again just before diving with it. The pro-
cedures for analysis are simple enough to follow but

Figure 10-4. Gas sampling flow meter that connects to low
pressure inflator hose set up for gas analysis with 0 to 10
Ipm range set to 2 1pm.

must be done carefully to maintain the integrity of the
resulting analysis. The diver will choose diving tables
and oxygen limits based on this analysis. The retailer
who supplies enriched air nitrox will have an analyzer
for customers to use, but we encourage divers to have
their own unit if possible. It is standard protocol and
a good idea as well to check the analyzer’s calibration
with a known gas (such as air) before performing the
analysis.

Flow rate

Proper analysis is dependent not only on the analyzer
itself but on the flow rate of the gas passing in front of
the sensor cell (Fig 10-4). Too much flow and the
pressure in the cell may be raised and the partial pres-
sure of the gas will read too high. Too low a flow and
the reverse might happen. The sample should be
read at the same flow rate as was used for the cali-
bration. Different facilities use different equipment
to regulate the gas flow for analyzing (Fig 10-5).
Some will use a special regulator fitted with a flow
valve capable of adjusting the flow rate from perhaps
0 to 10 liters per minute, but the upper end of this one
is much higher than neceded. Ideally, the flow should
be between one-half and 2 liters per minute, nominal-
ly 1 lpm. Some analyzer distributors make a special
fitting that connects to the low pressure inflation hose
of the scuba regulator that acts as a flow meter that is
adjustable or preset to 2 lpm. Although it is possible
to analyze the gas without a flow meter, readings
are often inaccurate and this is not recommended
practice.

Chapter 10
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Figure 10-5. Gas sampling system using an oxygen analyz-
er with flowmeter set to 2 Ipm, using air for calibration
showing reading of 20.9%.

Calibration

An oxygen analysis is only as good as its calibration.
Before analyzing an enriched air cylinder, the meter
should be calibrated to a known gas. For most
enriched air applications, calibrating a meter with air
is sufficient. The flow rate regulator is to be attached
to a scuba cylinder that has air in it. Turn on the oxy-
gen analyzer, set the flow rate between 1 and 2 lpm
and let the air flow for approximately one minute until
the reading has settled. Once settled, make sure the
reading is set to 20.9%; if not, adjust the calibration
setting on the unit. Make sure the air is compressed
atmospheric air, not industrial “air.”

Analyzing the enriched air cylinder

Once the meter has been calibrated, leave it turned on
and move the sampling device onto the tank that needs
analysis (Fig 10-6). Remember that the flow rate must
be the same as that to which the unit was calibrated.
Let the meter read the new gas for at least one minute
or until stable. The resultant reading is the partial pres-
sure of oxygen in the tank. At sea level this is equal to
the oxygen fraction, which can be converted to per-

Figure 10-6. Gas sampling system using an oxygen analyzer
with flow meter set to 2 lpm, analyzing an enriched air
cylinder showing reading of 31.8%; this would be used as
EAN3,.

centage by multiplying by 100. Transfer this number
immediately to the cylinder contents label, fill out the
rest of the data, and attach it to the cylinder.

Gylinder Laheling |

Every enriched air cylinder must be properly labeled
as to its contents and fill data (Fig 10-7). In some cases,
once a cylinder has been analyzed at the fill station it
is possible it may not be analyzed again. Thus, the
cylinder contents label is the only way to know what
gas is in the tank before diving. The data include fill
date, tank pressure, oxygen percentage, maximum
operating depth, the name or identification of the per-
son who filled it out, and the users initials verifying
that it was analyzed. The contents label or tag should
be firmly attached to the tank or tank valve. Plastic
re-useable contents tags can be written on in pencil
and erased for the next use. Non-reusable labels
should be written on with a permanent marker, never
with a grease pencil (which may come off), and
should only be removed by a gas blending technician
before the next fill.
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Enriched Air Contents Data

1997 Dec. 28

3,000

Fill Date
Oxygen %
Bar/Psi

Max. Depth
Fill by

Analyzed by
User

Caution: This cylinder contains gas other than
air. Observe maximum operation depth limit.
Use only with appropriate procedures for the
mix indicated. Breathing this gas at depths
greater than the Max-

imum Operating Depth < H
could cause a serious -
accident or deaﬂ']_ DIVE SAFETY THROUGH EDUCATION

Figure 10-7. NAUI EAN cylinder label for a tank filled to
3000 psi and 31.9%.

Figure 10-8. The job is not over until the paperwork is done.
The diver acknowledges the analysis in the fill log.

Fill Station Log

Once a cylinder has been filled and analyzed a perma-
nent record is kept at the filling center in a Fill Station
Log. The diver picking up a cylinder is required to
“sign it out” from the facility (Fig 10-8). In the log the
diver will print her name, the date, certification num-
ber, tank serial number, tank pressure, oxygen
percentage, and maximum operating depth, and then
should sign the log.

The tank log is used to help keep track of cylinders
from facility to facility, and helps ensure that a techni-
cian can verify the last fill in the tank should a con-
tents tag or label somehow get removed from the tank.
The log also verifies, by the diver's signature, that the
diver has either personally analyzed or watched a
technician analyze the tank being received. E
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Chapter 10. Knowledge Review—0btaining and Analyzing Enriched Air Nitrox

Before moving on to the next chapter, Diving Equipment Considerations, please test your
understanding of this chapter’s information by completing the Knowledge Review.

1. To obtain an enriched air tank fill, a diver must present a valid

certification card.

2. One of the critical steps in oxygen enriched air diving is gas

3. Apractical oxygen analyzer should be able to read oxygen levels to within

4. You must always an oxygen analyzer before using it.

5. The NAUI enriched air diving tables tolerate a mix that is within of either
side of the specific mix.

6. The proper flow rate for gas analysis is

7. When analyzing a gas mix the must be the same as when the unit was
calibrated.

8. Every enriched air cylinder must be labeled as to its and

9. Every diver must an enriched air cylinder in a before

removing the cylinder from the fill station.

10. If you are not sure of the gas mix in a scuba cylinder, you must the
gas before use.
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Chapter

DIVING EQUIPMENT
CONSIDERATIONS

LEARNING GOALS

In this chapter you will:

* Learn which scuba equip-
ment can be used with
enriched air nitrox.

* Know why it is important
to have scuba cylinders dedi-
cated for enriched air use.

* Understand how scuba gear
is prepared for enriched air
service.

* Review how to maintain
your scuba equipment.




Diving Equipment Considerations

New Terms in This Chapter

Equipment conversion
Oxygen service
Enriched air service
Cylinder dedication
DIN

This chapter explores how scuba gear works with
enriched air nitrox, how it needs to be maintained, and
how it may require modification for safe use.

As mentioned in Chapter 9 on mixing, industrial stan-
dards exist for cleaning equipment for oxygen service.
This we are calling “formal” oxygen cleaning. Chap-
ter 9 also mentions that the demands of enriched air in
the range to 40% oxygen do not require such rigorous
cleaning nor the comprehensive documentation and
control that industrial oxygen cleaning requires.
Accordingly, the recreational diving community has
accepted, in general, that a type of cleaning we are
calling here “informal oxygen cleaning” will suffice.
But make no mistake, both methods call for careful,
detailed cleaning and record keeping.

The cleaning method addressed here and used by the
industry for enriched air nitrox is the “informal” clean-
ing method. This method is the same as that described
by Professional Scuba Inspectors and required on the
NAUI tank inspection sticker. It is not “cleaning for
oxygen service” as practiced in industry.

It has become common practice that scuba gear-with
the exception of tanks and tank valves—that will not
come in contact with oxygen mixtures above 40%
need not be cleaned to be used with enriched air
nitrox. Tanks and tank valves should be cleaned for
any mixes with oxygen greater than air.

However, it is recommended for ease of management
and for overall safety purposes that all equipment that
will be used for oxygen enriched air ultimately be
cleaned and dedicated for oxygen enriched air service.
It just makes good sense. It is a prudent approach to
handling gas, as cleaner is always better. In addition,
many manufacturers require retrofitting to oxygen
enriched air service to maintain warranties,

The accompanying chart (Fig 11-1) lists equipment
that should be cleaned before being used with oxygen
enriched air with oxygen percentages of between 21
and 40%. If, however, the equipment will be used with
mixtures greater than 40%, items on the first two sec-
tions of the list should be formally cleaned for oxygen
service. Once clean, this equipment should not be
used with air cylinders filled with air from oil lubricat-
ed compressors, as this will contaminate them again.

Equipment List :

Equipment that must be
cleaned for enriched air service

* Cylinder valves
* Scuba cylinder

Recommended to be cleaned
* Regulator first stage

* Regulator second stage

* High pressure hoses

* Submersible pressure gauges

Not necessary to be cleaned
* Buoyancy compensators

* Low pressure inflator

* Dry suit inflator

Figure 11-1. Equipment cleanliness requirements.

What is done during cleaning and
conversion to EAN service?

Most products are made using machines that use oil
for lubrication. Although great care is taken to clean
all equipment before it is sold, an amount of trace oil
is usually left behind. For most scuba applications this
is not a problem.

In addition, scuba regulators, tank valves, and sub-
mersible pressure gauges use O-rings and lubricants
for proper sealing and operation. The standard silicone
lubricant and the rubber products used in the O-rings
are not compatible with high pressure oxygen. High
pressure oxygen is pure oxygen at 200 psi or greater.
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SCUBARRY

M2y

Nirpae

Figure 11-2. ScubaPro Mk-20 first stage regulator with con-
version kit parts.

Essentially, each piece of equipment is completely
disassembled and then cleaned in a series of liquid
solutions that will remove oil, grease, and non-compat-
ible lubricants. This work is done in a special area of a
shop that is also clean, as are the tools used. Once
clean, they are reassembled with oxygen compatible
soft goods, o-rings, seats, and lubricants. Bear in mind
that the cleaning achieved is not “formal” cleaning for
oxygen service, but it has been accepted
for enriched air use.

Most manufacturers can supply their
dealers with enriched air conversion kits
that have all appropriate components for
converting regulators for enriched air ser-
vice. Conversion kits (Fig 11-2) usually
contain distinctive marking rings or
labels to show that the regulator has been
prepared for enriched air service. The
parts used for conversion are cleaner and
more tolerant of both oxygen and oxy-
gen-compatible lubricants but they are
not necessarily appreciably less flammable.

Scuba cylinders

Scuba cylinders that will be used for oxygen enriched
air are to be properly “dedicated” for enriched air
nitrox use so that no one can accidentally confuse an
enriched air nitrox cylinder with an air cylinder.
Enriched air nitrox cylinders are to be conspicuously
marked to identify them as enriched air tanks. In addi-
tion they need fo be cleaned properly as outlined
above so that the cylinder can be filled.

In the commercial gas world different gases (helium,
oxygen, argon, air, propane) are placed in cylinders
with distinctive valve fittings. Each gas is assigned a
unique valve connection to prevent its being connected
incorrectly. A cylinder content label is also required.

The scuba industry currently has two valve configura-
tions (Fig 11-3), one the standard “yoke” regulator and
the other the DIN-threaded connector with captured
O-ring. Unfortunately, at this time neither of these con-
nectors can prevent a scuba regulator not prepared for
enriched air use from being placed on a enriched air
cylinder. Because any scuba regulator can fit onto any
cylinder despite contents, it is most important that
identification procedures be strictly followed.

There are three labels placed on an enriched air cylin-
der to distinguish it from other scuba cylinders. The
labels have become an international standard for iden-
tifying enriched air nitrox cylinders, their level of
cleanliness, and their contents.

Figure 11-3. Yoke style (at left) and DIN scuba tank valves. Both use an O-ring
for sealing, but the DIN O-ring is less likely to extrude under high pressure.
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Identification of enriched air cylinders

One method of identification of enriched air cylinders is
a yellow painted cylinder with the top painted green
down 4 inches from the shoulder of the cylinder. On the
body of the cylinder in two-inch high letters the words
“Nitrox” or “Enriched Air” are to be stenciled.

Another acceptable method is to use a label that sur-
rounds the top of the tank (Fig 11-4). On yellow tanks a
four-inch green band with the words “Enriched Air” or
“Nitrox” printed in yellow or white letters is placed
just below the shoulder of the tank. For cylinders that
are not yellow the same green band will have a one-
inch yellow band on both top and bottom. A cylin-
der that does not have an enriched air cylinder label
in the proper position should not be filled with oxygen
enriched air.

Oxygen service

This label (Fig 11-5) is applied to the cylinder after it
has been cleaned and placed into oxygen service. It
shows when the cylinder was cleaned, who did it, and to
what level of cleanliness. Some enriched air nitrox fill-
ing systems require a tank to be cleaned for oxygen
service since high pressure oxygen is in contact with
the valve and the tank when it is being filled. Other
systems do not use oxygen for filling. The label distin-
guishes whether the tank has been cleaned for oxygen
service or not. A cylinder that does not have an “oxy-
gen service decal” should not be filled by partial
pressure methods. The label only certifies that the tank
has been cleaned to the PSI (Professional Scuba
Inspectors) standards on the date punched out. If the
tank has been contaminated anytime after the inspec-
tion date, it should be cleaned again and re-labeled.
Contamination can occur by having the tank filled
with air from an oil-lubricated compressor.

Cylinder contents

Once an enriched air cylinder is filled, a content label
or tag is placed on it (Fig 11-6). This label or tag
shows the date the cylinder was filled, what mix is in
it, who filled and analyzed it, and the maximum oper-
ating depth. The content label is the most critical label
on the cylinder. The label should be filled out with a
permanent marker so there is no possibility the infor-
mation can change after it has been entered. The con-
tent label is the only way of knowing what is in a
cylinder once it has left the analysis station.

Some facilities use a plastic tag attached to the neck of
the tank that has the cylinder serial number on one
side and the content data on the other side; these tags
are reusable.

Figure 11-4. Single tank with enriched air nitrox tank wrap.

T

WORLDWIDEN

DIVE SAFETY THROUGH EDUCATION

Oxygen Service Certification

This cylinder and valve have been cleaned and
serviced in accordance with PSI standards by
the facility indicated on the VISUAL CYLINDER
INSPECTION label affixed to this cylinder for:

B Oxygen Service
B 21-40% EAN Pre-mix Only

WARNING

This cylinder will require re-cleaning 12 months
from the date stamped or sooner if contaminated.

97 | 98 |Jan|Feb| Mar|Apr|May|Jun

99 | 00 | Jul |Aug| Sep|Oct|Nov|Dec

Figure 11-5. NAUI Oxygen Service Certification label.
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What about new equipment?

