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FORWARD

Department of the Navy
Naval Sea Systems Command
1 October 1992

U.S. Navy Diving Manual, Revision 3 (NAVSEA (0994-LP-001-9010 and 9020)

Revision 3 of the U.S. Navy Diving Manual presents comprehensive information on air and
mixed-gas diving operations. The manual continues to be presented in two volumes: Volume 1
(Air Diving) and Volume 2 (Mixed-Gas Diving).

This revised manual contains new data and information from all groups within the Navy diving
community, and reflects state-of-the-artdiving capabilities of the U. S. Navy today. New equipments
appearing for the first time include the Underwater Breathing Apparatus (UBA) MK 20 MOD 0,
UBA MK 21 MOD 1, the Light Weight Diving System (LWDS) MK 3 MOD 0 and the Transportable
Recompression Chamber System (TRCS). New appendices have been included to increase the data
available to users in the Fleet. Particular attention is directed to the changes in the deployment of
standby divers in ships husbandry diving, changes in treatment tables and new correction factors
and guidance relating to the use of pneumofathometers.

Diving equipment, capabilities and techniques are ever changing and today’s information may soon
be overtaken by new advances. This manual provides the best information available today, however
it will be updated periodically to reflect the myriad of changes anticipated in the years ahead.

We wish to thank the large number of fleet divers that provided input to this revision. Their review
has enabled us to produce a significantly better product in a more usable format. Particular thanks
are extended to CAPT Ed Flynn, CAPT Ed Thalmann, CAPT Claude Harvey, LCDR Sue
Trukken-Schreck, ENCM (MDV) Don Roberts, MMCM (MDV) Dave Buehring, MMCM (MDV)
Bobby Moore, HTCM (MDV) Lino Mattioni and HTCM (MDV) Dave Willette whose efforts
produced the real core of the changes to this volume. Thanks also to CAPT Dick Fiske, SUPSALV
for his leadership, assistance and encouragement. The real big gun, however, who pushed it along,
day in and day out and without whom it would still be just a huge pile of notes and disjointed
correspondence was our own GMCM (MDV) Billy Brooks. Well Done!

e

ALAN J. DIETRICH
Director of Diving Programs

Foreword i
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SAFETY SUMMARY

STANDARD NAVY SYNTAX

Since this manual will form the technical basis
of many subsequent instructions or directives,
it utilizes the standard Navy syntax as pertains
to permissive, advisory, and mandatory lan-
guage. This is done to facilitate the use of the
information provided herein as a reference for
issuing Fleet Directives. The concept of word
usage and intended meaning which has been
adhered to in preparing this manual is as fol-
lows:

“Shall”” has been used only when application
of a procedure is mandatory.

“Should” has been used only when applica-
tion of a procedure is recommended.

“May” and “need not” have been used only
when application of a procedure is discre-

tionary.

“Will” has been used only to indicate futu-
rity; never to indicate any degree of require-
ment for application of a procedure.

The usage of other words has been checked
against other standard nautical and naval termi-
nology references.

GENERAL SAFETY

This Safety Summary contains all specific
WARNINGS and CAUTIONS appearing else-
where in this manual, and are referenced by page
number. Should situations arise that are not cov-
ered by the general and specific safety precau-
tions, the Commanding Officer or other

Safety Summary

authority will issue orders, as deemed necessary,
to cover the situation.

SAFETY GUIDELINES

Extensive guidance for safety can be found in
the OPNAV 5100 series instruction manual,
Navy Safety Precautions.

SAFETY PRECAUTIONS

The WARNINGS, CAUTIONS and NOTES
contained in this manual are defined as follows:

WARNING

Identifies an operating or mainte-
nance procedure, practice, condition,
or statement, which, if not strictly ob-
served, could result in injury to or
death of personnel.

CAUTION

Identifies an operating or maintenance
procedure, practice, condition, or state-
ment, which, if not strictly observed,
could result in damage to or destruction
of equipment or loss of mission effec-
tiveness, or long-term health hazard to
personnel.

NOTE
An essential operating or maintenance

procedure, condition, or statement,
which must be highlighted.

XXXV



WARNING

Breathholding and skip-breathing
frequently lead to hypercapnia and
are not to be used at any time (page
5-28).

WARNING

During ascent, the diver without the
mouthpiece must exhale to offset the
effect of decreasing pressure on the
lungs which could cause an air embo-
lism (page 5-34).

WARNING

This relief valve gag valve must re-
main in the open position at all times
during normal chamber operation
and when chamber is secured. Close
only in the event of relief valve failure
and chamber depressurization is im-
minent (page D-13).

WARNING

This procedure is to be performed

with an unmanned chamber to avoid
exposing occupants to unnecessary
risks (page D-13).

WARNING

Fire/Explosion Hazard. No matches,
lighters, electrical appliances, or flam-
mable materials permitted in cham-
ber (page D-22).

XXXVi

CAUTION

Avoid overinflation and be aware of the
possibility of blowup when breaking
loose from mud. It is better to call for aid
from the standby diver than to risk
blowup (page 6-24).

CAUTION

Never attempt to interpolate between de-
compression schedules (page 7-7).

CAUTION

If the tender is outside of no-decompres-
sion limits, he should not be brought
directly to the surface. Either take the
decompression stops appropriate to the
tender or lock in a new tender and de-
compress the patient leaving the original
tender to complete the decompression
(page 8-20).

CAUTION

In very cold water, the wet suit is only a
marginally effective thermal protective
measure and its use exposes the diver to
hypothermia and restricts available bot-
tom time. The use of alternative thermal
protective equipment should be consid-
ered in these circumstances (page J-4).

CAUTION

Prior to the use of variable volume dry
suits and hot water suits in cold and
ice-covered waters, divers must be
trained in their use and be thoroughly
familiar with the operation of these suits
(page J-5).
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high pressures needed to provide a practical air
supply existed.

Development of SCUBA took place gradually,
and over the years three basic types evolved:
open-circuit, closed-circuit, and semiclosed-cir-
cuit.

In the open-circuit apparatus, air is taken from
a supply cylinder, inhaled, and the exhaust is
vented directly to the surrounding water. The
basic closed-circuit system uses a cylinder of
100 percent oxygen which supplies a breathing
bag. The oxygen used by the diver is recircu-
lated in the apparatus. It passes through a chemi-
cal filter which removes carbon dioxide, and
additional oxygen is added from the tank to
replace that which is consumed in breathing.
For special warfare operations, the closed-cir-
cuit system (oxygen rebreather) has a major
advantage over the open-circuit type. It does not
produce a telltale trail of bubbles on the surface.

The third basic type, semiclosed apparatus,
combines features of the other two systems.
Using a mixture of gases for breathing, the
apparatus recycles the gas through a carbon
dioxide removal canister and continually adds a
small amount of oxygen-rich mixed gas to the
system from a supply cylinder. The supply gas
flow is preset to satisfy the body’s oxygen de-
mand, and a part of the recirculating mixed-gas
stream, equal to the supply gas flow, is continu-
ally exhausted to the water. Because the quantity
of make-up gas is constant regardless of depth,
the semiclosed SCUBA provides significantly
greater endurance than open-circuit systems in
deep diving.

Two main paths of development were followed:
open-circuit and closed-circuit. The first and
highly necessary component of an open-circuit
apparatus was a demand regulator, designed
early in 1866. Patented by Benoist Rouquayrol,
the regulator adjusted the flow of air from the
tank to meet the breathing and pressure require-
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ments of the diver. However, since cylinders of
sufficient strength to contain air at high pressure
could not be built at the time, Rouquayrol
adapted his regulator to surface-supplied diving
equipment and the technology turned toward
closed-circuit designs. The application of
Rouquayrol’s concept of a demand regulator to
a successful open-circuit SCUBA was to wait
more than 60 years.

In 1878, the first commercially practical self-
contained breathing apparatus was developed
by H.A. Fleuss. It was closed-circuit and used
100 percent oxygen for breathing. Because the
system used only oxygen, the quantity of gas in
the tank did not have to be as great as it would
with compressed air (which is only about 21
percent oxygen). Thus, the need for high-
strength tanks was eliminated.

Unfortunately, at the time of his invention,
Fleuss was not aware of the serious problem of
oxygen toxicity caused by breathing 100 percent
oxygen under pressure. It was not until many
years later that researchers determined the maxi-
mum safe depth for use of 100 percent oxygen.

Two years after its invention, the Fleuss SCUBA
figured prominently in a highly publicized
achievement by an English diver, Alexander
Lambert. A tunnel under the Severn River had
flooded in 1880 and Lambert, wearing a Fleuss
apparatus, walked 1,000 feet along the tunnel,
in complete darkness, to close several crucial
valves.