Scuba diving is an equipment intensive activity. Typi-
cally, scuba divers are always adding, replacing, or
changing some gear. This has to do with different
types of diving, new equipment styles and develop-
ments, or old items just wearing out. Today, many
manufacturers can deliver tanks, regulators, valves,
manifolds, and pressure gauges that are ready for
enriched air nitrox service right out of the box (Fig 11-
7). However, if a particular item does not come “facto-
ry-ready” it can usually be prepared for enriched air
use or oxygen service by an authorized dealer.

Enriched Air Contents Data

Fill Date NN
Oxygen % [HINNNENEGE
Bar/Psi |
Max. Depth [ IENIGINGNGEG
Fill by AR

Analyzed by NN
VELT) e i

Routine care and maintenance

Caution: This cylinder contains gas other than
air. Observe maximum operation depth limit.
Use only with appropriate procedures for the
mix indicated. Breathing this gas at depths
greater than the Max- .

imum Operating Depth

As divers learn in their basic scuba class, scuba gear is
life support equipment, and it needs to be maintained
on a regular basis for continued good service. Equip-
ment that has been prepared for enriched air use
requires similar handling. Cylinders and regulators

could cause a serious TR

e eidant or death WS that have been dedicated to enriched air service should

never be filled or used with air from conventional air
compressors; doing so contaminates them. Besides

Figure 11-6. Cylinder contents label.
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Figure 11-7. Mares scuba regulator factory ready for enriched air nitrox use.
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caring for equipment after use, pre-dive handling and
inspection is important too. Never let your scuba reg-
ulators or tank valves come in contact with oil or
grease. Also, do not put tape over tank valves; many
of the materials are not compatible with oxygen ser-
vice.

To keep scuba gear in prime working condition, fol-
lowing any dive rinse the gear with fresh water. This
includes regulators, tanks, hoses, gauges, computers,
buoyancy compensators, and personal gear. After rins-
ing tanks and valves open the valve slightly to let any
water that got into the valve be blown out. Also make
sure that dust caps are securely in place when washing
regulators. And never spray lubricants like oil or sili-
cone on regulators or valves; this will contaminate
them for enriched air service.

Periodic service

An annual service overhaul by a factory-trained tech-
nician is usually all that is needed to keep the scuba
equipment in good working order. It is important how-
ever that when equipment is taken in for service that
the dealer is notified (if it is not marked) that the
equipment is for enriched air use and that appropriate
cleaning and lubrication procedures are to be fol-
lowed.

Scuba cylinders require annual visual inspection and a
hydrostatic test every five years. It is a very good idea
to have the cylinder and valve re-cleaned annually. If
it is suspected that the tank had been contaminated the
tank should not be refilled with oxygen enriched air,
but it should be taken out of service until it has been
re-cleaned.

Effects on warranties

Most manufacturers’ warranties allow for oxygen
enriched air use if the conversion is done by an autho-
rized technician to the company specifications. Con-
sult a professional equipment dealer for details on spe-
cific equipment and warranties. Converting scuba
equipment to enriched air service by a non-factory
authorized technician will probably void any warranty.

Contamination

Even after equipment has been cleaned and placed
into oxygen service, it can easily become contaminat-
ed. Contamination can occur by placing a regulator on
a regular air tank or by filling an enriched air cylinder
with air from an oil lubricated compressor. It is strong-
ly recommended that once equipment has been dedi-
cated to oxygen enriched air use that it not be co-min-
gled with other scuba equipment. Doing so can
become and expensive proposition from an equipment
maintenance standpoint and from the perspective of
safety. [ ]
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Chapter 11. Knowledye Review—Diving Equipment Considerations

Before moving on to the next chapter, Having Enough to Breathe and Staying Warm,
please test your understanding of this chapter’s information by completing the Knowledge
Review.

1. and must be cleaned for enriched air service before
being used with enriched air.

2. A scuba cylinder that is to contain a gas other than air must be properly cleaned and
before use.

3. Most scuba regulators can be converted to enriched air service by cleaning and-using

4. Contamination of cleaned equipment can occur if from an
compressor is used.

5. An indicates when a cylinder has been placed into enriched air service.

6. A is a possible means of identifying what is in a cylinder without an
analyzer.

7. New equipment can be purchased for enriched air use.

8. Cleaning equipment for enriched air use should only be done by

9. Do not let enriched air scuba regulators or tanks come in contact with

10. Enriched air scuba equipment should be serviced annually or sooner if suspected of being
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HAVING ENOUGH 10
BREATHE AND STAYING WARNM

LEARNING GOALS

In this chapter you will:

* Understand the need for breathing
gas management.

¢ Learn how to determine how
much gas is needed for a dive.

* Learn how to calculate gas supply.

* Learn how to apply workload
factors to your gas planning.

*Understand the definition of
Respiratory Minute Volume.

* Determine your personal RMV.

* Learn about the importance of
staying warm.
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New Terms in This Chapter

Respiration
RMYV, Respiratory Minute Volume
Dry suit

We have already seen the no-stop and decompression
time advantages of using oxygen enriched air. The
advantages provide the diver with the opportunity to
stay under water longer. Increased dive times raise
two important issues, having sufficient gas to conduct
the dive, and keeping the body warm. In this chapter
we discuss how to provide the proper amount of gas and
how to choose the most appropriate thermal protection.

Normal respiration

The lungs fill and empty approximately 12 to 16
breaths per minute while the body is at rest. Any
amount of exertion will increase the breathing rate,
often by many times, and will increase the depth of
breathing or tidal volume as well. A normal resting
breath will inhale approximately 1 to 2.5 liters of air
into the lungs. At a normal rate during moderate
activity we breathe approximately 30 to 40 liters per
minute, and 5 to 15 at rest.

The term for the volume of gas moved in and out in a
minute is Respiratory Minute Volume (RMV). If we
convert liters into cubic feet, the average person will
breathe about 1 cubic foot of air per minute at rest at 1
atm. Thus a person has an RMV of about 1 cubic foot
(28.32 liters/cu. ft.) per minute at the surface.

Since each person is different and their breathing rates
may vary, some breathe more or less than 1 cubic foot
per minute. Later in this chapter we show you how to
calculate your “personal” RMV. For the examples we
assume 1 cubic foot per minute gas consumption as
the standard. Since these calculations are based on
several rather rough estimates the results are only esti-
mates.

How much gas is needed?

As a diver descends the gas breathed becomes denser,
more closely packed. It takes more gas, more mole-
cules of gas, to fill the lungs. We need to determine

Effect of Depth on Gas Consumption

Depth Cu. Ft./
fsw(msw) atm
e
330100 2 (EEEE o
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9 (30) 4
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Figure 12-1. Effect of depth on gas consumption. Multiply
pressure of the diver in atm by Respiratory Minute Volume
(RMV) to get cubic feet per minute at depth.

how much more gas is needed. Converting pressure in
feet of sea water at the dive depth into atmospheres
absolute provides the appropriate factor for the density
conversion. Once we know how much gas per minute
is needed at depth, we can multiply that number by the
planned bottom time to estimate the amount of gas
needed (Fig 12-1).

Gas used for a square dive profile

Example: How much gas is needed for a 65
fsw dive for 60 minutes?

For this example we use a “square” dive to 65 fsw for
60 min; we have to consider only one pressure and
time. Using the techniques in Chapter 3 we determine
that 65 fsw is equal to 3 atm. The basic or “standard”
RMV of 1 cfm (cubic foot per minute per atm) is mul-
tiplied by this 3 atm to determine the gas volume at
depth necessary to provide a lung ventilation of 1 cfm.
The result is 3 cfm. Multiply this by the dive dura-
tion, 60 min, to get the resulting 180 cfm. To conduct
a 60 minute dive at 65 fsw with an RMV of 1, the
diver will consume 180 cubic feet of gas.

The equation for this is:

Volume used, cubic feet =
standard RMYV, cu ft/min/atm x F, atm x time, min

In liters this is 30 x 3 x 60 = 5400 liters.
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Square Dive: 100 fsw 30 minutes

0 5 1015 20 25 30 35 40 45 50

Time in Minutes

Figure 12-2. Square dive profile, 100 fsw{30 min.

Example: How much gas is needed for a 100
fsw dive for 30 minutes?

Starting again with the standard RMV of 1 cfm/atm,
we note that 100 fsw is equal to 4 atm so multiply this
4 atm by the RMV of 1 cfm/atm and the result is 4
cubic feet per minute. Multiply 4 by 30 minutes and
the result is 120 cubic feet (Figure 12-2).

For a 30 minute dive at 100 fsw with an RMV of 1
cubic foot per minute, the diver will need 120 cubic
feet of gas, plus gas for the ascent.

Working backwards, how long will it last?
Another way to plan a dive is to determine how long
a diver can stay at depth with a given tank.

Example: How long will an 80 cubic foot tank
last at 65 fsw if the RMV is 1?

Using the equation for “ Volume used, cu. ft.” we
rewrite it to give time:

Volume used, cu. ft.
standard RMV, cu. ft./min/atm x p, atm

time,min=
80 cubic feet divided by 1 cfm/atm x 3 atm = 26 minutes.

It is clear that to take advantage of the extended no-
stop dive times of oxygen enriched air a diver needs to
carry sufficient gas. In many situations the standard 80
cubic foot tank may not be enough and the diver will
need to use one of the larger cylinders, or “doubles.”

More often the dives are multileveled. Let’s take a
look at a typical multilevel dive profile and determine
how much gas will be needed for a dive. Many of the
gas calculations for this type of profile can be done
either by hand or by using one of the dive computa-
tional software programs.

Multilevel Dive; 80 fsw 20 minutes

-

0 5 1015 20 25 30 35 40 45 50

Time in Minutes

Figure 12-3. Multilevel dive based on 80 fsw/20 min.

Multilevel dive to 80 fsw

Consider a dive to 80 fsw for 20 min followed by 5
min steps at 60, 50, and 30, and a safety stop at 15 fsw.
The profile of this dive is shown in Figure 12-3 and
the analysis in 12-4. The dive was checked with dive
planning software to make sure the stops were proper,
and will be executed with a dive computer.

Assumptions:

* Enriched Air 32 % is the mix

* 30 fsw per minute is the ascent and descent rate.

* A5 minute safety stop at 15 fsw.

* RMV of 1 cubic foot per minute.

= 80 fsw is the maximum depth for the dive.

e Maximum no-stop time on EAN32 table at 80 fsw is
50 minutes.

* Cubic feet are rounded up to next full foot.

With this set of assumptions we can now determine
how much gas will be needed.
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Depth Time at Work  Cu. Ft.
fsw depth RBRMV  Mod Breathed
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Figure 12-4. Profile of multilevel dive with gas consumption
calculations, including work modifiers.

Modifying Factors

The RMV of a diver will change depending on the
type of dive. If the dive does not require much work or
swimming and it will be a relaxing “sightseeing” dive,
then the base RMV will probably be sufficient to use.
However, if there are currents, long swims, work, or
other strenuous activities the RMV should be modified
by a workload factor (Fig 12-5).

After determining the planned dive profile and gas
requirements, a work load factor should be applied to
each portion of the dive. When work factors are
applied to the previous dive it becomes clear that more
gas is needed to conduct the dive.

This dive requires, with an RMV of 1, a minimum of
119 cubic feet of 32% enriched air without any
reserve. Adding in a minimum reserve of 1/6 of
required gas, the diver will need to carry 140 cubic
feet of gas to make this dive. If, however, the RMV is
less the diver will need to carry less gas. A person with

Figure 12-5. Approximate RMV workload modifiers.
Multiply RMV by appropriate factor.

an RMV of 0.50 will need to carry 70 cubic feet of gas
and a diver with an RMV of 0.75 will need to carry
105 cubic feet of gas (plus reserve). Use the tank vol-
ume chart in the Reference Section to assist in plan-
ning gas requirements.

“Finding the personal RMU '

We have used an RMV of 1 cubic foot per minute for
many of the examples. However, many divers have an
RMYV lower than 1. This has been developed over time
as they gain more experience and are more comfort-
able in the water. It also has a lot to do with physical
size. A 200 Ib. man will have an RMV higher than
one who weighs 110 Ib.

Divers can conduct their own exercises to determine
their personal RMV. It’s easy and it’s fun. These exer-
cises can be done in a pool or in the open water. If
using open-water its best to do these exercises in 10 to
15 fsw. Here is how it is done.

Gear up in all of your normal equipment. The tank
should be filled to its working pressure only. In addi-
tion, have a pencil and slate to take notes.

Descend to ten fsw, get comfortable, mark down the
pressure (you will learn how to convert this to cubic
feet later) and breathe in a resting position for 10 min-
utes. Use normal inhalations and exhalations; do not
try to conserve any air, just breathe. At the end of ten
minutes write down the ending pressure.

Next do some swimming. Mark down the pressure
and swim at a comfortable touring pace for 10 minutes.
Use your normal leg strokes and maintain a constant
depth and neutral buoyancy. At the end of ten minutes
mark down your psi.

Tank Size
RN 3000 psi

Resting Start Pressure
~ Pressure at 10 min P

. Resting Depth
Swim Start Pressure RAUCIRVS
Pressure at 10 min JREPICNIS

Swim Depth

Figure 12-6. RMV calculation dive slate.
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After you have done these exercises you will be able
to calculate the RMV for both resting and swimming.
Once you have these numbers you will be able to esti-
mate how much gas you will need for most dives.
Remember to convert the depth of exercise back to the
surface.

If this exercise is done in open water be sure that you
first swim into the current; this will allow you to use
the current to help bring you back to your starting
point.

Ba_nuer!ing pressure to cubic feet

The measurement for monitoring a tank’s gas volume
is psi (pounds per square inch). We don’t breathe psi,
we breathe cubic feet of gas, but the psi number is the
reference for it. It is important to remember that two
different tanks of the same volume can have the same
cubic feet but not necessarily the same working pres-
sure. For example, consider two tanks: one made of
steel holds a gas volume of 80 cubic feet when filled to
3,500 psi; the other tank is made of aluminum and has
a volume of 80 cubic feet when filled to 3,000 psi.
Each tank holds the same amount of gas but at differ-
ent pressures. In the Reference Section there is a listing
of the tanks currently available, including their vol-
umes and working pressures. As divers we need to
know not only the working pressure and the volume of
the tank but how much gas is left as it gets used.

Example: An 80 cubic foot tank rated at 3,000 psi will
have 80 cubic feet when filled; at 1500 psi it will be
half full or have 40 cubic feet remaining.

Example: A 100 cubic foot tank rated at 3,500 psi will
have 100 cubic feet when filled; at 1500 psi it will
have about 43 cubic feet remaining.