As development of the closed-circuit design
continued, the Fleuss equipment was improved
by the addition of a demand regulator and tanks
capable of holding oxygen at more than 2,000
psi. By World War I, the Fleuss SCUBA (with
modifications) was the basis for submarine es-
cape equipment used in the Royal Navy.

In 1933, the thread of open-circuit development
was again picked-up when a French naval offi-
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ologists, and archaeologists have all gone un-
derwater, seeking new clues to the origins and
behavior of the earth, man, and civilization as a
whole. An entire industry based around com-
mercial diving has flourished, with the major
portion of activity in the area of offshore petro-
leum production.

During the post-war era, the art and science of
diving progressed rapidly, with emphasis placed
on improving existing diving techniques, creat-
ing new methods, and developing the necessary
equipment to serve these methods.

A complete generation of new and sophisticated
equipment took form, with substantial improve-
ments being made in both open-and closed-cir-
cuit apparatus. However, the most significant
aspect of this technological expansion has been
the closely-linked development of saturation
diving techniques and deep diving systems.

1-3.1 Saturation Diving. As divers dove
deeper and attempted more ambitious underwa-
ter tasks, the need for a safe method of extending
actual working time at depth became evident.

In virtually any deep diving operation, decom-
pression is the most time-consuming factor. For
example, if a diver were to work for an hour at
a depth of 200 fsw, he would then be required to
spend an additional three hours and twenty min-
utes in the water undergoing the necessary de-
compression. The time required to permit
dissolved gases to come out of solution and
leave the diver’s body increases markedly with
the depth and duration of the dive.

However, there is a point beyond which the
diver does not need additional decompression:
the point at which he becomes saturated with the
gases which make decompression necessary.
Once his blood and tissues have absorbed all the
gas they can hold at that depth, the time required
for decompression becomes constant. As long
as the depth is not increased, additional time on
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the bottom is free of any additional decompres-
sion.

If a diver had the means to remain under pres-
sure for the entire period of his required task,
whether it be days or weeks, he would face a
lengthy decompression upon completion of the
project. For a 40-hour task at 200 fsw, a diver,
if saturated, would spend five days at bo‘iom
pressure and two days in decompression -:
opposed to a total of 40 working days of sing:~
dives and lengthy decompression periods using
conventional methods.

The theory of saturation diving began with the
idea that there needed to be a method for length-
ening a diver’s bottom time. In a meeting be-
tween then Commander George F. Bond, U.S.
Navy and Captain Jacques-Yves Cousteau in
1957, it was decided that the necessary data to
prove the theory of saturation diving could be
developed at the U.S. Navy Submarine Medical
Center at New London where Dr. Bond vas
Officer-in-Charge. With the support of the U.S.
Navy, Dr. Bond initiated the Genesis project to
test the theory of saturation diving.

Using laboratory animals, goats and eventually
Navy divers, Dr. Bond was able to establish that
the theory of saturation was in fact a safe and
accepted method of long term exposures on the
ocean floor. With the loss of the submarine USS
Thresher the navy was interested in knowing
what saturation diving had to offer in deeper
submarine rescue and salvage. This existing
interest helped pave the way for further studies
in this new concept. Project Genesis proved that
men could sustain themselves for long periods
under pressure and what was then needed was a
means to put this concept to use on the ocean
floor.

At this point, the Office of Naval Research, the
Navy Mine Defense Laboratory and Dr. Bond’s
small staff of volunteers gathered in Panama
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DEEP DIVING SEQUENCE

PTC
>

DDC w l I

PTC mated to DDC

PTC at depth

PTC ready for deployment

| Ko

Figure 1-17. Operating Sequence of a Deep Diving
System.

Once his task is finished, the diver enters the
capsule, closes the hatch and returns to the sup-
port ship with the interior of the PTC still at the
working pressure. The capsule is hoisted
aboard, mated to the pressurized DDC, and the
divers enter the larger, more comfortable DDC
via an entry lock. The men remain in the DDC
eating and resting until they must return to the
undersea job site. Decompression is carried out
comfortably and safely on the support ship.

1-4 DIVING IN THE U.S. NAVY

The U.S. Navy is the forerunner in the develop-
ment of modem diving and underwater opera-
tions. The general requirements of national
defense and the specific requirements of under-
water reconnaissance, demolition, ordnance
disposal, construction, ship maintenance,
search, rescue, and salvage operations repeat-
edly give impetus to training and development.

1-14

1-4.1 Early History of U.S. Navy Diving.
The early history of diving in the U.S. Navy
parallels that of the other navies of the world.
Since the middle of the nineteenth century, the
Navy has employed divers in salvage and repair
of ships, in construction work, and in military
operations.

For the most part, early Navy divers were swim-
mers and skin divers, with techniques and mis-
sions unchanged since the days of Alexander the
Great. During the Civil War Battle of Mobile
Bay, swimmers were sent in ahead of Admiral
Farragut’s ships to locate and disarm Confeder-
ate mines that had been planted to block the
entrance to the bay.

In 1898, Navy divers were briefly involved in
an international crisis when the USS Maine was
sunk by a mysterious explosion while anchored
inthe harbor at Havana, Cuba. Navy divers were
sent from Key West to study and report on the
wreck. Although a Court of Inquiry was con-
vened, the reason for the sinking was not found.

The beginning of the twentieth century saw the
attention of all major navies turning towards
developing a weapon of immense potential - the
military submarine. The highly effective use of
the new weapon by the German Navy in World
War I heightened this interest, and an emphasis
was placed on the submarine that continues
today.

The U.S. Navy had operated submarines on a
limited basis for several years prior to 1900. As
American technology expanded, the U.S. sub-
marine fleet grew rapidly. However, throughout
the period of 1912-1939, the development of the
Navy’s F, H, and S class boats was marred by a
series of accidents, collisions, and sinkings.
Several of these submarine disasters resulted in
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a correspondingly rapid growth in the Navy
diving capability.

Until 1912, U.S. Navy divers rarely went below
60 fsw. In that year, Chief Gunner George D.
Stillson set up a program to test Haldane’s div-
ing tables and methods of stage decompression.
A companion goal of the program was to de-
velop improvements in Navy diving equipment.
Throughout a three-year period, first diving in
tanks ashore and then in open water in Long
Island Sound from the USS Walkie, the Navy
divers went progressively deeper, eventually
reaching 274 fsw.

The experience gained in Stillson’s program
was put to dramatic use six months later when
the submarine USS F-4 sank near Honolulu,
Hawaii. Twenty-one men lost their lives in the
accident and the Navy lost its first boat in 15
years of submarine operations. Navy divers sal-
vaged the submarine and recovered the bodies
of the crew. The salvage effort incorporated
many new techniques, such as the use of lifting
pontoons, but what was most remarkable was
that the divers completed a major salvage effort
working at the extreme depth of 304 fsw, using
air as a breathing mixture. These dives remain
the record for the use of standard deep-sea div-
ing dress. Because of the depth and the neces-
sary decompression, each diver could remain on
the bottom for only ten minutes. Even for such
a limited time, the men found it hard to concen-
trate on the job at hand. They were unknowingly
affected by nitrogen narcosis.

The publication of the first U.S. Navy Diving
Manual and the establishment of a Navy Diving
School at Newport, Rhode Island were the direct
outgrowth of experience gained in the test pro-
gram and the USS F-4 salvage. When the United
States entered World War L, the staff and gradu-
ates of the school were sent to Europe, where
they conducted various salvage operations
along the French coast.

History of Diving

The physiological problems encountered in the
salvage of the USS F-4 clearly demonstrated the
limitations of breathing air during deep dives.
Continuing concern that submarine rescue and
salvage would be required at great depth fo-
cused Navy attention on the need for anew diver
breathing medium. In 1924, the Navy joined
with the Bureau of Mines in the experimental
use of helium-oxygen mixtures. The prelimi-
nary work was conducted at the Bureau of
Mines Experimental Station in Pittsburgh,
Pennsylvania. Experiments on animals, later
verified by studies with human subjects, clearly
showed that helium-oxygen mixtures offered
great advantages over air for deep dives. There
were no undesirable mental effects and decom-
pression time was shortened. This early work
laid the foundation for development of reliable
decompression tables and specialized appara-
tus, which are the cornerstones of modern deep
diving technology.

One year later, in September of 1925, another
submarine, the USS S-51, was rammed by a
passenger liner and sunk in 132 fsw off Block
Island, Massachusetts. Public pressure to raise
the submarine and recover the bodies of the
crew was intense. Navy diving was put in sharp
focus and the Navy realized it had only 20 divers
who were qualified to go deeper than 90 fsw.
Diver training programs had been cut at the end
of World War I, and the school had not been
reinstituted.