To arrive at these remaining volumes use a simple for-
mula. Divide the volume of the tank by its working
pressure; this results in a “tank factor,” the number of
cubic feet per psi. Then multiply the factor by the
remaining pressure on the gauge and get the remain-
ing volume in cubic feet.

80 cubic feet divided by 3000 psi = 0.027 cu. ft./psi
0.027 multiplied by 1500 psi = 40.5 cubic feet

No. cu.ft. of gas in the tank, cu.ft.
pressure, psi

= tank factor, cu. ft./psi

If the tanks are doubled up add the two tanks’ volumes
together at the beginning.

160 cubic feet divided by 3000 psi = 0.053 cubic feet/psi
0.053 multiplied by 1500 psi = 80 cubic feet

This is the factor you need to determine the RMV. Once
you know the factor, calculating gas volume comes
easy. Numbers should be rounded to a realistic value.

If the actual physical volume of the tank (“water vol-
ume”) is available then the volume calculations are
even easier. Simply multiply the physical volume by
the pressure in atmospheres to get the gas volume.

Galculating the standard RMY

Once the diver has done the underwater work and has
calculated the ‘cubic feet per psi’ factor for the tank,
that data will be used to determine the personal RMV.

From the 10 minute resting exercise the diver used 500
psi. Multiply 500 psi by the factor of 0.026 cu.ft./psi
and the result is 13.3 cubic feet. Divide the 13.3 cubic
feet by the 10 minutes of breathing and the result is 1.33
cubic feet per minute or an RMV of 1.33.

From the 10 minute swimming exercise the diver used
800 psi. Multiply 800 psi by the factor of 0.026
cu.ft./psi and the result is 21.3 cubic feet. Divide the
21.3 cubic feet by the 10 minutes of swimming and
breathing and the result is an RMV while swimming of
2.13 cu.ft./min.

From a practical standpoint knowing the RMV allows
you to monitor your gas supply, both as gauge drop in
psi but also as a mental note of how long the gas will
last based on what you consume. These references
make the difference in divers having sufficient gas to do
a dive or running out of it, which obviously could lead
to injury.

Thermal protection: Staying warm

Three components determine allowable diving time,
decompression, gas supply, and heat. Each component
works interactively with the other. If a diver plans a
60 minute dive but only has gas for 30 minutes the
dive is shortened. If a diver plans a 60 minute dive but
gets cold after 30 minutes again the dive must be
shortened. Staying warm during a dive is another com-
ponent of the dive plan that must be considered.
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Figure 12-7. Divers in wet and dry suits

Consequences of hypothermia

From an objective point of view, we can say that a
diver is beginning to be affected by cold water when
she begins to show both physiological and psycholog-
ical signs and symptoms. Some of the obvious signs
are shivering, discomfort, decreased manual dexterity,
judgement loss, and memory lapses about the dive.
These are all signs of hypothermia. When these signs
begin to exhibit themselves and are noticeable to a
dive partner, the affected diver is probably long past
the time when she should have left the water. For that
matter, we need to address thermal protection before
the dive begins.

Statistically, cold divers use more air than divers who
stay warm. Tests have shown that cold divers can use

up to 29% more gas than divers who are warm in the
same water temperature. The reasons are simple. The
metabolism of a cold diver will increase as the body
burns more calories to keep warm. If the body is too
cold, normal metabolism cannot take place.

Breathing gas heat loss

Besides cold water drawing heat away from the diver,
the act of breathing compressed gas also contributes
to heat loss. Each time a diver exhales heat is lost.
This happens because the gas in the scuba tank is
about the same temperature as the surrounding water.
Furthermore, when gas expands from cylinder pres-
sure through the regulator the pressure drop decreases
the temperature. The cold air is warmed as it enters the
body. A scuba diver can lose up to 20% of her heat just
through breathing gas.

Chapter 12

12-7



Chapter 12

128

A Guide to Diving with Oxygen Enriched Air

WET SUIT

Efficiency and Reliablity of Wet Suits vs. Dry Suits

Water 1st 2nd 3rd
Temperature A7 Dive Dive

70°F 100%  100% 100%
60°F 100% 90% 80%

DRY SUIT

1st 2nd 3rd
Dive Dive Dive

100% 100% 100%

100% 100% 100%

SOEE 80% 70% 50%

100%  100%  100%

RN 50%  25%
32

100% 85% 75%

5%  55%

Figure 12-8. Thermal efficiency table. Table is based upon 30 minute dives at 50 fsw, with one hour surface intervals between
dives. The * indicates an exposure not recommended unless involved in a contingency situation (from Barsky, Long, and

Stinton, 1995).

Also, an unprotected head, due to its surface area and
blood flow, can lose up to 50% of the body’s heat as it
shunts blood and warmth away from other extremities
(hands and feet) in its attempt to stay warm.

There are other consequences of heat loss, beyond the
scope of this book. Suffice it to say that when a diver
plans extended dive times as allowed when using oxy-
gen enriched air, thermal protection needs to be
addressed.

Divers are familiar with two types of thermal protec-
tion, the wet suit and the dry suit (Fig 12-8). The wet
suit keeps a diver warm by allowing only a thin layer
of water to enter between the skin and the neoprene
rubber. The body warms the water and the neoprene
insulates it. Wet suits work well for water that is 65° F
and warmer. Wet suits are available in a variety of
thicknesses to provide the insulation required.

Lycra dive skins have become fairly popular for warm
water diving. Although they provide some protection
from the sun and abrasion they have no meaningful
insulation properties.

Dry suits protect divers by keeping them dry and
warm by keeping water out (Barsky et al, 1992).
Different suits have different thermal properties, but
for the most part they all require the use of undergar-
ments to provide for varying degrees of warmth. Dry
suits have been used for diving since the early hard hat
days of commercial diving. Many divers today find
using dry suits and varying the undergarment allows
them to use the dry suit system in water as warm as
80°F (27°C), to as cool as 32°F (0°C), sometimes
even cooler.

Wearing hoods and gloves will help a diver retain signif-
icant heat. The head, as mentioned earlier can be respon-
sible for up to 50% of the body’s heat loss. It is also a
good idea to wear a thin hood even in warm water.

Whether a diver uses a wet suit or a dry suit depends
on individual diver preference, the temperature, and
the degree of exposure. The more dives one does in a
day or a week the colder one will ultimately become,
sometimes to a dangerous point. It is important to
determine thermal protection long before a dive
begins. Wearing the right thermal protection will not
only protect the diver from heat loss, but will make the
dive a great deal more enjoyable. A professional
NAUI retailer can help in determining the right suit
for the diving you will be doing. &
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Chapter 12. Knowledye Review—Having Enough to Breathe and Staying Warm

9.

Before moving on to the next chapter, Contingencies: If Things Don’t Go as Planned,
please test your understanding of this chapter’s information by completing the Knowledge

Review.
A normal resting breath ventilates the lungs with liters of air.
At a depth of 66 fsw how many cubic feet of gas will be breathed at a surface RMV of 1 cubic foot

per minute for a 75 minute dive?

A diver with an RMV of 0.5 cubic feet/min plans a square profile first dive to 110 fsw for the
maximum no stop time using the NAUI EAN 32 diving table. Approximately how much gas will be
needed for the complete dive, assuming no reserve?

The above diver does another dive at a different dive site, making a 50 minute no-stop dive to
80 fsw using the NAUI EAN 36 table. How much gas will be needed, adding in a 1/3rd
reserve?

Three divers plan to dive together using a 36% enriched air mix. The dive plan is to spend 30

minutes at 80 fsw then ascend to 50 fsw where they will spend another 20 minutes. The divers have

RMV’s of 0.5, 0.7 and 1.0 respectively. What is the minimum size tank each will need? (Round up)
A. B. &

An aluminum 80 cubic foot tank (77.4 cubic feet) has a working pressure of 3,300 psi. How many
psi equal one cubic foot of gas?

Two divers have two different tanks, one has a high pressure steel 65 cubic foot tank rated at 3,500
psi, the other has a low pressure steel 66 cubic foot tank rated at 2,400 psi. Which tank has more

gas in it when they both reach 750 psi?

Using the tanks in question # 7, how many cubic feet of gas are left in the high pressure tank at
750 psi?

A diver who does not wear a hood can lose up to % of the body’s heat production via the head.

10. Shivering, discomfort, loss of judgement, and decreased manual dexterity are signs of
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CONTINGENCIES
[FTHINGS DON'T 60 AS PLANNED

LEARNING GOALS

In this chapter you will:

* Learn how to plan for
contingencies.

* Begin to develop the right
attitude toward incident
management.

* Learn the importance of having
oxygen at the dive site.

* Know how to avoid and manage
out-of-gas emergencies.

* Review what to do if a decom-
pression stop is needed.

* Learn what to do if a decom-
pression stop is omitted.

* Review decompression
sickness first aid.

* Review oxygen toxicity.




Contingencies: If Things Don't Go as Planned

New Terms in This Chapter

Demand regulator
Oxygen administration training
Convulsion

Omitted decompression

Diving with oxygen enriched air offers certain proce-
dures and techniques to maximize the dive time and
reduce the risks. However, even with conscientious
planning and prudent adherence to procedures, things
can go wrong. This chapter addresses some possible
problems and provides some options on how to solve
them. The NAUI Scuba Rescue Skills and Techniques
text is an excellent resource for detailed emergency
procedures. This chapter highlights some of the spe-
cific emergency procedures for diving with oxygen
enriched air, but it is not intended to replace special-
ized emergency training.

Most problems encountered in diving do not start as
emergencies, and most never become emergencies in
the true sense of the word. How the diver responds to
the situation is often decisive in determining the prob-
lem’s importance; many events that do become acci-
dents begin with a phase where something is a bit out
of order that can easily be corrected if the right steps
are taken. Understanding problems that may arise
helps divers be better prepared to handle them when
they do occur. The most important thing a diver can do
when something goes wrong is to slow down, think
about the problem, and respond in a calm and deliber-
ate manner. Practicing certain skills regularly helps
develop a good attitude toward problems, so when one
does occur the diver is not surprised and is prepared to
manage it confidently. The “right” attitude for manag-
ing problems takes time to develop, but developing it
should be at the top of every diver’s goal list.

Oxygen supply

Whenever diving is to be done, be sure a full kit of
emergency equipment is on hand. An essential part of
this “kit” is a sufficient supply of oxygen, available
and ready for use. Administration of oxygen should
ideally be done by someone with training, but every
diver should know the main situations where oxygen

might be beneficial, and should have a positive atti-
tude about using it. NAUI has a specialty course in
Oxygen Administration that is strongly recommended
for all divers, especially dive leaders and instructors,
and there are other suitable courses. It is in each div-
er’s best interest to make sure that appropriate equip-
ment and personnel are available on a dive vessel or at
a dive site. Some experts advise having enough oxy-
gen to support two divers breathing 100% oxygen for
up to two hours. Effective oxygen administration has
to be with a tight fitting mask and a “demand” regula-
tor. A demand regulator supplies gas only when the
user inhales.

At today’s level of understanding about diving prob-
lems and their countermeasures, there is no excuse for
a reputable diving operation not to ensure that oxygen
is readily available.

Out of gas, out of life

A diver should rarely run out of gas, but it does hap-
pen. Chapter 12 discusses how divers plan their gas
consumption so as to have enough gas to complete a
dive. As mentioned there, diving enriched air allows
more bottom time, and thus allows more time for the
gas to be used up. Running out of gas generally occurs
in one of two ways, diver error or equipment failure,
and it can be a combination of both. Whatever the
cause, the out-of-gas diver needs to have something to
breathe, and needs it promptly. A different gas from
the one being breathed is much better than none. Air is
always good. Likewise, do not let concerns about
decompression cause delays that could lead to drown-
ing. Redundant breathing systems carried by the diver
are a first line of defense, allowing for a seamless tran-
sition from an empty scuba cylinder to a backup one
that will allow the diver to make a deliberate and con-
trolled ascent and end the dive uneventfully.

Qut of air procedures

Five of the low-on-air or out-of-air procedures are
reviewed here. These should be familiar; details can
be found in the NAUI entry-level diver text. In any
situation the diver needs to decide quickly the best
survival option.

1. Normal ascent. The diver uses the remaining gas in
the cylinder or the gas from the diver’s own pony
cylinder to make a normal ascent to the surface, mak-
ing a safety or decompression stop as needed.
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2. Alternate air source ascent. The diver uses the
buddy’s alternate air source either the octopus regula-
tor or pony system, for ascent, making the appropriate
safety or decompression stops along the way if there is
enough gas. Keep in mind that if one diver is low on
air or out of air there is a good chance the dive buddy
will be close to the same situation.

3. Emergency swimming ascent. In this situation the
diver makes a direct and controlled swimming ascent
to the surface, exhaling and venting the expanding gas
from the lungs and the buoyancy control device. It is
necessary to exhale continuously during the ascent,
especially when nearing the surface. The diver main-
tains buoyancy control and the weight systems remain
in place. This procedure has been shown to be effective
from depths of about 60 fsw (20 msw) or shallower.
Training in this procedure before it is needed will help
make this a comfortable routine.

4. Buoyant emergency ascent. This is also a free
swimming ascent, but in this case the diver removes
the weights, becomes immediately buoyant, and makes
a direct ascent to the surface, exhaling and venting
expanding gas from the Iungs. This procedure has been
found to be effective from depths as great as 130 fsw
(40 msw), but it may be used from any depth if the div-
er has no other options.

5. Buddy breathing. This is not a common practice
now that alternate gas sources are widely available, but
there may be times when the only choice is to share the
dive buddy’s primary regulator. The divers each take
two breaths in turn from the donor’s regulator, main-
taining contact and composure, and together they make
a controlled ascent to the surface. Safety stops and nec-
essary decompression stops are to be made as usual,
gas supply permitting. Buddy breathing is an effective
means of making an ascent, but it requires cooperation
of the two divers. Training for this is essential if it is to
be a viable alternative.

Different gas, different divers

There may be situations where divers who need to
share gas have been breathing different gas mixtures.
Since the important thing is to have something to
breathe, this is not a matter of great concern, but some
procedures should be followed.

Enriched air diver within no-stop limits. For a
NAUI enriched air diver who has not yet exceeded the
no-stop time, breathing air or any enriched air mix for

an immediate ascent is acceptable. This will have triv-
ial decompression consequences. A safety stop should
be made at 15 fsw (5 msw) for 3 to 5 minutes. If the
situation is reversed and an air diver needs to breathe
enriched air, this is fine also.

Enriched air diver in decompression mode. If a
NAUI enriched air diver who has a decompression
obligation has to switch to air, the procedure is to
make the ascent as usual to the stop depth of 15 fsw.
Decompression calculations have shown that dou-
bling the required decompression is a good guideline.
Remain at 15 fsw for twice the required decompres-
sion, air supply permitting. If the modified decom-
pression must be shortened because the air supply is
depleted, follow procedures for omitted decompres-
sion upon surfacing.