Salvage of the USS S-51 covered a ten month
span of difficult and hazardous diving, and a
special diver training course was made part of
the operation. The submarine was finally raised

and towed to the Brooklyn Navy Yard in New
York.

Interest in diving was high once again and the
Naval School, Diving and Salvage, was reestab-
lished at the Washington Navy Yard in 1927. At
the same time, the Navy brought together its
existing diving technology and experimental
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1-5 SUMMARY

Throughout the evolution of diving, from the
earliest breath-holding sponge diver to the mod-
ern saturation diver, the basic reasons for diving
have not changed. The needs of national de-
fense, commerce, and science continue to pro-
vide the underlying basis for the development
of diving. What has changed, and continues to
change radically, is diving technology.

Each man who prepares for a dive has the op-
portunity and obligation to take with him the
knowledge of his predecessors that was gained
through difficult and dangerous experience. The
modern diver must have a broad understanding
of the physical properties of the undersea envi-
ronment. He must have a detailed knowledge of
his own physiology and how it is affected by the
environment. The diver must learn to adapt to

History of Diving

environmental conditions so that he can suc-
cessfully carry out his mission.

Much of the diver’s practical education will
come from experience. However, before he can
gain this experience, he must build a basic foun-
dation from certain principles of physics, chem-
istry, and physiology and he must understand
the application of these principles to the profes-
sion of diving.

The information required to build this founda-
tion, as well as specific details concerning U.S.
Navy operational methods and equipment, are
the subject of the following chapters of this
manual.

For a more comprehensive history of develop-
ments in mixed-gas and saturation diving tech-
nology see Chapter Nine, Volume Two, U.S.
Navy Diving Manual.
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CHAPTER TWO

UNDERWATER PHYSICS

2-1 INTRODUCTION

People readily function within the narrow at-
mospheric envelope present at the earth’s sur-
face and we seldom concern ourselves with
survival requirements. However, once outside
the boundaries of the envelope, the environment
is hostile and our existence depends on our
ability to counteract threatening forces. If divers
-are to function safely, we must understand the
characteristics of the subsea environment and
the techniques we can use to modify its effects.
Toaccomplish this, we must have a basic knowl-
edge of physics: the science of matter and en-
ergy and their interactions.

2-2 THE PHYSICAL WORLD

Matter and energy form the foundation of un-
derwater physics. Of particular importance to a
diver are the behavior of gases, the principles of
buoyancy, and the properties of heat, light, and
sound underwater.

2-2.1 Matter. Matter is defined as anything
that occupies space and has mass. Matter pos-
sessesinertia. This means that energy is required
to cause matter to change course or speed. Mat-
ter is the building block of the physical world.
It is the physical makeup of the diver and the
surrounding environment. The diver’s air sup-
ply and everything else that supports him is
composed of matter.

Scientists have identified more than 100 sepa-
rate varieties of matter, known as elements, that
make up the physical universe. An element is the
simplest form of matter which exhibits distinct
physical and chemical properties, and cannot be
broken down by chemical means into other,
more basic forms.

Underwater Physics

Elements are made up of atoms. Atoms are so
infinitesimally small that it would take more
than a million of them, laid side by side, to match
the thickness of this page. The atom is the small-
est particle of matter that carries the specific
properties of an element. Elements combine to
form the more than four million substances
known to man.

Atoms group together to form molecules. Mole-
cules usually exhibit properties different from
any of the contributing atoms. For example,
when two hydrogen atoms combine with one
oxygen atom, a new substance, water, is formed

(Figure 2-1).

H atom 0 atom
0, molecule H,0 molecule
(2 oxygen atoms) (2 hydrogen atoms
+ 1 oxygen atom)

Figure 2-1. Molecules. Two similar oxygen atoms com-
bine to form an oxygen molecule while the atoms of two
different elements, hydrogen and oxygen, combine to form
a water molecule.

Some molecules are active and try to combine
with many of the other molecules that surround
them. Other molecules are inert, and do not
naturally combine with other substances. The
presence of inert elements in breathing mixtures
is of particular importance in diving, as will be
shown later in the discussion of gas laws.

2-2.1.1 The Three States of Matter. Any ele-
ment or substance produced by the joining of
atoms can exist in one of three natural states:
solid, liquid, or gas.

2-1
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Chemical energy is stored within matter as a
result of its molecular formation. Common ex-
amples of chemical energy are coal, oil, and gas.
Their energies are released in the form of heat
during combustion.

Electrical energy is created by the interaction of
electrons (negative particles) and protons (posi-
tive particles). A battery is a source of stored
(potential) electrical energy.

Nuclear or atomic energy is the force that holds
the fundamental particles of the nucleus of at-
oms together. A nuclear power plant functions
by the breakdown of heavy nuclei into lighter
nuclei (fission) with an associated release of
vast quantities of heat energy in a controlled
manner to generate steam. Fusion is the joining
of two lighter nuclei to form a heavier nucleus.

The complete subject of energy - its measure-
ment, transformations, and uses - is a vast and
complex aspect of physics beyond the scope of
this manual. Consequently, only those aspects
of energy having special importance in diving
because of their unusual effects underwater are
discussed in this chapter. Among these are the
principles of light, heat, and sound.

2-3 UNITS OF MEASUREMENT

Physics relies heavily upon standards of com-
parison of one state of matter or energy to an-
other. Understanding and applying the
principles of physics requires that divers be able
to employ a variety of units of measurement.

Two systems of measurement of force, length,
and time are in wide use throughout the world.
They are the English System and the Metric
System. The English System, based upon the
pound, foot, and second, is commonly used in
the United States, but is being replaced through-
out the rest of the world with the Metric System.
The Metric System, originally developed in
continental Europe, employs the kilogram, me-

24

ter, and second as fundamental units of measure.
The Metric System is so widely used, particu-
larly in scientific work, that a diver sooner or
later will come in contact with it. The Metric
System has an advantage in that all its units are
so related that it is not necessary to use calcula-
tions when changing from one metric unit to
another. This system is based on decimals, as is
the American system of money. An American
can express a sum of money either in dollars or
in cents simply by moving the decimal point. In
the same way, the Metric System changes one
of its units of measurement to another by mov-
ing the decimal point, rather than by the lengthy
calculations necessary in the English System.
Conversion from one system to another may be
readily accomplished using the conversion fac-
tors in Appendix C.

2-3.1 Length. The principal metric unit of
length is the meter (39.37 inches). Smaller
lengths are measured in millimeters (mm) or
centimeters (cm). Greater lengths are measured
in kilometers (km).

Example: Convert one meter to centime-
ters.

Solution: Step 1. Move the decimal point
two places to the right.

1.00 meter = 100. centimeters

Example: Convert one meter to millime-
ters.

Solution: Step 1. Move the decimal point
three places to the right.

1.000 meter = 1000. millimeters
Example: Convert 10 feet to meters.

Solution: Step 1.

10 feet _
328 feet/meter — > 04 meters
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Example: Convert 10 meters to feet.
Solution: Step 1.

10 meters x 3.28 feet/meter = 32.8 feet

Example: Convert one kilometer to meters.

Solution: Step 1. Move the decimal point
three places to the right.

1.0 kilometer = 1000. meters

2-3.2 Area. The Metric System uses length
squared to measure area, as does the English
System. As in converting from one metric unit
of length to another, converting units of area is
merely a matter of moving the decimal point. In
- this case, it is moved twice as many places as in
measures of length. For example, 1.0 meter =
100.0 centimeters; 1.0 square meter = 10,000
square centimeters. In the English system, one
square foot is equal to 144 square inches.

2-3.3 Volume. Volume or capacity is ex-
pressed as units of length cubed. Conversion of
volumes from one metric unit to another re-
quires only moving the decimal point three
times as many places as in converting units of
length. For example, 1,662 cubic millimeters
equals 1.662 cubic centimeters. In addition to
cubic feet, the English System uses other units
of volume or capacity such as gallons and bush-
els. No simple relationship exists between these
units of volume and the cubic measurements,
and consequently calculations involve the uses
of numerous conversion factors. The metric sys-
tem uses the liter (about the same as a quart) for
similar purposes, but a liter equals 1,000 cubic
centimeters (cc) or 0.001 cubic meter (m3).

2-3.4 Weight. The kilogram (kg) is the stand-
ard metric unit of mass or weight. One kilogram
is defined as the mass of one liter of water or
about 2.2 pounds at 4°C. For smaller masses the
gram (g) and milligram (mg) are used.

Underwater Physics

Example:
grams.

Convert 180 pounds to kilo-

Solution: Step 1. 1 kilogram =2.2 pounds.

180 pounds
2.2 pounds/kilogram

= 81.8 kilograms

2-3.5 Pressure. Small pressures and partial
pressures of gases are usually expressed as the
height of a column of fresh water or mercury.
Conversion factors for commonly used pressure
units are found in Appendix C.

2-3.6 Temperature. Countries using the Eng-
lish System of weights and measures employ the
Fahrenheit (°F) temperature scale. Countries
that use the Metric System, and most scientific
laboratories, use the Celsius (°C) (formerly cen-
tigrade) scale. This scale is based upon the
temperature of melting ice (32°F) as 0°C and the
temperature of boiling water (212°F) as 100°C.

Conversion from one temperature scale to an-
other may be accomplished by using the follow-
ing equations:
To convert from Fahrenheit to Celsius:

°C =5/9x (°F - 32)

=0.56x (°F - 32)
To convert from Celsius to Fahrenheit:

F = (9/5x °C) + 32

=(1.8x °C) + 32

A temperature conversion chart is found in Ap-
pendix C.

Absolute temperature values are used when
making certain types of calculations, such as
when employing the ideal gas laws. The abso-
lute temperature scales are based upon absolute
zero (the lowest temperature that could possibly
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be reached) at which all molecular motion
would cease. On the Fahrenheit scale this tem-
perature is -460°F; in Celsius it is -273°C.

To convert from Fahrenheit to absolute tempera-
ture (degrees Rankine, °R):°R = °F + 460

To convert from Celsius to absolute temperature

(Kelvin):

Kelvin (K) = °C + 273

A comparison of the four temperature scales is
depicted in Figure 2-4.

212°F 100°C B K 672°R

v

Figure 2-4. Temperature Scales. Fahrenheit, Celsius,
Kelvin, and Rankine temperature scales showing the
freezing and boiling points of water.

23 K 492°R

Il

2-4 PRESSURE IN DIVING

Pressure can be defined simply as a force (or
weight) acting upon a particular area of matter.
It is typically measured in pounds per square
inch (psi) in the English system and kilograms
per square centimeter (kg/cm2) in the metric
system.

Under the sea, pressure is a result of two factors: -

first, the weight of the water surrounding and
above the diver; and, second, the weight of the
atmosphere over that water.

2-6

Throughout this discussion of the forces affect-
ing the diver, there is one concept that must be
remembered at all times: any diver, at any depth,
must be in pressure balance with the forces at
that depth. The body can only function normally
when the pressure difference between the inside
of the diver’s body and forces acting outside is
very small.

Any consideration of pressure, whether of the
atmosphere, of seawater, or of the gases being
furnished for breathing, must always be thought
of in terms of attaining and maintaining pressure
balance.

2-4.1 Atmospheric Pressure. The early scien-
tists who first discovered gases did so through a
series of experiments that provided the basic
understanding needed to develop scientific for-
mulas still in use today. The ancient Greeks
were satisfied that air had substance even
though it could not be seen or touched. Air, as
wind or exhaled breath, could be felt, and air had
sufficient substance (even though unseen) to
block the passage of water if trapped in a tube.
This can easily be demonstrated as shown in
Figure 2-5.

In the 17th century, Galileo Galilei, an Italian
scientist, made a major step forward in the un-
derstanding of gases when he found that air
actually has weight. He took a sealed container,
filled with nothing but trapped air, and balanced
it on a scale against a pile of sand. Then he
pumped more air into the container, resealed it,
and putitback on the scale. The air then weighed
more than the sand and was exerting a greater
force on the scale platform.

Soon after this, an Italian mathematician named
Evangelista Toricelli heard of Galileo’s experi-
ment. Toricelli reasoned that because we live
submerged at the bottom of an ocean of air, we
must also live under some constant weight ex-
erted by that air.
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section, and knowing that the weight of a cubic
foot of sea water is 64 pounds, it follows that the
weight of a 33-foot column of sea wateris 2,112
pounds. Thisis the pressure acting on one square
foot at sea level. To reduce this to pounds per
squareinch, 2,112 is divided by 144 (144 square
inches equals one square foot), giving a value of
14.7 psi. This is called atmospheric pressure,
and 14.7 psi is the value of the unit of pressure
measurement known as one atmosphere.

Given that one atmosphere is equal to 33 feet of
sea water or 14.7 psi, 14.7 psi divided by 33 feet
equals 0.445 psi. Thus, for every foot of sea
water, the total pressure is increased by 0.445

psi.

Atmospheric pressure is considered to be con-
stant at sea level, with minor fluctuations caused
by the weather usually discounted. This pres-
sure is also universal, acting on all things in all
directions so that everything on the surface of
the earth tends to be in a pressure balance. The
pressure inside your body, for example, is the
same as the pressure outside.

Because atmospheric pressure is universally ap-
plied, it does not register on the pressure gauge
of a cylinder of compressed air. The air in the
cylinder and the gauge are already under a base
pressufe of one atmosphere (14.7 psi or 1
kg/cm ) The gauge measures the pressure dif-
ference between the atmosphere and the air in
the tank. This reading is called gauge pressure,
and for most purposes it is sufficient. However,
in some applications (especially in diving) it is
important to include atmospheric pressure in
computations. This total pressure is called abso-
lute pressure and is normally expressed in units
of atmospheres. The distinction is important,
and pressure must be identified as either gauge
(psig) or absolute (psia). When the type of pres-
sure is identified only as psi, it refers to gauge
pressure. Conversion factors for the various
units of pressure measurement are found in Ap-
pendix C.
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To summarize, four terms are used to describe
gas pressure:

(1) Atmos fheric - Usually expressed as one
kg/cm”, 14.7 psi or one atmosphere ab-
solute (one ata).

(2) Barometric - Essentially the same as at-
mospheric but varying with the weather
and expressed in terms of the height of a
column of mercury (standard pressure
equaling 29.92 inches of mercury or 760
millimeters of mercury).

(3) Gauge - Indicates the difference between
atmospheric pressure and the pressure
being measured.

(4) Absolute - The total pressure being ex-
erted (i.e., gauge pressure plus atmos-
pheric pressure).

Figure 2-7 illustrates the various different units
used to measure gage pressure.

@~ Q7 |,

Pressure Tank

Figure 2-7. Units of Pressure. Pressure is commonly
expressed in atmospheres (atm), pounds per square inch
gauge (psig), and millimeters of mercury (mmHg).

2-4.2 Hydrostatic Pressure. Certain physical
properties of water bring an extra dimension to
the study of pressure as it affects a diver. With
a gas, pressure is increased by pumping more
molecules into a container, reducing the volume
of the container, or heating the gas in a closed
container.
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abundant elements on earth. Fire cannot
burn without oxygen and people cannot
survive without oxygen. Atmospheric air
contains approximately 21 percent oxy-
gen, which exists freely in a diatomic state
(two atoms paired off to make one mole-
cule). This colorless, odorless, tasteless
and active gas readily combines with
other elements. Water is about 89 percent
oxygen by weight.

From the air we breathe, only oxygen is
actually used by the body. The other 79
percent of the air serves to dilute and carry
oxygen. Pure 100-percent oxygen is often
used for breathing in hospitals, aircraft,
and hyperbaric medical treatment facili-
ties. Sometimes 100-percent oxygen is
used in shallow diving operations and cer-
tain phases of mixed-gas diving opera-
tions. However, if a person breathes pure
oxygen under pressure, he may experi-
ence the serious problems of oxygen tox-
icity (refer to Chapter 3).

NITROGEN (N32) - Like oxygen, nitrogen
is diatomic, colorless, odorless, tasteless,
and is a component of all living organ-
isms. Unlike oxygen, it will not support
life or aid combustion, and it does not
combine easily with other elements. Ni-
trogen in the air is inert in the free state
and is essentially a carrier for the oxygen.
For diving, nitrogen may be used to dilute
oxygen. Nitrogen is not the only gas that
can be used for this purpose and under
some conditions it has severe disadvan-
tages as compared to other gases. Nitro-
gen narcosis (refer to Chapter 8), a
disorder resulting from the anesthetic
properties of nitrogen breathed under
pressure, can result in a loss of orientation
and judgment by the diver. For this rea-
son, compressed air (with its high nitro-
gen content) is not used below a specified
depth in diving operations.

Underwater Physics

HELIUM (He) - Helium is also a color-
less, odorless, and tasteless gas but it is
monatomic (exists as a single atom in its
free state). It is totally inert. Helium is a
rare element, found in air only as a trace
element of about 5 parts per million
(ppm). It was first discovered in 1868
through spectrographic analysis of the
sun, and was isolated on Earth in 1895.
Helium is seven times lighter than air and
is used primarily for inflating balloons
and dirigibles. Helium coexists with natu-
ral gas in certain wells in the southwestern
United States, Canada, and Russia. These
wells provide the world’s supply.