In any event, conducting a safety stop for 3 to 5 min-
utes at 15 fsw (5 msw) is important to slow the ascent
and regain composure. Remember that the distance
from 15 fsw to the surface is where the greatest gas
expansion occurs. A slow ascent from the safety stop
will help avoid lung expansion injuries.

What if a decompression stop is required?

If a diver has overstayed the no-stop time limits, this
by itself is not an emergency. The NAUI diving tables
provide decompression stop information. Normally if
you enter decompression status, you “call” (end) the
dive, return to the ascent line, and ascend with the pre-
scribed stops as indicated on the diving table. If you
are using a dive computer, you ascend to the first
stop shown and follow the computer for the balance
of the decompression.

It is a good idea (even when diving with a computer)
to have your dive plan on a slate and carry it along on
the dive. Also, you should always have a set of NAUI
plastic dive tables in your BC pocket. The slate
should include a variety of depths and times. An
example is shown in Figure 13-1.

It is important in the gas supply part of planning a dive
to consider safety stops and decompression contin-
gencies. Should decompression be required there
should be enough gas to complete the required stops
uneventfully.
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Bob’s Dive Slate
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Figure 13-1. Dive slate showing no-stop dive times and
contingency times that require decompression stops.

Omitted decompression

For the NAUI enriched air diver who surfaces with a
decompression obligation, for whatever reason, or
upon surfacing discovers that some required decom-
pression has been omitted, the following procedures
can be employed.

When oxygen is available: The diver with omitted
decompression is to immediately begin breathing
100% oxygen at the surface. Initiate first aid and
monitor for signs and symptoms of decompression
sickness and initiate evacuation to the nearest hyper-
baric medical facility. In all cases of omitted decom-
pression give the diver fluids (juices, sports drink) to
maintain hydration.

If oxygen is not available: Although oxygen should
always be available, there may come a time when
there just isn’t any. In this case the diver is to remain
on the surface, drink fluids for hydration, monitor for
signs and symptoms of DCI, and initiate evacuation to
the nearest hyperbaric medical facility. The diver is to
remain in a resting position with limited activity.

In either case, the diver is not to be exposed to altitude
for 24 hours.

Decompression sickness

Even with strict adherence to diving tables and dive
computers, decompression sickness can still occur.
Decompression sickness (DCS) is the syndrome of
joint pain, numbness, paralysis and/or other symptoms
caused by the release of gas dissolved in tissues; this
gas can form bubbles in the body while surfacing or
after a dive. The most common occurrence for shallow
or long duration dives (many minutes) is the joint pain
of classical “bends.” Short, deep dives tend to cause
neurological manifestations, disturbance of both senso-
ry and motor nerve function. Also when significant
bubble formation occurs it may provoke other complex
reactions, problems other than pain. Typically symp-
toms and signs can appear from five minutes to as much
as 24 hours after surfacing from a dive, but most symp-
toms are noticed within one hour. Symptoms while a
diver is still in the water are unusual and should be
treated as if they were serious.

Decompression Sickness

Signs and Symptoms

Joint Pain
Paralysis
Muscle Pain
Skin Rash
Disorientation
Slurred Speech
Dizziness
Agitation
Hearing Disturbances
Tingling
Fatigue
Vision problems
Numbness
Weakness

Figure 13-2. Signs and symptoms of decompres-
sion sickness. Most symptoms occur within one
hour of surfacing, but occasionally may take up
to 24 hours or more.
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Figurer 13-3. Multiplace hyperbaric treatment chamber at the U.S. Navy Submarine Escape Training School, Groton, CT.

In any event, should divers experience changes in how
they feel, or have any signs or symptoms such as those
listed in Figure 13-2, they should immediately begin
breathing 100% oxygen. Continue to monitor signs and
symptoms, and arrange for immediate and prompt
evacuation and transportation to the nearest hyperbaric
medical facility (Figure 13-3) for evaluation and proba-
ble recompression. Even if signs and symptoms dissi-
pate during oxygen breathing, and they often will, the
diver is to be transported and evaluated at a hyperbaric
medical facility.

The fact that a diver had been breathing oxygen
enriched air will have no practical effect on the treat-
ment protocol at the hyperbaric facility. The dose of
oxygen a diver receives during oxygen enriched air div-
ing is not sufficient to warrant a change in treatment
protocols. Standard recompression treatment options
should be used.

There is much more to decompression sickness and its
evaluation and treatment than is covered in this

overview. The NAUI Scuba Rescue Skills and Tech-
niques text and course covers this subject in greater
detail, and the U.S. Navy Diving Manual is also an
excellent resource,

Evacuation and transportation to hyperbaric medical
facilities can be arranged ecither through local Emer-
gency Medical Services, the United States Coast
Guard, or the Divers Alert Network depending on
where you are. Divers should have an emergency plan
in place before diving begins.

Oxygen toxicity

Although oxygen toxicity problems rarely occur dur-
ing no-stop enriched air diving, it can happen and
divers should be prepared for it. The most likely cause
would be exceeding the oxygen exposure limits, but
another cause could be an incorrect mix for the depth
being dived. This could result from inaccurate gas
analysis, but more likely from an incorrect or missing
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CNS Oxygen Toxicity

Signs and Symptoms

[Convulsion]

Visual disturbances,
including tunnel vision

Ear ringing

Nausea

Tingling, twitching or
muscle spasms, especially of

the face and lips

Irritability, restlesness,
euphoria, anxiety

Dizziness, dyspnea

Figure 13-4. Oxygen toxicity signs and symptoms. Effects
may come on in any order or may even begin with a convul-
sion. The mnemonic, VENTID, helps one to remember the signs
and symptoms.

cylinder label. There are some signs and symptoms
(Figure 13-4) that can warn a diver of oxygen toxicity,
but an oxygen convulsion can occur without warning.

The best prevention of oxygen toxicity problems is to
ensure a correct analysis and to maintain oxygen
exposure levels at 1.4 atm or lower. However if there
are any signs of oxygen toxicity the diver is to ascend
immediately to a shallower depth and end the dive.
The greatest threat from an oxygen convulsion is
drowning.

If a convulsion does happen do not spend time trying
to reinserting the mouthpiece, it will not usually be
possible. Take the diver to the surface as soon as pos-
sible to avoid drowning. Once the diver is at the sur-
face, treat for near-drowning according to signs and
symptoms, and for DCS and AGE as appropriate. The
rescuer should also be monitored for signs and symp-
toms of DCS or AGE and treated for omitted decom-
pression if it were missed. If a convulsing diver is able
to breathe (perhaps through a full-face mask) wait
until the “tonic” part of the convulsion (the initial
extreme stiffness) is over before heading for the sur-
face. For the scuba diver who has spit out the mouth-
piece, embolism is a possibility but drowning is a cer-
tainty, so get the diver out of the water as quickly as
possible. 5]
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Chapter 13. Knowledge Review—CGontingencies: If Things Don't Go as Planned

Before moving on to the next chapter, Technical Diving Overview, please test your under-
standing of this chapter’s information by completing the Knowledge Review.

1. The minimum supply of oxygen to have on hand is enough to support divers for
up to hours.
2. A air supply is the best defense for out of air emergencies.

3. If there is no alternate air supply and the divers buddy is not available to help there are two
options for ascent to the surface. They are and

4. Once a diver has obtained emergency air from either a redundant supply or a buddy the
ascent should include

5. An enriched air diver has entered decompression and now must breathe air only from a
buddy. The diver is to make the decompression stop and the stop time.

6. Adiver is to always carry on every dive.

7. Adiver surfaces while omitting some decompression. The protocol is to breathe oxygen at

the surface for times the missed decompression time, but not less than minutes.
8. Adiver suspected of decompression sickness should be and
9. The most likely cause of oxygen toxicity would be an for the
dive.

10. At first signs of oxygen toxicity the diver should
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<" TECHNICAL DIVING
/o DVERVIEW

LEARNING GOALS

In this chapter you will:

* Be introduced to technical diving.

* Learn some history of technical
diving.
* Be able to define technical diving.

* Learn about the techniques
employed by technical divers.

» See what a technical diver looks
like.

 Understand the need for
additional training.

* Be introduced to the NAUI
diving technical programs.

* Begin your own self evaluation
to learn if technical diving is
for you.
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New Terms in This Chapter

Technical diving
Untethered

Bottom mix; back gas
Intermediate mix
Sidemounts; wing tanks
Scooter, DPV

Drift decompression
Decompression station/habitat
Rebreather

Full-face mask

Hookah

Technical diving

In the middle 1980°s a new form of diving began to
develop, scuba diving activities that go way beyond
the usual no-stop limits. By using special techniques
and equipment divers learned to do ocean and cave
exploration in the 150 to 350 fsw (50-100 msw) range.
This kind of diving had been done for quite some
time, but quietly and without notice except for an
occasional accident or significant find, and the only
communication was one-on-one by word of mouth.
Then in 1990 Michael Menduno, a diver from Califor-
nia, started a small magazine that addressed these
activities. His aquaCorps Journal gave “technical
diving” its name (as an analogy to technical mountain
climbing) and started the technical revolution in sport
diving by talking about it. Divers who were starved
for information and techniques finally had a voice;
those who were adapting and improving commercial
and military techniques found others with similar
interests.

Technical diving has evolved into a legitimate part of
the recreational diving sector. Training agencies
sprouted up, and equipment manufacturers began to
develop and market gear specifically for “high tech”
diving (Fig. 14-1). However, technical diving is not
just about equipment; it requires a high level of train-
ing and discipline, and a substantial investment in per-
sonal preparation as well as equipment. Technical div-

Figure 14-1. Technical diver Kathy Weydig dressed in dry
suit, twin tanks with back plate and harness, redundant regu-
lators, high powered canister light, decompression gas cylin-
ders, decompression computer, and emergency equipment.

ing originated with cave divers who needed special
decompression and breathing gas management tech-
niques. The development of these techniques allowed
technical diving to expand.

Let us make it quite clear that this chapter is not dedi-
cated to convincing divers that they should become
technical divers. Quite the contrary, it is to define the
scope and highlight the risks of such activities so that
anyone interested can approach the challenge with eyes
wide open. You should not even dream of doing techni-
cal diving unless you are willing to do it right. Never-
theless, one definite benefit is that technical diving
techniques offer an alternative to diving deep with air.
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Figure 14-2. USS Monitor at a depth of 235 fsw (72 msw).

What is a technical dive?

A technical dive is a self-contained untethered dive in
which the diver switches breathing gas during the
dive. Diving with a rebreather is also technical diving,
and in fact the term “technical diving” has been used in
the U.K. for that type of diving for nearly half a century.

Technical diving practice usually involves descent
while breathing a “bottom mix,” followed by one or
two “intermediate” decompression mixes of oxygen-
enriched air, and finished by breathing oxygen or a
high oxygen mix at the shallow decompression stops.
The bottom mix is usually a “trimix” composed of
nitrogen, helium, and the appropriate oxygen for the
target depth. There are variations on this pattern
depending on the mission or other factors. Since there
is no hose to supply gas from the surface (hence the

* “untethered™) the method requires the diver to carry a

great deal of gas. Effective thermal protection, sophis-
ticated buoyancy control, and many other factors must
be considered.

Deep recreational dives

Recreational diving is well recognized as limited to a
depth of 130 fsw (40 msw), and it is further limited to
no-stop dives with air or oxygen enriched air as the
breathing gas. Realistically, these are not the true lim-
its within which all recreational divers operate, but
they are the limits to which divers are initially trained
by the diving training agencies. “Deep” is a relative
term that involves the diver’s own skill and prepared-
ness as much as it does the water depth. Within these
limits special “deep” training is needed to go even as
deep as 130 fsw (40 msw).

For some years now some scuba divers have exceeded
the 130 fsw (40 msw) limit, using decompression

stops when necessary, and under some conditions
have even used oxygen for decompression. These
divers customarily went well beyond the depth at
which nitrogen narcosis can become seriously debili-
tating; although the narcotizing effect may feel good,
the diver cannot solve problems or deal with emergen-
cies. As depth increases much beyond about 190 fsw
(60 msw) the PO2 in air also begins to become a risk
factor due to CNS (central nervous system) toxicity.

Because of the narcotic risk, in the late 1980’s deep
cave divers began to add some helium to their bottom
mixtures to reduce the narcosis. This also allowed the
oxygen fraction to be reduced, allowing a lower POz
to be used at bottom depth and thus making longer
bottom times feasible with less risk of oxygen toxici-
ty. These special mixtures (mainly trimix) made spe-
cial decompression tables necessary,"and these were
developed. This technology quickly spread from
caves to deep wreck divers, who learned to use the
same techniques with diver-carried gas.

Definitions: “Technical diving” and “nitrox”

What is “technical diving?” By one definition the
minimal requirement of a technical dive, the charac-
teristic that sets it off from recreational diving, is that
on a technical dive the diver uses more than one
breathing mixture. Just diving beyond the limits
defined for recreational diving is not enough to quali-
fy as technical diving, especially if air is the only
breathing gas.

NAUI defines a category of recreational technical
diving for purposes of diving instruction and insur-
ance as diving that is not commercial and that meets
any of the following conditions: Depth beyond 130
fsw (40 msw), oxygen-nitrogen breathing gas of 41%
or greater oxygen or any other non-air mix, and/or
planned decompression.

The practical depth limits of enriched air are less than
the 130 fsw (40 msw) limit for recreational diving.
The technical diving community will generally agree
that single-mix diving with enriched air or “nitrox” is
not technical diving.

Although the contrast with the recreational diving
domain is clear enough, since most technical divers
are in it for fun it is in fact “recreation.” Some are pho-
tographers, treasure hunters, and wreck and cave
enthusiasts, so there is an extra incentive beyond just
“fun,” but rarely are these divers “employees” in the
traditional sense (therefore they are different from
commercial divers). Still, it is well recognized that
technical diving practice does not meet most occupa-
tional safety standards for diving.
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Equivalent Narcotic Depths

Actual Depth END with 50% He trimix
fsw msw fsw msw
165 50 66 20
180 55 74 23
200 60 84 26
230 70 99 30
260 80 114 35

Figure 14-3. Equivalent narcotic depth, “END”. A very
rough estimate of the equivalent narcotic properties of a tri-
gas mixture containing 50% helium, expressed as a depth div-
ing with air: The relative proportions of oxygen and nitrogen
are not pertinent, only the helium.

Technical diving practice

The technical diver tries to be self-sufficient. Techni-
cal divers often work in teams of two or more, but the
“buddy system” as used by recreational divers is not
usually regarded as an effective safety reserve except
in special circumstances. Tech divers do, however,
use a variety of redundancies, including such things as
extra regulators, back-up gas, and survival gear. The
surface cannot often be regarded as a safe haven,
either because it cannot be reached (from a cave or
inside a shipwreck) or because the diver has a signifi-
cant decompression obligation and cannot surface
without stops. Once technical divers enter the water
they are, for the most part, on their own.

Special gas mixes

A typical technical dive might be to explore a ship-
wreck at a depth of 250 fsw (75 msw). The diver
might carry four scuba tanks of gas. Two of these
might be large tanks joined with an isolation manifold
filled with a bottom breathing mixture, enough to
allow up to 30 minutes of time at the bottom depth
(allowing some as a reserve). These “back” tanks are
mounted to a back plate and harness that have a
“wing” type buoyancy bladder sandwiched between
the plate and the tanks. This system keeps the tanks
snug to the body and the overall system simple and
streamlined.

The mix would most likely be a “trimix” of oxygen,
helium, and nitrogen, with the oxygen level selected to
give a favorable decompression but primarily to stay
out of the range of CNS oxygen toxicity. The helium
component in the trimix could range between 17 and
50%, for example; it is chosen to give an adequate
reduction of nitrogen narcosis. Conducting dives to,
say, 260 fsw (80 msw) with the 50% helium trimix

Figure 14-4. Decompression station used at Wakulla Springs.

would yield narcosis levels roughly equivalent to div-
ing to 114 fsw (33 msw) with air (Figure 14-3). The
reduction in narcosis allows dives of this type to be
done with a much lower risk than if done on air, which
makes using trimix a smarter choice for diving to
these depths. Gas mixtures are available at some spe-
cialized dive shops. Many expedition leaders in
remote locations make their own mixes. In any case it
is considered essential for the diver to check each mix
with an oxygen analyzer before diving.

Besides the “back gas” or “bottom mix” one or two
“side mount” or “wing” tanks might contain an inter-
mediate or “decompression” mixture. This would
probably be an enriched air mixture, again chosen to
optimize decompression, avoid oxygen toxicity, and
be of sufficient quantity for the job. Sometimes two
different intermediate decompression mixtures are
used. Still another tank usually contains pure oxygen
or high-oxygen enriched air, to be used for the last
part of the decompression. Sometimes oxygen is sup-
plied from the surface on a “hookah” rig. Each tank or
tank manifold has its own regulator, of high quality
and reliability. Keeping track of all these tanks and
mixtures is a formidable task, and failure to do so has
resulted in fatalities.
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Figure 14-3. AGA full-face mask with communications.

Maintaining the right oxygen level is an ongoing
problem in technical diving, mainly to ensure that
CNS toxicity is avoided, but also to optimize the
decompression. The NOAA oxygen exposure limits
(Chapter 4) allow an exposure of 1.6 atm PO for as
long as 45 min, but this limit is only appropriate for a
diver not working hard and with no buildup of CO;
most technical divers wisely use a lower limit, such as
1.5 or 1.4 atm. It is good practice not to approach the
1.6 atm limit too closely. Management of the slower
acting “whole body” oxygen toxicity is only a con-
sideration in an extreme exposure technical dive, or
sequential dives.

Special decompression techniques and equipment

Decompression from these dives can be quite long, up
to several hours. Tech divers need to ensure that they
have an appropriate means for decompression. In the
open ocean an anchor line or other type of float on the
surface that allows for an ascent line to be used is
essential. In areas where a static decompression line
cannot readily be used, “drift decompression” tech-
niques are employed. Here a diver floats with the cur-
rent on a line attached to a buoy; this reduces diver
exertion and can reduce the “wind chill” effect of a
current, making the decompression more effective as
well as more relaxing. It requires a highly experienced
boat captain and dive team, and very careful planning
to do it successfully. In a cave, it is a good idea to use
a comfortable location away from the main line into
the cave so the decompression does not interfere
with other divers.

For some dive projects where decompressions take
many hours special decompression stations or “habi-
tats” are used. These are placed in the water so the
diver can conduct part of the decompression in a
semi-dry or dry environment that helps reduce both

the risk and the dire consequences of an oxygen con-
vulsion. These stations are often supplied with oxygen
by “hookah” hose from tanks at the surface. These are
similar in principle to a commercial diver’s diving
bell.

Staying warm and dry

As noted in Chapter 12, thermal protection for extend-
ed dive time is critical. Most divers use dry suits for
technical dives, even in warmer waters. Supplement-
ing dry suit underwear for passive thermal protection,
some divers inflate their suits with argon gas instead
of air or a mix containing helium, because argon has
lower thermal conductivity and thus greater insulating
power.

It is best not to urinate in the suit’s insulation because
this reduces its effectiveness (among other things).
However, high fluid intake is necessary for proper fluid
balance, so diapers and various “relief tube” devices are
used on long dives.

Having enough gas

Carrying enough gas is always a challenge for the
technical diver, yet it is the critical element to sur-
vival. A few years ago many technical divers over-
pressurized their tanks to cram more gas in. Although
no catastrophic events are presently known to have
resulted from this practice, it is very risky and not rec-
ommended. Tanks with larger capacities without the
need for extra pressure are now available. Back
mounted tanks can now carry as much as 300 cubic
feet of bottom mix and decompression tanks upwards
of 100 cubic feet, making the need for over-pressur-
ization unnecessary. Cave divers in particular have
worked out sophisticated methods for storing addi-
tional gas cylinders in the cave system. These tanks
are placed before the actual dive is done. Staging of
tanks is also done, but less confidently, by open water
deep divers. Open water technical divers usually carry
all the gas they need for a given dive.

Regulators and full-face masks

Most technical divers use a standard scuba face mask
and breathe from a demand regulator, and also have a
redundant regulator on a long hose. The long hose
simplifies gas sharing in an emergency, and allows
two divers to swim in tandem comfortably while shar-
ing gas. Some are beginning to look at full-face masks
and through-water voice communications (Fig 14-4),
but these are not universal, and unfortunately, not very
practical while using scuba because they cause extra
gas consumption. One important benefit of a full-
face mask is that it improves the chance of survival
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after a convulsion. The convulsion itself is not neces-
sarily damaging, but drowning becomes almost
inevitable when a diver spits out the mouthpiece; full
face masks greatly reduce this aspect of the risk. Full
face masks also make it more difficult to share gas;
this requires special connectors rather than just chang-
ing mouthpieces.

Other equipment

Other necessary equipment adds to the complexity
and overall investment of a technical diver. High-
powered lights and lines are needed for cave and wreck
penetrations. For long swims (as in a cave penetra-
tion) or swimming in a current the tech diver might
use a battery-powered “scooter,” or diver propulsion
vehicle. Open-water divers also carry a personal
ascent line with a float to help in the decompression
should the anchor line not be available, and signaling
devices such as flares, dye marker, electronic beacons,
and strobe lights.

Decompression tables and software

There are no published decompression tables for trim-
ix diving of the sort that make air and oxygen enriched
air diving so accessible. In early technical diving most
decompression was done with special “custom” tables
prepared for the particular exposure by a few table
specialists. In fact, these tables were the break-
throughs that allowed “technical diving” to evolve.

A new decompression option has developed in the
last several years in several PC-based computational
programs that can be used by the diver to calculate
their own decompressions. These programs all use the
algorithms of the late Prof. A.A. Bithlmann; these are
the only suitable algorithms published in a form that
can be readily adapted. The algorithms are effective,
and with most of the application programs the user
can adjust the degree of conservatism. A diver should
have considerable experience with decompression
tables and decompression diving and a good under-
standing of the risks of oxygen toxicity and narcosis
before relying on do-it-yourself programs of this sort.

Dive computers

Most technical dives are beyond the capacity of nor-
mal dive computers (DCs). Some computers can cal-
culate air decompressions that require stops as deep as
60 fsw (27 msw), but these decompressions become
quite lengthy. Some enriched air DCs (Fig 14-6)
allow for up to three nitrogen-based intermediate gas
mixes to be used. Computers that can calculate helium
decompressions are under development. One current-
ly available unit allows for gas switches “on the fly”

Figure 14-6. Cochran Technology Nemesis Nitrox Ila. This
computer uses hoseless technology and allows for the use of
three nitrogen based gas mixes for calculating decompres-
Sion requirements.

on either open or closed circuit equipment. Other
available DCs are useful as timing and data recording
devices.

Decompression sickness

Responsible divers, especially technical divers, have a
definitive plan in place for evacuation and treatment
in the event an incident occurs. The distinction here is
that technical divers make more stressful exposures
and expect DCS to occur occasionally and are pre-
pared for it, whereas the recreational diver generally
does not give this much concern until it happens.

The matter of treatment for DCS is not a simple one.
There is a high premium for beginning treatment
promptly. Ideally a “deck” decompression chamber
(“DDC”) will be at the dive site. An alternative to a
full chamber is a portable recompression chamber.
These are primarily hyperbaric stretchers for evacua-
tion, not for treatment on site; they are effective as
well as expensive. If a chamber is not on site, the next
plan is to evacuate the diver to the most accessible
one. Diving operations in remote areas also may plan
to use in-water recompression with oxygen, and
arrange to have the gas supply, full face mask, proce-
dures, and essential support team on hand as a mini-
mum to carry out this option.

Rebreathers are here

For some conditions the limit to a dive is the diver’s
endurance or ability to stay warm. For most technical
dives, however, the limitation of what an untethered
diver can do depends on how much gas can be carried.
A rebreather can provide a significant time advantage
over open circuit (scuba) systems. A typical rebreather
weighs about as much as a standard scuba rig, maybe
less, but can provide up to eight hours of breathing
time at depth. Thus rebreathers are an attractive tool
for exploration divers who need much more bottom
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Figure 14-7. Diver with a Prism semi-closed circuit rebreather.

time than conventional scuba can offer. Closed-circuit
recirculating breathing apparatuses are not new. They
have been used by the military for almost half a centu-
ry, with some dating back more than a hundred years.

A rebreather consists of a breathing bag or counter-
lung, a canister for absorbing COz, a pressurized gas
supply, and the necessary valves and hoses (Fig 14-7).
With each breath a diver takes, some oxygen from the
mixture is used up by metabolism, and on exhalation
some carbon dioxide is given off. A rebreather passes
the exhaled gas through a CO2 chemical absorbent
and “scrubs” the COz out of the system. The remain-
ing gas is sent back through the breathing loop where
it is replenished with a small amount of gas to make
up the oxygen used on the previous breath. Because
the diver gets to re-breathe most of the gas, only a
small amount is used and it lasts much longer than if it
is all exhaled.

The most sophisticated rebreathers are electronically
controlled and are designed to maintain a constant
oxygen partial pressure throughout the dive, at various
depths and under different work loads and conditions.
The constant oxygen partial pressure enables decom-
pression to be optimized. Rebreathers with built-in
computers perform other functions, such as decom-
pression, system monitoring, and even navigation.
Simpler “semi-closed” rebreathers use a constant flow
of an oxygen-rich mixture to maintain enough oxygen
in the counterlung, with a portion of each breath
exhausted overboard. With this type the oxygen level
varies inversely with the exercise rate, making it more
difficult to plan an efficient decompression. Some
units link the oxygen inflow to the divers breathing
level (respiratory minute volume) and thus maintain a
more nearly constant oxygen level and permit a more
efficient decompression.

Rebreathers require a significant investment in time,
money, training, and maintenance, but they have their
place in recreational diving. Consistent with their
inherent problems, rebreathers are useful for long div-
ing exposures and where gas availability is a problem,
and in situations where the limited bubble activity
makes interaction with aquatic life easier.

Getting into technical diving

The team approach

Although training programs are designed to develop
an individual diver’s skills and knowledge, the com-
mon thread among all technical divers is equipment
redundancy, self sufficiency, and the team approach.
Although this may sound contradictory, a technical
diver cannot do it safely alone, and'the good divers
know that. It takes commitment from a team of divers
to train properly and to dive responsibly.

Throughout the world divers are conducting dive
expeditions on shipwrecks and in caves. Shipwrecks
like the Andrea Doria, Lusitania, USS Monitor,
Edmund Fitzgerald, USS Wilkes Barre, the WWII
wrecks in Truk Lagoon and on Bikini Island, and
recently the Britannic, are all being dived. Cave systems
in the Yucatan, Central Florida, Europe, and Blue Holes
in the Bahamas are being explored with team efforts.

New technical divers are best served when they team
up with experienced technical divers and form groups
that support each other and train together on a regular
basis. There is a growing “community” of diverse indi-
viduals with varying levels of training, experience,
and sophistication who have a common goal to extend
their diving capability beyond the traditional limits
and to do this with safety.

For one or two untethered divers to penetrate a wreck
or a cave at 250 fsw (70 msw) without a support team
is foolhardy. At the very least a backup/standby diver
and topside personnel plus a workable emergency plan
are minimum requirements. This is part of what is meant
by “doing it right.”

Standardized training programs

Whereas commercial, military, and scientific dives are
nearly all handled as project operations with leader-
ship and administrative structures, the pattern for tech-
nical diving may involve a buddy pair or trio, but today
it too rarely involves a full team approach. Each diver
has her own equipment, tables, and often procedures.
This means that there are often limitations in things like
organization, communications, and topside support.
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NAUI has developed a series of technical train-
ing courses that encompass the tools, information
and techniques necessary for responsible technical
diving. This book, although not intended to be a
technical diving program, provides the significant
groundwork necessary to the successful progress of a
technical diver.

The NAUI Technical Diver Courses address particular
areas of technical diving. Accordingly, these technical
courses are designed to provide more detailed training
than specialty diver courses and result in more exten-
sive qualifications. The programs are designed to give
the diver the opportunity to enjoy organized diving
that yields experience and documents training in tech-
nical diving activities. Presently five courses are
available, each building on the previous ones.

Technical Enriched Air Diver—this program pro-
vides the enriched air diver with the skills and knowl-
edge needed to reduce the risks of using enriched air
breathing mixtures of 25% through 80% oxygen. This
course goes into greater detail on all the special
aspects of enriched air diving, stressing optimization
and safety.

Decompression Techniques Diver—this program
gives the diver a working knowledge of the theory,
methods and procedures of planned decompression
diving.

Extended Range Diver—this program gives the diver
the training and experience necessary to understand
the hazards of and uses of air or oxygen-enriched air
for dives that require staged decompression, using
oxygen enriched air mixtures and/or oxygen for
decompression.

Figure 14-8. NAUI Technical Diving Centers are specialists
in technical diving training.