When used in diving to dilute oxygen in
the breathing mixture, helium does not
cause the same problems associated with
nitrogen narcosis, but it does have unique
disadvantages. Among these is the distor-
tion of speech which takes place in a
helium atmosphere. The “Donald Duck”
effect is caused by the unusual acoustic
properties of helium, and it impairs voice
communications in deep diving. Another
negative characteristic of helium is its
high thermal conductivity, which can
cause rapid loss of body and respiratory
heat.

HYDROGEN (H2) - Hydrogen is dia-
tomic, colorless, odorless, and tasteless,
and is so active that it is rarely found in a
free state on earth. It is, however, the most
abundant element in the rest of the uni-
verse. The sun and stars are almost pure
hydrogen. Pure hydrogen is violently ex-
plosive when mixed with air in propor-
tions that include a presence of more than
5.3 percent oxygen.

Hydrogen has been used in diving (replac-
ing nitrogen for the same reasons as he-
lium) but the hazards have limited this to
little more than experimentation. Because
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helium has been soreadily available in the
United States, the U.S. Navy has never
had cause to use hydrogen for normal
diving operations.

NEON (Ne) - Neon is inert, monatomic,
colorless, odorless, tasteless, and is found
in minute quantities in the atmosphere. It
is a heavy gas, and does not exhibit the
narcotic properties of nitrogen when used
as a breathing medium. Because it does
not cause the speech distortion problem
associated with helium, and has superior
thermal insulating properties, it has been
the subject of some experimental diving
research.

CARBON DIOXIDE (CO2) - Carbon di-
oxide is colorless, odorless, and tasteless
when found in small percentages in the
air. In greater concentrations it has an acid
taste and odor. Carbon dioxide is a natural
by-product of the respiration of animals
and humans and is formed by the oxida-
tion of carbon in food to produce energy.
For divers, the two major concerns with
carbon dioxide are control of the quantity
in the breathing supply, and removal of
the exhaust after breathing.

While some CO2 is essential, uncon-
sciousness can result when it is breathed
at increased partial pressure. In high con-
centrations the gas can be extremely toxic
or fatal. In the case of closed and semi-
closed breathing apparatus, the removal
of excess carbon dioxide generated by
breathing is essential to safety.

CARBON MONOXIDE (CO) - Carbon
monoxide does not naturally occur in any
quantity in the air. It is produced by in-
complete combustion of fuels and is most
commonly found in the exhaust of inter-
nal combustion engines. It is a poisonous
gas that is colorless, odorless, tasteless,

and difficult to detect. Carbon monoxide
is highly active chemically and seriously
interferes with the ability of the blood to
carry oxygen (refer to Chapter 3).

Great care shall be taken when SCUBA
cylinders are being filled because a possi-
ble source of CO contamination may be
the exhaust system of the air compressor
itself. The usual carbon monoxide prob-
lem for divers is contamination of the air
supply by placement of the compressor
intake too close to the compressor ex-
haust. In such a situation, the exhaust
gases are sucked in with the air and sent
on to the diver, often with disastrous re-
sults.

2-5.1 Kinetic Theory of Gases. On the sur-
face of the earth the constancy of the atmos-
phere’s pressure and composition tend to be
accepted without concern. To the diver, how-
ever, the nature of the high pressure, or hyper-
baric, gaseous environment assumes great
importance. The basic explanation of the behav-
ior of gases under all variations of temperature
and pressure is known as the kinetic theory of
gases.

The term kinetic is derived from a Greek word
meaning motion, which is the normal condition
of a gas. The molecules are always in high-speed
motion, continually rebounding off each other
in all directions. In fact, the word gas was taken
from the Greek word chaos because it seemed
so apt a description of this kinetic activity.

The kinetic energy of a gas is related to the speed
at which the molecules are moving and the mass
(weight) of the gas. Speed is a function of tem-
perature, and mass is a function of gas type. At
a given temperature, molecules of heavier gases
move at slower speed than those of lighter gases,
but their combination of mass and speed results
in the same kinetic energy level and impact
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force. The measured impact force, or pressure,
is representative of the kinetic energy of the gas.

The kinetic theory of gases states: “The kinetic
energy of any gas at a given temperature is the
same as the kinetic energy of any other gas at
the same temperature”. Consequently, the
measurable pressures of all gases resulting from
kinetic activity are affected by the same factors.

For any given gas, if the number or force of the
impacts is changed, the pressure will change. If
the temperature is increased, for example, the
increased speed of the molecules will cause
impacts of higher force and greater frequency.
If the temperature is reduced, the movement will
be slower and the measured pressure, therefore,
less. The pressure will also change if the volume
of a gas is changed. By squeezing a given quan-
tity of gas molecules into a smaller volume, the
number of impacts per square inch of container
wall will increase and so will the pressure. The
same result occurs if more molecules of a gas
are pumped into a given volume - more mole-
cules, more impacts, higher pressure. This is
illustrated in Figure 2-10.

2-5.2 Gas Laws. Gases are subject to three
closely interrelated factors: temperature, pres-
sure, and volume. As the kinetic theory of gases
points out, a change in one of these factors must
result in some measurable change in the other
factors. Further, the theory indicates that the
kinetic behavior of any one gas will be the same
for all gases or mixtures of gases. Consequently,
basic laws have been established to help predict
the changes that will be reflected in temperature,
pressure, or volume as the conditions of the
operating environment change.

A diver needs to know what effect changing
pressure will have upon the air in his suit and in
his lungs as he moves up and down in the water.
He must be able to determine the capability of
an air compressor to deliver an adequate supply
of air to a proposed operating depth. He also

Underwater Physics
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Figure 2-10. Kinetic Energy. The kinetic energy of the
molecules inside the container (a) produces a constant
pressure on the internal surfaces.As the container volume
is decreased (b), the molecules per unit volume (density)
increase and so does the pressure. As the energy level of
the molecules increases from the addition of thermal
energy (heat), so does the pressure (c).

needs to be able to interpret the reading on the
pressure gauge of his tanks under varying con-
ditions of temperature and pressure. The an-
swers to such questions are calculated using a
set of rules called the gas laws. The gas laws of
direct concern to divers are;

e Boyle’s Law

e Charles’ Law

e Gay-Lussac’s Law

e The General Gas Law
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e Dalton’s Law
e Henry’s Law

2-5.2.1 Boyle’s Law. In 1660, having heard of
the discoveries of Toricelli and Pascal, Robert
Boyle set out to determine what would happen
to a given quantity of confined air if the pressure
were changed. Boyle took a J-shaped tube of
glass and sealed the short leg. He then poured
mercury into the longer leg until the amount of
mercury in each leg was equal. At that point, he
reasoned that the pressure of the air trapped in
the closed end of the tube must be equal to the
pressure of the atmosphere acting on the mer-
cury in the longer, open end. Boyle then added
more mercury until he could see that the volume
of air trapped in the short leg was cut in half.
This took an added 30 inches (760 millimeters)
of mercury, which meant that he had added an
amount equal to atmospheric pressure and had
thus doubled the pressure of the trapped gas.

Boyle’s demonstration showed that for any gas
at a constant temperature, the volume of a gas
will vary inversely with the absolute pressure
while the density will vary directly with the
absolute pressure. That is, the higher the pres-
sure the smaller the volume, and vice-versa.

Boyle’s law states: “For any gas at a constant
temperature, the volume of the gas will vary
inversely with the pressure” .

PxV = K or P1V1 = P2V2
Where:

P = absolute pressure

V = volume

K = a constant

Boyle’s Law is important to divers because it
relates change in the volume of a gas caused by
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the change in pressure, due to depth and volume,
and defines the relationship of pressure and
volume in breathing gas supplies. The following
example illustrates Boyle’s Law.

Example:An open diving bell with a vol-
ume of 24 cubic feet is to be lowered into
the sea from a support craft. No air is sup-
plied to or lost from the bell. Calculate the
volume of the air space in the bell at the
33-foot, 66-foot, and 99-foot depths.

Step 1 - Boyle’s Law (at surface)
PiV1 =K

P1 = pressure at surface in ata

V1 = volume at surface in cubic feet

K = constant

Step 2 - Boyle’s Law (at 33 feet)
PV =K

P> = pressure at 33 feet in ata

V2 = volume at 33 feet in cubic feet

K = constant

Step 3 - Equating the constant K at the
surface and at 33 feet, we have the following
equation:

P1V1=PV2

Transposing to determine the volume at 33
feet, V2:

_pPin
V2 = Py

P1 = 1 atmosphere (ata)

P2 =2ata
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Vi =248

3
Vy = 1 atax 24 ft
2 ata
Va=12f

Note that the volume of air in the open bell
has been compressed from 24 to 12 cubic
feet in the first 33 feet of seawater.