Technical Wreck Penetration-helps train the diver
in the hazards and safety procedures necessary for
wreck penetration where decompression may be
involved.

Trimix Diver (levels I and II)-these programs intro-
duce a diver to helium-based mixed gas diving for
exploring deep water areas while managing oxygen
and nitrogen exposure.

Should you dive tech?

While technical diving seems, to some, to be the next
level of accomplishment for an enriched air diver, we
urge you the diver to take some time to examine and
explore the reasons why you want to venture deeper
and longer. It is not safer than no-stop enriched air
diving, although it has some rewards.

Some questions divers should ask themselves are:

Am I getting into technical diving too soon? People
should have a fair amount of practical diving experi-
ence and be comfortable in a variety of environments
before attempting technical diving. If a diver is not
completely comfortable in the water, technical diving
is not a practical option.

What is the real motivation? Is it a sincere healthy
interest in a particular dive site or challenge?

Are you physically strong enough? Technical diving
places significant physical demands on a diver. It
requires carrying heavy equipment and being able to
swim with it, sometimes in adverse conditions.

Are you disciplined? Technical diving requires a div-
er to be disciplined in procedures and technology, and
to remain up-to-date with training and diving proce-
dures. Technical dive training does not stop with one
training program.

Do you understand your emotional limitations? The
technical diver may need to function under stress and
task loading. A diver should be capable of getting out
of trouble on his own and be comfortable doing it.

These are just some questions you should ask yourself
before making the move to technical diving. Self eval-
uation is the key to a responsible technical diver.
While procedures for technical diving have been suc-
cessful in extended range underwater exploration,
technical diving remains a high risk activity. These
traits help minimize that risk. [ |

Chapter 14
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Ghapter 14. Knowledge Review—Technical Diving Overview

1. Technical diving began to take off when became available.

2. Technical diving was invented to avoid diving deep with

3. In general terminology, not NAUIs, a technical dive is a dive that uses
or

4. Helium mixtures are used to reduce the effects of and to
limit

5. Technical divers strive to be

6. Aregulator fitted with a hose is standard equipment.

7. To avoid long swims technical divers sometimes use

8. Decompression from a classical technical dive usually requires

9. To improve the insulation technical divers fill their dry suits with

10. Optimal technical diving operations require a approach.
wea], "0l jusIons-Jag  °g
uosy ‘g amsodxo uogAxo {SIs00IeU UAFONIN ¥
soseS opdunjy -9 Iayjea1qgal v 10 seS Suiyieelq oUO UB) AION  °C
$1910008 10 sapo1yaA uoisindord 10A1q £ ny g
Chapter 14 2soy Suo[100J 01§ 9 sompedoid uorssarduronap ojepdorddy 7

1 j 10 £1 1o1dey)) 10] somsuy



Bibliography

This list contains both references cited in the text and
additonal reading. Cliations in the fext are by awthor
and date.

Ballantyne L, Delp B. 1996 (1st guarier). EANx;
Enriched vs. enhanced breathing gas. Undersea T
:34-35, 38,

Barsky 5, Long D, Stinton B, 1992, Drysuit diving. A
guide to diving dry. San Ddego: Watersport Books, Inc.

Bell BI, Borgwardi RE. 1976 Mar. The theorv of
high-altitude corrections to the ULE. Navy Standard
Decompression Tables, The Cross corrections.
Undersea Biomed Res 3(1k1-25.

Bennett PB. 1997, [nert gas narcosis and high pres-
sure nervous syndrome. In: Bove AA, ed. Bove and
Davisi diving medicine, 3nd ed. Philadelphio: WEB
Saunders,

Bookspan J. 1995 Jun. Diving physiology in plain
English, Kensington, MI} Undersea Hyperbaric
Med Soc.

Braver RW, 1985, Acclimation (o nilfogen narcosis:
A review. In: Hamilton BW, Kizer KW, eds. Nitro-
pen narcosis, UMS 64WENN)4-26-B5. Bethesda,
M Undersea Medical Soc.

Bihlmann A&, 1984, Decompression: Decompres-
sion sickness. Berlin: Springer-Verlag.

Bithlmann AA. 1993, Thuchmedizin: Barofrauma,
Gasembolie, Dekompression, Dekompressions-
krankheit. Third ed. Berlin: Springer-Verlag. (In
German)

Bithlmann AA. 1995 Thuchmedizin: Barotrauma,
Gasembolie, Dekompression, Dekompression-
skrank-heit, Dekompressions computer. (Diving
medicine, Barotrauma, gos embolizm, decompres-
sipn, decompression sickness, decompression com-
puters.) In German, dih edition. Berlin: Springer
Puhlishing House.

Clark JM, Lambertzen CJ. 1971, Rate of develop-
ment of pulmopnary oxygen toxicity in man during
oxyvgen breathing at 2 ATA, J Appl Phys 30(5): 739
52

Egi 5M, Brobakk ACy, 1993 Sep. Diving at altitude:
A review of decompression strategies. Undersea &
Hyperbaric Med 22(3):281-300.

Hamilton BW, 1997, Mixed-gas diving, In: Bove

AA, ed. Bove and Davisl diving medicine, 3rd ed.
Philadelphia; WEB Saunders,

Hamilton BW, 1992 Jan. Workshop findings: Evalu-
ating enriched air {“niirox”) diving lechoology.
Boulder, CCx: Scoba Diving Resource Group.

Hamilton, BEW. 1989 Dec, Tolerating exposure to
high oxvgen levels: Repex and other methods.
Marine Tech Soc J (23(4):19-25,

Hamilton RW, Crosson DJ, Hulbert AW, eds, 1980
Sep. Harbor Branch Workshop on enriched air
nitrox diving, Report 889-1. Rockwille, MD: NOAA
Mational Undersea Besearch Program. “Harbor
Branch™ Workshop.

Hartung KH. 1982, Use of gas mixers in shallow
water diving, In: Seemann K, ed, Proceedings VII-
Ith annual congress of European Underses Biomed-
ical Sociely. Luebeck: Draegerwerk AG,

Linnarsson I}, Ostlund A, Sporrong A, Lind F,
Hamilton BW. 1990, Does oxygen coniribute o
the narcotic action of hyperbaric air? In: Sterk W,
Creerasdts L, eds, Proceedings XVIth Meeting of the
European Undersea Biomedical Sociaty. Amsier-
dam: Foundation for Hyperbaric Medicine,

MOAA DHving Manual. 1979 Dec. Edited by IW
Miller. Second edition. Washington: U.S. Dept of
Conmerce,

MNAA Diving Manual: Diving for Science and
Technology., 1991 Oct. Third edition.  Silver
Spring, MD: NOAA Office of Undersea Research,
L5, Department of Commerce,

Shilling CW, Werts MF, Schandelmeier NR, edi-
tors. 1976, The underaater handbook: A puide o
phvsiology and performance for the engineer, Mew
York: Plenum Press.

Somers LH. 1997, Diving physics. In; Bove Ad, ed,
Bove and Davisi diving medicine, 5rd ed. Philadel-
phia: WEB Saunders,

US Department of the Mavy., 1985 Jun. US Mavy
Diving Manual, WNAVSEA 0994-LP-001-9010,
Volumes 1 and 2. Revision 1. Washington: Mavy
Depariment.

US Department of the Navy. 1993 Feb., US Mavy
Diving Manual. Volume 1 (Air Diving) Revision
OeRd-LP-001-%1 10, Washingion: Mavy Department.

Wienke BR. 1993, Diving above sea level. Flagsiaff,
AZ: Bast Publ.

Wienke BR. 1994, Basic diving physics and applica-
tions. Flapgstaff, AY: Best Pub,

Wright WB. 1972, Use of the University of Pennsyl-
vania, Institute for Environmental Medicioe proce-
dure for caloulation of cumulative pulmonary ouy-
gen toxicity, Bepor 2-72, Washingion; LS, Mavy
Experimental Diving Lmnit,

g

B-1



Glossary

GLOSSARY

40% rube: An anecdotal rule that allows scuba regula-
iors and other breathing gas cquipment to be used
with oxygen enriched mixtures with up to 40%
oxyeen content withoul ihe need for special clean-

ing,

ADT, actual dive time: The time from the moment of
descent until returning to the suface.

AMUDT, adjusted maximum dive time: For a repeti-
five dive, the no-stop tme limil minus the residual
nifrogen time.

Arterial gas embolism: (AGE, CAGE) Bubbles in
the arterial circulation to the brain, usually causing
paralysis and other neurclogical deficits. Caused
normally by a lung overexpansion injury that
allows air bubbles to escape from the lungs into the
arierial circulation. Because of ils couse it is some-
times referred 1o as “pulmonary barotrauma.” In
severe cases, AGE can be fatal. Treatment is imme-
diate oxygen breathing and irunsport to a recom-
pression chamber, Also known as air embolism,
Symptoms may be similar to newrological (type IT)
DCS,

Air consumption rate: See SAC, surface air con-
sumption, also see BMY, The amount or volume of
air or breathing gas a diver consumes per minute.

Adr embaolism: 5ee AGE, Arerial Gas Embolism

Adr: The ambient atmospheric gas, the gas we breathe
at sea level or compressed into scuba fanks.
Consists of 21% oxygen, TB% nitrogen, and the
balance as trace gases including argon, carbon
dicxide, neon, and others. For industrial purposes
air is described as confaining 19.5 w 23.5% oxy-
gen, balance nitrogen.

Alporithm: A formula or methoed, wsed here for the
mathematical model or set of equations used to
compute decompression tables.

Ambient pressure: The surrounding pressure. Under
normal surface condidilons this is one atmosphere.

Analysis, gas: The precise messurement of gas com-
ponents in & breathing mixture. Most diving opera-
tions will analyze for oxygen only.

ATA or ata; Occasionally wsed for atmospheres
absolute, preferrably abbreviated atm or aim abs,

Atmosphere, atm: As used here, the pressure of the
earth’s atmpsphere at sea level, 101,325 kilopascals
(kPa), 7600 millimeters of mercury (mmHg) or
14.6%6 pounds per square inch (psi). Used as a unit

for expressing gas pressures and partial pressures.

Atmosphere absolute, atm abs: Atmospheric pres-
sure referenced fo Zero pressure.

Back gas: (also see Bottom Mix) the gas the technical
diver carries on his back; the gas breathed on the
bottom.

Bends: Sec DS,

“Best mix"': A gas mix chosen to optimize oxygen for
efficient decompression yet minimal toxicity risk.

Bottom mix: Breathing mixiure used at the deepest
portion of & dive.

Bottom time: Time from the moment of descent to
the beginning of ascent,

Bovle’s law: The phenomenon of gas volume chang-
ing a5 a result of pressure changes. “For any gas at
& constont temperature, the volume will vary
inversely with the absolute pressure while the den-
sity will vary direcily with the absolute pressure.”

Buddy breathing: An emergency out-of-air proce-
dure in which two divers share one sccond stage
regulator and gas source while ascending io the sur-
face.

Ceiling: A minimum depth to which a diver may
ascend, or the fowest pressure, =il staving within
the limits of the computer or decompression table,

Charles' Law: The volume of 2 gas at constant pres-
sire varies directly with the lemperature,

Chemical potential: The potency or effectivencss of
# chemical svstem. May be applied to individual
gases as to their behavior in a mixture or as & func-
tion of pressure or partial pressure,

CH5 oxygen toxicity: The toxic effects of breathing
high-pressure oxygen on the central nervous sys-
tem, May manifest as an epileptic-like comaulsion
that is dangerous to o diver because it may cause
drorwming.

CN5: Central nervous system



NAUI it A Gide o i with Oxygen Eviched i

CNS oxygen “clock™: (see O limit fraction) the per-
centage of the maximum allowable exposure limit
io oorygen of various partial pressures, according o 3
prescribed limit. The NOAA limits (MOAA Diving
Manual, 1991} are frequently used in enriched air
diving,

Contingency maximum operating depth: The depth

range for a specific gas that gives an oxygen partial
pressure bebwcen 1.4 and 1.6 atm.

Continuous fow mixing: A methed of blending oxy-
gen enriched gas whereby oxygen is mixed with air
in the intake of an oil-free compressor and com-

pressed as a pas mix, using on-line oxygen analysis,

Convalsion: A complex muscle spasm incorporating
the whole body. Can be initiated by breathing oxy-
gen ol physiolgically high partial pressure, The con-
vulsion in itself is not life threatening, but underwa-
ter & convulzion can lead o drowning,

Custom tables: Mormally unpublished diving decom-
pression tables that have been formulated for a spe-
cific diving operation using specific gas mixes (o
optimize bottom time and produce an efficient
decompression,

Cylinder markings: For oxygen enriched air the sfan-
dard for scuba tanks is a vellow tank with a green
band, Cylinders alse have information about the
cylinder ifself stamped into the metal. The
Compressed Gas Association recommends that col-
of alone not be used for identifying a cylinder’s con-
tents, only the label, because the color coding prac-
tice is not uniform.

Cylinder dedication: Specifying and properly identi-
fring a scuba cylinder for use with a specific pas, A
dedicated enriched air cylinder would require that it
be properdy labelled and cleaned for that use,

Dalton’s Law: “The tofal pressure exerfed by a mix-
ture of gases is equal to the sum of the pressures
exerted by each of the gases if it alone were present
and oecupied the volume."

DCAP; (Decompression Computation and Analysis
Program} Hamilton Besearch’s proprietary comput-
er program I0 generate decompression fables, Used
for decompression for military, industrial, scientific,
fechnical and recreational diving,

DCIEM: Defense and Civil Institote of Environmental
Medicine, Canada. DCIEM has izsved a well-
respected set of air tables and & protocol for using
them with oxvgen enriched air,

DCS: Decompression sickness. A condition caused by
inert gus {nitrogen) bubbles forming in the body
when a diver ascends too quickly. Also known as
the bends, The onset of DCS can be within minutes
of the ascent, though it usually ocours within 1 to 3
hours and occasionally vp o 24 hours or even
longer.

Decompression: The reduction of pressure or the release
from compression, As used in diving decompression
means a controlled recuction of pressure or ascent
the water,

Decompression sickness: (DCS, Bends) A condition
caused by gas buhbles (typically nitrogen ) forming
in various paris of the body when a diver ascends
10 quickly, thus does not decompress properly.

Decompression station: A dry or partially dry cham-
ber or flexible, air-filled confainer suspended
underwater for decompression. Divers climb fully
or partly into the gas space, getting out of the water
for decompression. This allows the diver to siay
warm and provides a better environment for breath-
ing decompression gases. Sometimes divers call
these “habitais™ because they resemble underscater
living chambers, See habiiat,

Demand regulator: A device that delivers com-
pressed gas upon inhalation “on demand.”