Step 4 - Using the method illustrated above,
determine the air volume at 66 feet:

V3=-I—)71)-I§l

P3=3ata

Vs = latax24ﬁ3
3ata

V3 =84

Step S - For the 99-foot depth, using the
method illustrated previously, the air vol-
ume would be:

P11
V4 = Pa
P4 =4ata
3
1 ata x 24 ft
Va = 4 ata
V4 = 6ﬁ3

As depth increased from the surface to 99 feet,
the volume of air in the open bell was com-
pressed from 24 cubic feet to 6 cubic feet.

If the bell is returned to the surface, the volume
will return to the original amount as the pressure
is reduced to one atmosphere.

A balloon of air can be likened to the air in a
diver’s lungs. As the diver descends, the air will
be compressed; as he ascends, it will expand.
The changes will always be in proportion to the
changes in the absolute pressure and, because of
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this, the changes will be most pronounced in the
water nearest the surface.

In the previous illustration, the amount of air
was reduced in volume to one-half'in the change
from one atmosphere at the surface to two at-
mospheres at 33 feet, and to one-quarter at 99
feet.

The change between 33 feet and 66 feet was
much less than that between the surface and 33
feet; a change of only 4 cubic feet compared to
12 cubic feet. An understanding of this relation-
ship is important to a diver because it indicates
that sudden changes of depth while in shallow
water can be more dangerous than equivalent
changes of depth while working in deeper water.
Actually, the change in gas volume in the last 33
feet of an ascent would be greater than the
change that would occur in ascending from a
depth of 297 feet to 33 feet. At 297 feet (10 ata),
the volume of the air space would be 2.4 cubic
feet. A rise through the water column to 33 feet
and the subsequent decrease in external pressure
means the air space would reach a volume of 12
cubic feet, or an increase of only 9.6 cubic feet.
From 33 feet to the surface, the increase would
be 12 cubic feet, actually doubling the volume.

The following is an illustration of Boyle’s Law
applied to a specific diving situation, one in
which alack of knowledge of the law could have
lethal consequences.

Example: As part of a training exercise,
you have been scheduled to make a free
ascent from a depth of 66 fsw (20 meters).
On the bottom, an instructor takes your
SCUBA gear and lets you have one final
breath before the ascent. Naturally enough,
you take in as much air as you can, filling
your lungs. Then you push up toward the
surface.

While you were at 66 fsw breathing nor-
mally from your SCUBA, you were in pres-
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sure balance with your immediate environ-
ment. The absolute pressure at that depth is
three atmospheres. The regulator on your
SCUBA was automatically delivering
breathing air at the same pressure, so that the
air inside your lungs balanced the outside
pressure. Your lungs were at their normal
size and capacity, and that last breath just
filled them to about five liters.

You start to rise, and the pressure starts to
decrease. As predicted by Boyle’s Law, the
volume of gas (the air in your lungs) will
increase proportionally. By the time you
reach 33 feet, if you have not allowed any
air to escape, the air in your lungs will have
increased in volume by one-half to match
the one-third reduction in absolute pressure.
Your lungs will now be straining and the air
will be trying to bubble its way past your
lips. But, being an inexperienced diver, your
natural tendency is to try to hold in the air
so that you will have enough to last until you
reach the surface which still appears to be a
long way up.

If you hold your breath in an attempt to
contain the air, by the time you reach the
surface that lungful of air will have ex-
panded to three times the normal lung capac-
ity. In all probability, the overinflation of
your lungs will have caused an arterial gas
embolism (refer to Chapter 3), a serious
medical disorder caused by gas bubbles be-
ing forced through the lung tissue into the
blood stream. For this reason, free-ascent
training emphasizes the need for continuous
blowing out of the expanding air and warns
of the dangers of breathholding.

In Boyle’s Law, the temperature of the gas was
considered to be a constant value. However,
temperature significantly affects the pressure
and volume of a gas. It is essential for divers to
know the effect of temperature because the tem-
perature deep in oceans and lakes is often sig-
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nificantly different from the air temperature at
the surface. The gas law that describes the physi-
cal relationships of temperature upon the vol-
ume is known as Charles’ Law.

2-5.2.2 Charles’ Law. Boyle had shown that
at a constant temperature, pressure and volume
were inversely related. However, because his
experiments were conducted at relatively low
pressures and at whatever the temperature hap-
pened to be on the day of his experiments, they
provided no clues as to the influence of tempera-
ture. A French scientist, Jacques Charles, found
that temperature does indeed influence gas vol-
ume.

Charles’ Law states: “For any gas at a constant
pressure, the volume of the gas will vary directly
with the absolute temperature”.

Charles’ Law can be expressed as:

vV

T—K
h_hn

orTl--T2

Where: Pressure is constant
T1 = initial temperature (absolute)
T2 = final temperature (absolute)
V1 = initial volume
V2 = final volume

K = constant
The following example illustrates Charles’ Law:

An open diving bell of 24 cubic feet capacity is
lowered into the ocean to a depth of 99 feet. At
the surface the temperature is 80°F, and at depth
the temperature is 45°F. What is the volume of
the gas at 99 feet?
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Solution: From the example illustrating
Boyle’s Law, we know that the volume of
the gas was compressed to six cubic feet
when the bell was lowered to the 99-foot
level. The application of Charles’ Law illus-
trates the further reduction of volume due to
temperature effects.

Vi W2

y1_%2 V= 3
.- T, Where: V1 = volume at depth, 6 ft

T1 = 80°F + 460 = 540°R

T2 =45°F + 460 = 505°R

Transposing and substituting: V2 = V;—?
_ 6x505
T 540

V2= 56117

2-5.2.3 Gay-Lussac’s Law. Joseph Gay-Lus-
sac (1778 - 1850), a French scientist, discovered
another gas law, the pressure-temperature law,
which explained what would happen if a steel
cylinder of a certain volume were pressurized to
a specific pressure and then heated.

Gay-Lussac’s Law states: “For any gas at a
constant volume, the pressure of the gas will
vary directly as the absolute temperature” . This
law can be expressed as:

Pr P

T, T2
Where: Volume is constant
P1 = initial pressure (absolute)
P2 = final pressure (absolute)
T1 = initial temperature (absolute)

T2 = final temperature (absolute)

The following example illustrates Gay-Lussac’s
Law:
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A six cubic-foot flask is charged to 3000 psig
and the temperature in the flask roomis 72°F. A
fire in an adjoining space causes the temperature
in the flask room to reach 170°F. What will
happen to the pressure in the flask?

Solution: Applying Gay-Lussac’s Law,
P1=3014.7 psia

Py=7?

T1=72°F + 460 = 532°R

T2 = 170°F + 460 = 630°R

Transposing and substituting:

P11
Pr="r"

3014.7 x 630 .
Py = 532 = 3570.03 psia

Note that even though neither the volume of the
container nor the volume of gas within the con-
tainer changed, the pressure increased. This il-
lustration shows what would happen to a
SCUBA cylinder that was filled to capacity and
left unattended in the trunk of an automobile or
lying in direct sunlight on a hot day.

2-5.2.4 The General Gas Law. Boyle, Char-
les, and Gay-Lussac demonstrated that for
gases, the factors of temperature, volume, and
pressure are so interrelated that a change in any
of these factors must be balanced by corre-
sponding change in one or both of the others.
Boyle’s Law illustrates pressure/volume rela-
tionships, Charles’ Law describes the relation-
ship between temperature and volume and
Gay-Lusac’s Law describes the relationship be-
tween temperature and pressure. The General
Gas Law is a convenient combination of these
three laws used to predict the behavior of a given
quantity of gas when changes may be expected
in any or all of the variables. This is expressed
mathematically as follows:
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P —Kor P

T T1

_ P
=~

Where: P\ = initial pressure (absolute)
V1 = initial volume

T1 = initial temperature (absolute)

P> = final pressure (absolute)

V2 = final volume

T2 = final temperature (absolute)

K = constant

In working with this formula, a few simple rules
must be kept in mind:

(1) There can be only one unknown.

(2) If it is known that a value remains un-
changed (such as the volume of an air
cylinder) or that the change in one of the
variables will be of little consequence,
cancel the value out of both sides of the
equation, thus simplifying the computa-
tions.

The following are examples of uses of the Gen-
eral Gas Law in a typical diving operation.

Your ship has been assigned to locate and sal-
vage an LCM landing craft which has been
damaged and sunk in a recent exercise. The
LCM is located in 130 feet of water and an
exploratory dive to survey the wreckage is
planned. The dive will be of short duration and
SCUBA will be used.