DIN;: (Mamed for Deutsches Instinat fur Mormung, of
Crerman Instiote for Standards) Valve and regula-
tor fittings featuring the “captured o-oing"” design
whereby the regulator is screwed into the cylinder
valve. Adapiable to higher pressure ratings, typical-
Iy in excess of 3000 psi, In Germany, all scuba fit-
tings meet the DIN 477 valve spee, even the lower
pressure scuba fttings. Currently the most reliable
type of scuba valves.

Dive computer: An electronic device that monitors
tire and depth and uses a a mathematical algorithm
to display time, depth and decompression informa-
tian.

Dive planning software: Computer software that
wllows a diver o plan no-stop and decompression

profiles.

Dwppler bubble detection: An uliasonic device that
uses ulirasonic sound to monitor gas bubbles maow-
ing through ihe bloodsiream, The “Doppler™
method only detects moving bubbles, Doppler bub-
ble detection 15 a useful research tool in studying
the bubblzs of decompression, some of which may
lead w svmploms of decompression sickness.



DPV: A diver propulzion vehicle used to fransport an
untethered diver under water, usually battery pow-
ered.

Drift decompression: An open water procedure
whereby a diver conducts decompression while
drifting with the current below a surface marker or
buoy,

EAD: Equivalent air depth,

EAN: Enriched air nitrox {see oxygen ennched air) An
oxygen-nitrogen mixture confaining more than 21%
OXYREIL

EANxX: A way to express a specific enriched air mix, A
mixture that contained 32% oxygen would be
expressed as EAN3Z,

Elecirochemical oxvgen sensor: A sensor that uses a
vipltage and specific electrodes o break up oxygen
into components that can be measured electrically.

Empirical: Drata, judgements, or information based on
EXperience,

Enriched air nitrox: (see; EAMN, oxygen enriched air)
Any oxyzen nitrogen mixture containing more than
21% oxymen.

Egquipment conversion: Method by which equipment
is cleaned and prepared for oxygen or enriched air
use.

Equivalent air depth (EAD}: The depth using air that
Ias the same nitrogen partial pressure as the enriched
air being used for the dive. For example, using an
enriched air mixture containing 32% oxygen a diver
who is at 110 fsw 15 exposed o an inert gas level
eopuivalent o 90 fsw,

ESA, Emergency Swimming Ascenl: An indepen-
dent, emergency ascent made upon depletion of the
diver's wir supply. Also referred to as an emergency
out of air ascent or a swimming ascent.

Fire trianglhe: the three ingredients peeded 1o start and
keep a fire burning; oxygen, fuel, and a source of
ignition,

Fraction: F, the fraction of a gas as used in mathemat-
il equations, Eg: F = 0,32 is cquivalent to 32%.

fsw (msw): Depth messured in feel of sea water,
Defined as 1/33 of a standard atmosphere, or (L0307
kPa, When used in this text the corresponding met-
ric conversion is also made. The conversion factor
between few and msw i5 3.2568 Bw per msw,

Fuel cell: In this context, one type of electrochemical
sensor used to anaylze for oxypen.

Full-face mask: (FFM} A diving system with the regu-
Lator built into a diving mask that completely covers
the face, nose and mouth. Provides extra safety mar-
gin with high oxygen exposures (helps prevent
drowning in case of a seizure) and is easily adaptable
to communication units.

Gaz laws: the phivsico-chemical laws that predict how
a gas will behave with changes in pressure, tempera-
fure, and volume.

(Gas analysis: A procedure whereby the fractions of gas
ini @ breathing mixture are determined, Generally it is
used to determine the percentage of oxygen in & mix,
Most diving operations will analyze for oxygen only.

(ay-Lussac's Lave: The pas law that the pressure of a
gas al a constant volume is directly proportional to
the absolute temperature, This is the phenomenon that
causes gas to get warm when compressed in a scuba
tank.

Habitat: An underwater dwelling for divers in satura-
tion. Divers may be supported for exiended periods
of time to accomplish work objectives and then be
decompressed. See also decompression station,

Haldane: John Scott Haldane, & Scottish physiclogist,
who in the very early part of the 20th century devel-
oped methods of defermining gas loading and
unloading inio tissues for the creation of decompres-
sion schedules from compressed gas dives.

Half time: The exponential rate ol which various theo-
refical tissue compartments on-gas and off-gas, The
times represent the number of minutes if takes for an
individual compartment {or tissue group) to fill Lo
50% of its capacity to hold a given gas.

Henry's law: “The amount of gas that will dissolve in a
liquid a1 a given temperature is directly proportional
ti the partial pressure of that gas,”

Hookah: A surface-supplied compressed air or gas
apparatus which delivers breathing gas o a diver
through a hose. Typically used for shallow water,
seallop and lobater diving, but is also used in recre-
ational diving for the delivery of gas for safety or
decompression siops.

Hypaothermia: A condition in which the deep tissue or
core temperature of the body falls below the normal
physiological range, approximately 94°F (35°C)
rectal. Also used to mean any condition where heat
his been lost from the body.
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Hypoxia: A condition brought on due o an insuffi-
cient partial pressure of cxygen (POz) in a breath-
ing gas, There are several physiological manifesta-
tions of hypoxia leading o o failure of the Hssues o
receive sufficient oxygen.

Ideal gas laws: The rules that apply to all gases in
geoeral, but the behavior of specific gases varies
slightly from the general rules, The rules are said o
apply to a hypothetical “ideal” gas,

Inert pas narcesis; Loss of judgment and cognitive
skills caused by the narcotic effect of the inert gases
and probably oxygen components of breathing gas at
elevated pressures (e, at depth), The condition is gen-
erally alleviated upon ascending, or by changing the
mixture ratios o reduce the pariial pressure of the
offending gas or gases. Argon, nitrogen and hydrogen
are known o be narcodic, but helium and neon are not.

Intermediate mix: A gos mixture used for decompres-

sion between the bottorn mix and the final oxveen
deCOmMpressinn.

Instantaneons descent: A hypothetical mechanism
whereby the boftom time staris the instani descent
begins. Used when calculating tables to enable the
diver o ascend without regard to rate, Descent time
ig part of the bottom time.

Letber group: A letter svmbaol for the residual nitrogen
remaining in the body from previous dives.

Martini's Law: A facetious gas “law™ described by
Capl, Jacques Cousteaw that equates the narcotizing
effect of nitrogen to one dry martind for every 50 fsw
{15 msw).

Maximum dive time; (MDT) The no-stop or no-
decompression time of limits (MDL). The length of
time that may be spenl at a given depth withous
being required o maks a mandatory decompression
stop.

Maximuom operating depth: (MOD) The maximuom
depth a particular gas can be used without exceeding
an oxygen boxicity limit, based on the partial pres-
sure of the oxyeen at depth, In NAUT praciice the
depth at which the POs of the mix reaches 1.4 atm.

MDT = no-stop limit: Maximum dive time, the time
allowed without requiring a decompression siop,
from the moment of descent o beginning of ascent.

Membrane separation: Separation of gases by forcing
them umder pressure through a differentially perme-
ablz membrane; the pases pass through at different
rates so they can be separated.

MOD: Maximum operating depth, which see. The
deepest a mix can be used withoul exceeding an oxy-
gen exposure fimit.

msw: Meters of sen water, A mew 15 defined as 100 bat
or 100 kPa, 3.2568 faw = | msw.

Multilevel dive: A type of dive that does nol conform
to a maximum depth and time square-dive profile.
Ideally, such dives are conducted with the deepest
sections first and then the diver ascends progressive-
by 1o various shallower depihs,

Marcesis: See nifrogen narcosis and inerl gag narco-
sis,

Mitrogen narcosis: Loss of judgment and cognitive
skills coused by the nitrogen and probably oxygen
components of breathing gas af clevated pressure
(i.e. at depth). The condition is alleviated wpon
ascending, Also known as “Rapture of the deep” A
form of inerl gas narcosizs, With air, narcozis can be
encountered at depths as shallow as 70 fawr (21
msw ], and the narcosis becomes seriously debilitai-
ing s pressure increases; for most individuals this
15 below about 150 few (45 msw).

Mitrogen: Makes up approximately T8% of the air we
breathe; the pas responsible for narcosis and DCS
when diving on compressed air,

Mitrox: (also see EAN and Oxygen Enriched Air) A
non-specific term often applied 1o a breathing gas
mixture of nitrogen and oxygen, Generally means
the oxygen percentage is in the range of 21-50%. In
habitat diving nitrox has always meant 5n ogygen

percentage less than 21%,

Mo-decompression: A dive that does notb reguire a
decompression stop, The erm “no-2top” 15 pre-
ferred to remind divers that all dives involve
decompression, even though stops may not be
needed.

No-stop dive: A dive that does not require a decom-
pression stop.

{ limit fraction: (sec CHS "oxvgen clock™) The per-
cenfage of the maximum allowable exposure limif
o oxygen ab various partial pressures, using a spe-
cific set of limits.

DCEANx calcnlator: A NAL product that allows a
diver to determine oxygen exposure limits and to
perform equivalent air depth conversions for
entiched air mixtures; non-electronic.
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Omitted decompression: A condition whereby a diver
hag pot performed its required decompression time.

Open civcuit: Breathing equipment that allows
exhaled gas to be vented out of the system into the

pimosphers.

OTU: (Oxyvgen Tolerance Unit) A wnit of measure 0
describe exposure to oxvgen, with concern for
whole-body toxicity, usually over an extended peri-
od of time. OTLU are calculated by ihe same equa-
tkon used for the alder units CPTD and UPTD.

Oxygen administration training: Training for the
practice of administering oxygen by mask as first
aid in diving accidents,

Oxygen service: A condition of equipment that is pre-
pared for oxyeen use, including the use of oxvgen-
compatible materials as well as being ooygen clean.

Oxygen clean: Refers to the cleanliness of a system or
component, or more specifically, to the absence of
contaminants. Contaminants vary buf the most seri-
ous are those that act as a source of combustion such
as oil, grease, paint, fingerprints, soot, lint, dust,
metal partiches, rust, cleaning solvents, and cleaning
detergents. New scuba equipment is generally NOT
oxygen clean.

Oxygen cleaning: The process by which equipment 15
prepared for oxypen service, “Formal oxygen clean-
ing" foflows very sirict cleaning, handling, and doc-
umeniation procedures. “Informal oxygen cleaning™
uses the same cleaning technigques bul with less rig-
orpus procedures for monitoring and documents-
tioa.

Oxypen compatible lubricant; A lubricant designed
o be used in oxvgen environments that does mot
burn in high pressure oxygen. Products like
Christolube, Ervtox, and Halocarbon, are compati-
ble lubricants. Silicone is not & compatible lubri-
cant.

Oxypen Enriched Air: OEA (see EAN and nifrox),
Adr that has been enriched with oxygen to a percent-
age above 21%. Typical OEA mixtures for recre-
ational diving are 32% and 36% oxygen,

Oayvgen exposure lmit: Maximum time on a singe
dive that the diver can be exposed to a cerfain partial
pressure of oxyegen without exceeding a particular
limit or set of limits.

Dxygen toxicity: Short or long term physiological
effects of elevated partial pressures of oxygen.

Oxveen poisoning, Also referred o as TS or
“whole body” or pulmonary oxygen toxicity. See
also OTLL

Partial pressure: The portion of the total gas pressure
exeried by o single gas in a breathing mixfure,
Expressed as Pg for a given gas "g," or PCh in the
case of oxygen.

Partial pressure mixing: A mixing method by which
ases are combined in & pressure vessel using pro-
portions of each gas to determine the composition
of the resulting mixture, Each pas is added so thai
ils partial pressure gives it the desired fraction of
the resulting mix. A common method for mixing
oxygen enriched air

P0):: Partial pressure of oxygen. It is recommended
that the exposure nod be allowed o exceed this level,

Pressure: The force acting on & unit of arca.

Pressure, ahsolute: {sce also atm) A pressure mea-
surement referenced to zero pressure, Absolute
pressure is the total pressure from all sources;
includes water (hydrostatic) and air (atmospheric)
pressure.

Pressure, athmospheric: (see also atm) The measure
of the weight of the surrounding column of air at
sea level. One atmosphere is equal to 100.325 kPa,
14.69% psi, 33.00 fsw, 34 feet of fresh water,
Tolmm Hg (mercury)

Pressure gradient: The difference in pressure
between two separate locations, Used in diving to
describe the driving force on a gas that causes it to
move inor oul of a body compartment,

Pressure swing absorption: A method of separating
gases using differential absorption properties on &
porous material, usually molecular sieve. The pres-
sure swing involves alternating between pressuriz-
ing and evacuating the sieve bed.

Profile: A time, depth, and breathing gas plan or
review of a dive,

Rebreather: A device that allows a diver’s exhaled
gas to be replenished and reused. Typical
rebreathers allow a diver 1o uze significanily less
gas than is used with open circoit breathing equip-
ment. Rebreathers alzo result in few bubbles,

Repetitive dive: Any dive following a previous dive
within a particular time frame. According to MAUL
any dive within 24 hours of a previous dive is a
repetifive dive,
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Residual nitrogen: The nitrogen remaining in the
body as a result of previous dives.

Residual nitrogen time, BNT: The time o be consid-
ered in planning & repetitive dive dus to nitrogen
remaining in the body from previous dives within
the last 24 hours,

RMY, respiratory minute volume: The amount of
air that is consumed in ooe minute, usually refer-
enced to the rate at the surface. This is expressed in
vilume units such a2 cubic feet or liters per minute,
of &5 pressue drop in the cylinder.

Rule of thirds: A rule used primarily by cave and
wreck divers that states that the dive should be
“turned” and exit begun when 173 of the gas supply
has been used. This leaves enough pas for the diver
to reach the exit with an equal reserve for the buddy,

Safety stop: A precautionary delay in asceni from a
no-stop dive. The safety stop is usually fzken at 15
E=w (5 msw) for 3 (0 5 minutes at the end of every
dive. Strongly recommended for all no-stop dives,

Saturation: In diving, the exposure condition such
that additional time at depth does not increase the
decompression time, As applied to an individual
compartment, when it has absorbed all of & given
gas at a given pressure that it can, it is considered
saturated.