As the air cylinders of the SCUBA are being
charged to a capacity of 2,250 psig, the tempera-
ture in the tanks rises to 140°F. From experience
in these waters, you know that the temperature
at the operating depth will be about 40°F, and
you want to know what the gauge reading will
be when you first reach the bottom.
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For the first step in computing the answer, fill in
all known values:

Py =2,250psig + 14.7 (atmospheric) = 2,264.7
psia

V1 = V2 (the volume of the tank will not change,
so V can be eliminated in this problem)

Convert the temperature from degrees Fahren-
heit to its absolute equivalent in degrees Rank-
ine:

°R = °F + 460
T1 = 140°F + 460 = 600°R
T2 = 40°F + 460 = 500°R

- Py = Unknown

With V eliminated from the formula, it now
reads:

P1 P

n N

P2 is solved for by rearranging the formula:

P11
Py = T
Substituting:
2,264.7 psia X S00°R )
P = 600°R = 1,887.25 psia

Adjust P2 to gauge pressure:

1,887.25 psia - 14.7 = 1,872.55 psig

During the survey dive, the divers determined
that the damage will require a simple patch. For
this job, the Diving Supervisor elects to use
surface-supplied MK 12 equipment.

The Diving Supervisor makes a calculation to

ascertain that the compressor capacity is ade-
quate to deliver the proper volume of air to both
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the working diver and the standby diver at the
operating depth and temperature.

The compressor has a suction capacity of 60
cubic feet per minute, and the temperature of the
air on the deck of the ship is 80°F. The pressure
at working depth is approximately five atmos-

pheres absolute (ata). This is derived by dividing’

the depth (130 feet) by the increment of depth
which has a pressure equal to one atmosphere
(33 feet) and adding one atmosphere to give
absolute pressure. The problem can be solved
using either psi values or units of atmospheres,
but not both in the same problem. Using atmos-
pheres simplifies the arithmetic. The absolute
temperatures are 540°R on the surface (80°F +
460) and S00°R atdepth, as computed in the first
example.

Rearrange the formula to solve for the unknown,
the volume of air at depth:

Vo = P1ViT?
2= P2 T1

Substitute values and solve:

Vo = 1 ata x 60cfm x S00°R
2T T S aax540°R

= 11.1 acfm at bottom conditions

Based upon an actual volume (displacement)
flow requirement of 4.5 acfm for a deep-sea
diver (Chapter 6), the compressor capacity is
sufficient to support the working and standby
divers (9.0 acfm) at 130 fsw.

2-5.3 Gas Mixtures. If a diver used only one
gas for all underwater work, at all depths, then
the General Gas Law would suffice for most of
his necessary calculations. However, to accom-
modate use of a single gas, oxygen would have
to be chosen since it is the only one which
provides life support. But, 100-percent oxygen
can be dangerous to a diver as depth and breath-
ing time increase.

Underwater Physics

Divers usually breathe gases in a mixture, either
air (21-percent oxygen, 78-percent nitrogen, 1-
percent other gases), or oxygen with one of the
inert gases serving as a carrier for the oxygen.
The human body has a wide range of reactions
to various gases under different conditions of
pressure, and for this reason another gas law is
required to help compute the differences be-
tween breathing at the surface and breathing
under pressure.

2-5.3.1 Dalton’s Law. Dalton’s Law states:
“The total pressure exerted by a mixture of
gases is equal to the sum of the pressures of each
of the different gases making up the mixture,
with each gas acting as if it alone was present
and occupied the total volume” .

In a gas mixture, the portion of the total pressure
contributed by a single gas is called the partial
pressure (pp) of that gas. An easily understood
example is that of a container at atmospheric
pressure (14.7 psi). If the container were filled
with oxygen alone, the partial pressure of the
oxygen would be one atmosphere. If the same
container at 14.7 psi (1 atm) were filled with dry
air, the partial pressures of all the constituent
gases would contribute to the total partial pres-
sure, as shown in Table 2-3.

Table 2-3. Partial Pressure

at 1 ATA.
Atmospheres
Percent of Partial
Gas Component Pressure
N2 78.08 0.7808
02 20.95 .2095
CO2 .03 .0003
Other .94 .0094
Total 100.00 1.0000

If the same container was filled with air to 2,000
psi (137 ata), the partial pressures of the various
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components would reflect the increased pres-
sure in the same proportion as their percentage
of the gas, as illustrated in Table 2-4.

Table 2-4. Partial Pressure

at 137 ATA.
Atmospheres
Percent of Partial
Gas Component Pressure
N2 78.08 106.97
02 20.95 28.70
CO2 .03 .04
Other .94 1.29
Total 100.00 137.00

Observe that while the partial pressures of some
constituents of the gas, particularly CO2, were
fairly small at atmospheric pressure, they in-
creased significantly at higher pressures. The
implications of Dalton’s Law are highly signifi-
cant and should be understood by divers.

Dalton’s Law can be described algebraically as:
PTotal = ppA + ppB + ppc, etc.

Where: A, B, and C are gases and

_ PTotal X % Vol a
ppA = 100%

Another, sometimes more convenient method of
arriving at the same conclusion is to use the T
formula, which is illustrated as:

pp
ata % (in decimal form) 02

Example: Use the T formula to calculate
oxygen partial pressure given 10 ata and
16% oxygen.

1.6 ppO2

Solution: Wl_l6

When working this formula, it is necessary that
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two “knowns” be furnished. After that, it is
merely a case of multiplying across, or dividing

up.

What happens to the breathing mixture at the
operating depth of 130 feet (5 ata)? The air
compressor on the ship is taking in air at the
surface, normal pressure and normal mixture,
and sending it to the diver at pressure sufficient
to provide the necessary balance. The composi-
tion of air is not changed, but the quantity being
delivered to the diver is five times what he was
breathing on the surface. More molecules of
oxygen, nitrogen, and carbon dioxide are all
compressed into the same volume at the higher
pressure. Use Dalton’s Law to determine the
partial pressures at depth:

Oxygen partial pressure (surface):
pp02=21% x 1 ata = .21 ata
Inert gas partial pressure (surface):

ppI =79% x I ata = .79 ata

Carbon dioxide partial pressure (surface):

ppCO2 = 0.03% x 1 ata x 760 mmHg = 228
mmHg

Recalculate at 5 ata:

ppCO2 =0.03% x5 ata = .0015% x 760 mmHg
= ].14 mmHg

Expressing partial pressures of gases in atmos-
pheres absolute (ata) is the most common
method employed in large quantities of pres-
sure. Partial pressures of less than 0.1 atmos-
phere are usually expressed in millimeters of
mercury (mmHg). At the surface, atmospheric
pressure is equal to 1 ata or 14.7 psia or 760
mmHg. Using the same formulas as before and
substituting mmHg values in place of atmos-
pheres, the same problems yield:
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Oxygen partial pressure (ppO2):

21%
100%

pp0O2 = x 760 mmHg = 159.6 mmHg

Inert gas (I) partial pressure (ppI):

1 _ 1% _
= 100% x 760 mmHg = 600.4 mmHg

Carbon dioxide partial pressure (ppCO2):

ppCO2 = 0.03% X 760 mmHg = 0.228 mmHg
100%

Recalculate at 5 ata:

760 mmHg x 5 ata = 3,800 mmHg

Oxygen partial pressure:

21%
100%

ppO2 = % 3,800 mmHg = 798 mmHg

Inert gas partial pressure:

1 _ 1%%
~ 100%

x 3,800 mmHg = 3,002 mmHg

Carbon dioxide partial pressure:

0.03%
100%

ppCO2= % 3,800 mmHg = 1.14 mmHg
From the previous calculations, it is apparent
that the diver is breathing more molecules of
oxygen at 130 fsw than he would be if using
100-percent oxygen (760 mmHg) at the surface.
He is also inspiring five times as many carbon
dioxide molecules as he would breathing normal
air on the surface. If the surface air were con-
taminated with two percent (0.02 ata) carbon
dioxide, a level which could be readily accom-
modated by a normal person at one ata, the
partial pressure at depth would be dangerously
high: 0.1 ata (0.02 x 5 ata). This partial pressure
is commonly referred to as a surface equivalent
value (sev) of ten percent carbon dioxide:

pp at depth (in ata) X 100%
1 ata

sey =

=0lam 1009 = 10% CO2
1 ata

Underwater Physics

2.5.3.1.1. Gas Diffusion. Another physical ef-
fect of partial pressures and kinetic activity is
that of gas diffusion. Gas diffusion is the process
of intermingling or mixing of gas molecules. If
two gases are placed together in a container,
they will eventually mix completely even
though one gas may be heavier. The mixing
occurs as a result of constant molecular motion.