Schedule: One depth-time-gas combination for
decompressing from a single dive exposure,

Scooter: Diver propulsion vehicle; see DPY,

Side mounts: Scuba cylinders carried on the sides or
front of & diver, Side mounts are used in cave div-
ing to case passage through small openings. They
are also uzed (o carry addifional pases on technical
dives, vsually that used for decompression. Also
called wing tanks,

SIT, surface interval Hme: See surface interval,

Solubility: (sze Henry’s Law) the parameter describ-
ig how much of a specific gas will dizolve in a
specific ligquid under specified conditions.,

Square profile dive: A type of dive that involves
going to one particular depdh and staying there for
the enfire bottom time and then ascending to the
surface without time at other depths, with the
exception of safety and decompression siops,

. omw
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Surface air consumption rate, 8AC: (sce RMY) The
rale of underwater gos consumplion converied 10 an
equivalent surface rate, roughly equivalent io *sian-
durd” conditions, Measured in volume units such as
cubic feet or liters per minute, but may also be
reluted to pressure drop in the scuba cylinder

Surface interval: The time spent on the surface
between dives, In praciice, this musi be af least 10
minutes, A minimum surface interval of one hour is
strongly recommended. Also used for the period on
the surface in the “surface decompression™ technigque.

Table: A sct of time-depth-gas procedures for decom-
pressing; also called a schedule. A table is a set of
individual schedules.

Techmical diving: A mode of diving using advanced
technigques, equipment, and training, usually used
for diving beyond the traditional scuba range, A
“technical dive™ by definition involves the use of
twir o more gas mixtures or a rebreather. The term
has been applied to rebreather diving for several
decades, mainly in Britan.

Thermal profection: Device or clothing wom by a
diver to show down loss of heat from the diver info
the water, typically a wet suit or dry sait.

Treatment: Vernacular o deseribe therapy of decom-
pression illness and ofher gas lesion diseases with
pressure and oxygen.

TNT, todal nitrogen fime; The sum of residual nifro-
gen time from previous dives and the planned bot-
tom time for the next dive. Used for obtaining a let-
ter group on NAUI Table 1for a repetitive dive,

Trimix: A breathing mixture of three gases, usually
oxvgen, belivm and nitrogen.

Untethered: Describes a diver who is not tied to the
surfuce by either o safety line or an umbilical which
might include brepthing gas and hard-wired com-

munications.
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Reference: Tables and Charts

Procedures for using NAUI diving lables

The NAUI Air and EAN diving tables specify procedures for maximizing their effectiveness while minimizing risks.
These are standard procedures to be used when diving with NAUI diving ables,

Maximum Descent Hate:
75 f=w per minute (23 msw/min}

Maximum Ascent Rate:
30 f=w per minute (Y mewmin

No-Stop Bottom Time:
Bolom time is considered from the time a diver
lzaves the surface to the time she leaves the bodtom
(For a direct ascent @0 the surface],

ADT:
Actual Dive Time - The time from the moment of
descent until returning to the surface

Safety-Stop:
A safety stop of 3 to 5 minetes is taken at 15 faw (3
msw ) on all dives deeper than 60 fsw {18 msw) and
om all repetitive dives deeper than 15 fsw {5 msw)
of any depih.

Cold or Strenuous Dives:
If a dive is particularly cold or streouous use the
nexl preater dive time o determine your repefitive
group. For example. if you are cold during a dive to
27 meters (90 f1,) for 20 minutes, consider the dive
schedule as 27 meters (940 1. for 25 minutes.

Repetitive Dives:
A repetitive dive 15 any dive that has been made less
than 24 hours after a previous dive. Repetitive dives
are o be at the same o progressively shallower
depths.

Short Surface Interval:

Whenever a surface interval of less than ten minutes
aceurs the two dives ane io be considered as one sin-
gle dive and the dive schedule for the despest dive
for the total time is o be used,

Flying After Diving:
Wait at least 12 hours after a single no-stop dive
within a 24 hour period before flying. Wait at least
24 hours affter any dive requiring decompression or
any Tepeiitive dive.

Altitude Diving:

The NAUI diving tables may be utilized to 1000
feet (300 meters) elevation, For diving at higher ele-
vations, use EAD with aliitude tables or a dive com-
puter that has an altitude adjustment.

Omitted Decompression:

In the unlikely event o required decompression was
omitted, there are two possible procedures that
can be utilized depending on the circumsiances,
These are discussed in Chapter 13 in detail.
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A Guide to Diving with Oxygen Enriched Air

EQUIVALENT AIR DEPTH CONVERSION and MOD
PERCENTAGE OF OXYGEN AND ACTUAL DEPTHS (FSw)
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Figure 8-7. Equivalent Air Depth Conversion and MOD chart. Enter the chart at oxygen percentage, move down the column to
the depth or next greater depth of the dive. Move across to the left or right to find the Equivalent Air Depth for use with the NAUI
air diving table (or another air table). Maximum Operating Depth (MOD) of each oxygen percentage is indicated at the bottom,
the standard limit at 1.4 atm PO, and the contingency limit at 1.6 atm.

PARTIAL PRESSURE OF OXYGEN, P02, atm

Basep on DeptH AND PERCENTAGE OF OXYGEN (FO2)

Depth atm
fsw msw abs

0 0 1.00 | 021 | 028 | 029 | 0.30 | 0.31 | 0.32 | 0.33 | 0.34 | 0.35 | 0.36 [0.37 |0.38 | 0.39 | 0.40
35 | 10 | 2.05| 043 | 057 | 059 | 0.62 | 0.64 | 0.66 | 0.68 | 0.70 | 0.72 | 0.74 | 0.76 | 0.78 | 0.80 | 0.82
40 | 12 | 221 | 046 | 0.62 | 0.64 | 0.66 | 069 | 0.71 | 0.73 | 0.75 | 0.77 | 0.80 |[0.82 | 0.84 | 0.86 | 0.88
50 | 15 | 252 | 053 | 070 | 0.73 | 0.75 | 0.78 | 0.80 | 0.83 | 0.86 | 0.88 | 0.91 | 0.93 | 0.96 | 0.98 | 1.01
60 | 18 | 282 | 059 [ 0.79 | 0.82 | 0.85 | 0.87 | 0.90 | 0.93 | 0.96 | 0.99 | 1.01 |[1.04 | 1.07 | 1.10 | 1.13
70 | 21 | 312 | 0.66 | 0.87 | 091 | 0.94 | 097 | 1.00 | 1.03 | 1.06 | 1.09 | 1.12 |1.15 | 1.19 | 1.22 | 1.25
80 | 24 | 342 | 072 | 096 | 0.99 | 1.03 | 1.06 | 1.10 | 1.13| 1.16 | 1.20 | 1.23 |1.27 | 1.30 | 1.34 | 1.37
90 | 27 | 3.73| 078 | 1.04 | 1.08 | 112 | 1.16 | 119 | 1.23 | 127 | 1.30 | 1.34 |1.38 | 142 | 145 | 1.49
100 | 30 | 403 | 0.85 | 113 | 117 | 1.21 | 1.25 | 1.29 | 1.33 | 1.37 | 141 | 145 1149 | 153 | 157 | 1.61
110 | 33 | 433 | 091 | 121 | 126 | 130 | 1.34 | 139 | 143 | 147 | 152 | 1.56 | 1.60
120 | 36 | 464 | 097 | 1.30 | 1.34 | 1.39 | 1.44 | 148 | 1.53 | 1.58
130 | 39 | 494 | 104 | 1.38 | 143 | 148 | 153 | 1.58

21% 28% 29% 30% 31% 32% 33% 34% 35% 36% 37% 38% 39% 40%

eference

- Figure 5-4. Partial pressure of oxygen chart. Body of chart has PO values for various mixes at a range of depths. Standard 32

R 6 and 36% mixes are in light grey. PO; levels higher than 1.4 atm should be avoided and are shown fo contingency purposes only,
A

darkened.



' Percentage of Oxygen at Various PO, Levels

fsw
40
45
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55
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7
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30
32
33
35
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Reference: Tables and Charts

atm
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Figure 5-5. Mix selection chart. Choose the desired upper PO> limit, then intersect with the row having the tar-
get dive depth. This percentage is the oxygen in the mix to get the chosen PO». Avoid using 1.5 and 1.6 levels.
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A Guide to Diving with Oxygen Enriched Air

NOAA Oxygen Exposure Limits

PO, Maximum single Maximum
atm exposure, min. per 24 hr.
1.60 45 50
1.55 83 165
1.50 120 180
e s 180
1.40 150 180
18 165 195
1.30 180 210
125 195 25
1.20 210 240
1.10 240 270
1.00 300 300
0.90 360 360
0.80 450 450
0.70 570 570
0.60 720 720

Figure 4-3, 5-2, 8-1. NOAA oxygen exposure limits. Table gives limits in min for a single PO exposure level, and for
each day (24 hr). (NOAA diving manual, 3rd ed., 1991).

Single Dive Oxygen Exposure as a Percentage of NOAA Limits
NOAA

Oxygen  Single Dive Bottom Time, Minutes

POy atm Limit, min. 5 TOREL5 20 25 30 33 40 45 50 55 60
1.20 210 2% 5% 7% 10% 12% 14% 17% 19% 21% 24% 26% 29%
1.25 195 3% 5% 8% 10% 13% 15% 18% 21% 23% 26% 28% 31%
1.30 180 3% 6% 8% 1% 14% 17% 19% 2% 25% 28% 31% 33%
1.35 165 3% 6% 9% 12% 15% 18% 21% 24% 27% 30% 33% 36%
1.40 150 3% 1% 10% 13% 17% 20% 23% 2% 30% 33% 31% 40%
1.45 135 4% 7% 1% 15% 19% 2% 26% 30% 33% 31% 41% 44%
1.50 120 4% 8% 13% 17% 21% 25% 29% 33% 38% 2% 46% 50%
1.55 82 6% 12% 18% 24% 30% 36% 428 48% 55% 61% 61% 3%
1.60 45 1% 2% 33% 4% 56% 67% 718% 8% 100% [

Figure 4-4. CNS Oxygen Exposure Table; percentage of NOAA “allowable” limits for a single dive. Note the 1.6 atm PO: level; the “oxy-
Beference gen clock” runs almost 4 times as fast at 1.6 atm as at a POz level of 1.4 atm. PO2 levels higher than 1.4 atm are shown for contingency
= purposes only. Values for intermediate 0.05 atm POz values are linearly interpolated. Values in main table are rounded normally.
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Helerence: Tables and Charts

Tank Scuba Cylinder Ghart

The chart illustrated here lists over 35 scuba cvlinders
that are currently available in the United States. Care
has been taken in its accuracy, though it 15 possible
that some have not been listed and for that we apolo-
gize. Specifications have been provided by the manu-
factures and are believed to be accurate, A profession-
al NALUT retailer will be able to assist in the comect

size and type for each diver, This chart gives some
useful data about scuba tanks, but it is missing fwo
iterns about each tank that would be more useful than
the information that is there. This would be the actual
physical fank volume, sometimes called “water vol-
ume,” and the manufacturer’s part numbers. We hope
that future editions will contain this information,

Outgide Length Welght Buoyance Buoyancy
Manufacturer Material Feet Pressure /Cu.FL Diameter Inches Lbs, Full/Lbgs. Empty/Lbs.

Cuble Servics Psi
Cataing Alurn G 3000 B0
Oms Sleel 13 Sal 185
Cataling Alum 13 A000 231
Luxhes Alum 13.2 3000 207
| Catafina Alum 19 2000 158
| Luxfar Alum 188 000 161
| Cataling Alum 30 3000 100
Liixfas Alurm 30 3000 100
Catalina Alurm 44 A0 Fil=
kS Steal 445 2400 52
Liixlar Alum 48.4 000 G2
- Catalina Alurm o 000 ar
| Catalina Alum &0 3300 55
Luxfer Alum &3 000
| Pressed Steel  Steel 65 3500
| OIS Steal i3 2400
| Cataling Alum &7 2000
FabarScubapro Steal  T1.4 000
Fabar/Scubapro Stesl 768 2640
Catalina Alurm T4 2300
Catalina Alum 774 000
Linbar Alum 7. 3000
Lunfer Alum  TB.2 3000

Pressad Siesl  Steal B0 3500
Taylor-Whartom  Stesl B0 2400

[ F E2 Steal BS 2400
Faber'Scubapro  Steel 85.1 2840
oS Staal =133 2400

Pressad Steel Steal 1001 3500
Pressed Steel Steal 104 2400

BHRERBRELEBEBESBRGEES

OMS Steal 112 2400 P
Prossed Steel  Steel 120 3500 24
Prassad Siaal Sheel 120 2400 20
HeisarBeauchat Sieal 120 190 27
OMES Sieal 125 2400 18
HesmerBeauchat  Steel 140 3180 3
HesanBeauchat Stesl 190 4400 23

3.20 11.0 28 1.3 0.9
3.80 14.0 £4 33 205
437 12,3 5.4 1.4 -0
4.38 13.1 58 1.8 0.6
4.7 17.1 75 A2 neutral
4,58 186 82 1.4 o1
525 200 137 2.3 neutral
4.88 219 118 4.0 1.2
5.25 245 15.7 1.1 1.8
5,80 230 176 -4.0 neutral
£.80 19.0  21.2 2.4 1.3
725 19.0 258 4.0 nautral
7.25 199 274 4.8 0.4
7.25 219 288 23 25
7.25 168 240 45 1.5
7.00 210 250 52 -1.87
7.25 237 325 -5.0 neutral
6.84 205 290 -11.3 -5.9
6.76 262 295 B5 1.7
T.25 251 350 -5.8 nauiral
7.25 258 MG L i 4.1
7.25 26.1 a7 1.8 41
B.00 208 852 38 2.2
7.25 198 270 5.5 1
7.25 240 340 i -1.89
7.00 2860 3.0 8.7 neutral
B.02 238  are 85 1.2
8.00 240 330 337 neulral
7.26 239 330 75 o
B.00 282 480 5.3 25
B.00 260 M0 8.0 |
725 2789 380 -10.0 1
8.00 204 520 7.0 2
B.03 2658 550 -26.4 -17.82
8.00 290 450 4.5 neutral
8.03 299 B30 -28.4 -18,04

803 a1.3 ar.o -G2.3 45,86

Seube Ovlinder Chart, courtesy of Warersporr Publizhing,
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ABOUT NANI

MAUT Worldwide is the world's oldest not-for-profit membership training
apency orgunized solely o suppod and promote dive salery through educa-
tion. Formed in 1960, the association is controlled by a Board of member
Dvirectors elected by the membership. MAUL Worldwide offers a full range
of fraining programs from Skin Diver through Instructor Course Director,
with dozens of specialized certification courses mcluding enniched air
nitrox and technical diving. Thousands of member Instructors, affiliated
stores, resors and service centers are located in scores of countres through-
oul the world. Visit the NAUI Worldwide internet web site at
hitp:/feww.nauiorg, call 813-628-6284, FAX 813-628-8253, or write
KaAUl Worldwide, 9942 Currie Davis Dr., Suite H, Tamp, FL 33619-2667,

LUTTER L
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