The amount of an individual gas which will
move through a permeable membrane (a solid
which permits molecular transmission) depends
upon the partial pressure of the gas on both sides
of the membrane. If the partial pressure is higher
on one side than the other, the gas molecules will
diffuse through the membrane to the lower par-
tial pressure side until the partial pressure is
equalized (equilibrium). Molecules are actually
passing through the membrane at all times in
both directions due to kinetic activity, but more
will move from the side of higher concentration.

Numerous body tissues act as permeable mem-
branes. Consequently, the rate of gas diffusion,
which is related to the difference in partial pres-
sures, is an important consideration in determin-
ing the uptake and elimination of gases in
calculating decompression tables.

2-5.3.1.2. Humidity. Water vapor, like other
gases, behaves in accordance with the gas laws.
However, unlike other gases encountered in div-
ing, water vapor condenses to its liquid state at
temperatures normally encountered by man.

The amount of water vapor in gaseous atmos-
pheres is referred to as humidity. In proper con-
centrations, water vapor in diving atmospheres
aids the comfort of the diver by moistening body
tissues. As a condensing liquid, however, water
vapor can cause freezing and blockage of air
passageways in hoses and equipment, fog a
diver’s faceplate, and corrode his equipment.
Consequently, a knowledge of the behavior of
water vapor under changing conditions of pres-
sure, temperature, and volume is essential.
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Humidity is related to the vapor pressure of
water. If a quantity of water is placed in a jar and
the jar is sealed, part of the water will evaporate
into the space above the liquid. Water will con-
tinue to evaporate until the number of molecules
of water vapor leaving the liquid surface is the
same as the number returning. When this equi-
librium condition is reached, the air space above
the water is said to be saturated with water
vapor.

The partial pressure of water in the gas is di-
rectly related to the temperature of the liquid
water. As the water and gas temperature is in-
creased, more molecules of water will evaporate
into the gas until a new equilibrium condition
and higher partial pressure are established.

If the liquid and gas are cooled, water vapor in
the gas will condense until a lower partial pres-
sure condition exists. This phenomenon will
occur regardless of the total pressure of the gas
above the liquid. Consequently, the maximum
partial pressure of water vapor that can existin
a gas is governed entirely by the temperature of
the gas.

2-5.3.2. Gases In Liquids. Whenever a gas is
in contact with a liquid, a portion of the gas
molecules will enter into solution with the lig-
uid. They are said to be dissolved in the liquid.
This factor of solubility is vitally important
because significant amounts of gases are dis-
solved in body tissues at the pressures encoun-
tered in diving.

2-5.3.3. Solubility. Some gases are more sol-
uble (capable of being dissolved) than others,
and some liquids and substances are better sol-
vents (capable of dissolving another substance)
than others. For example, nitrogen is five times
more soluble in fat than it is in water.

Apart from the individual characteristics of the

various gases and liquids, there are two physical
conditions that greatly affect the quantity of gas
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which will be absorbed: temperature and pres-
sure. Because a diver is always operating under
unusual conditions of pressure, an under-
standing of this factor is particularly important.

2-5.3.4. Henry’s Law. Henry’s Law states:
“The amount of any given gas that will dissolve
in a liquid at a given temperature is a function
of the partial pressure of that gas in contact with
the liquid and the solubility coefficient of the
gas in the particular liquid” .

Because a large percentage of the human body
is water, the law simply states that as one dives
deeper and deeper, more gas will dissolve in the
body tissues and that upon ascent, the dissolved
gas must be released.

When a gas-free liquid is first exposed to a gas,
quantities of gas molecules will rush to enter the
solution, pushed along by the partial pressure of
that gas. As the molecules enter the liquid, they
add to a state of gas tension, which is a way of
identifying the partial pressure of that gas in the
liquid.

The difference between the gas tension and the
partial pressure of the gas outside the liquid is
called the pressure gradient, which gives an
indication of the rate at which the gas will tend
to enter or leave the solution.

At sea level, the body tissues are equilibrated
with dissolved nitrogen at a partial pressure
equal to the partial pressure of nitrogen in the
lungs. Upon exposure to altitude or increased
pressure in diving, the partial pressure of nitro-
gen in the lungs will change and tissues will
either lose or gain nitrogen to reach a new
equilibrium with the nitrogen pressure in the
lungs. Taking up nitrogen in tissues is called
absorption or uptake. Giving up nitrogen from
tissues is termed elimination. In air diving, ni-
trogen absorption occurs when a diver is ex-
posed to an increased nitrogen partial pressure.
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Elimination occurs when pressure decreases.
This is true for any inert gas breathed.

Absorption consists of several phases, including
transfer of inert gas from the lungs to the blood
and then from the blood to the various tissues
through which it flows. The gradient for gas
transfer is the partial pressure difference of the
gas between the lungs and blood and between
the blood and the tissues.

The volume of blood flowing through tissues is
usually small compared to the mass of the tissue,
but over a period of time the gas delivered to the
tissue will cause it to become equilibrated with
that carried in solution in the blood. As the
number of molecules of gas in the liquid in-
creases, the tension increases until it reaches a
value equal to the partial pressure and at that
point, the liquid is saturated with the gas and the
pressure gradient is zero. Unless there is some
change in temperature or pressure, the only
molecules of gas to enter or leave the liquid are
those which may, in random fashion, change
places without altering the balance.

The rate of equilibration with the blood gas
depends upon the volume of blood flow and the
respective capacities of blood and tissues to
absorb dissolved gas. For example, fatty tissues
hold significantly more gas than watery tissues
and will thus take longer to absorb or eliminate
excess inert gas.

The solubility of gases is affected by tempera-
ture: the lower the temperature, the higher the
solubility. If the temperature of an existing so-
lution is increased, some of the gas already
dissolved will leave solution. The bubbles
which rise in a pan of water being heated (long
before it boils) are bubbles of dissolved gas
coming out of solution.

The gases in a diver’s breathing mixture will be
dissolved into his body in proportion to the
partial pressure of each gas in the mixture. Be-
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cause of the varied solubility of different gases,
the quantity of a particular gas which becomes
dissolved will also be governed by the length of
time the diver is breathing the gas at the in-
creased pressure. If the diver breathes the gas
long enough, his body will become saturated.
Saturation of the body occurs slowly. Depend-

ing on the gas, body tissue and pressure differ-

ential, it takes anywhere from 30 minutes to 72
hours.

Whatever the quantity of gas which has been
dissolved in a diver’s body, at whatever depth
and pressure, it will remain in solution as long
as the pressure is maintained. However, as the
diver starts to ascend toward the surface, more
and more of the dissolved gas will come out of
solution. If his rate of ascent is controlled (i.e.,
through the use of the decompression tables) the
dissolved gas will be carried to the lungs and
exhaled before it accumulates sufficiently to
form bubbles in the tissues. If, on the other hand,
he ascends suddenly and the pressure is reduced
atarate higher than the body can accommodate,
bubbles may form, disrupt body tissues and
systems, and produce a condition known as
decompression sickness.

The problems of decompression sickness are
treated by recompression to dissolve the bub-
bles, and high partial pressures of oxygen to help
the injured tissues, followed by slow decom-
pression using special treatment tables which
are discussed in detail in Chapter 8.

2-6 ENERGY IN DIVING

Four of the six types of energy, mechanical,
heat, electrical, and chemical are commonly
encountered in diving in a wide variety of forms.
Only those forms which have unusual effects
underwater (light, sound, and heat) are dis-
cussed here.

To function effectively in their environment,
divers must understand the factors affecting un-
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derwater visual perception. One of these factors
is light, which behaves differently in a dense
medium such as water. As light passes from a
medium of one density to another, light rays are
bent and an effect known as refraction occurs.
Refraction takes place at the surface, at the water
and air interface, and at the interface between
the water and the diver’s mask.

Divers viewing objects through a faceplate ex-
perience refraction of light between the water
and the air in their masks; this causes changes
in the optical image and affects whatis seen.

One such effect is that an object appears to lie
at a distance approximately 3/4 of its actual
distance. This distortion interferes with hand-
eye coordination and accounts for the difficulty
often experienced by novice divers attempting
to grasp objects underwater (see Figure 2-11).

Figure 2-11. Objects Underwater Appear Closer.

At greater distances, however, this phenomenon
may reverse itself, making distant objects ap-
pear farther away than they actually are. The
reasons for overestimation of the distance of
objects include reduced brightness and contrast
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combined with the absence of normal visual
distance relationships.

All of these effects are influenced profoundly by
the turbidity of the water - the more turbid the
water, the shorter the distance at which the re-
versal from underestimation to overestimation
occurs. For example, in highly turbid water, the
distance of objects at three or four feet may be
overestimated; in moderately turbid water, the
change might occur at 20 to 25 fsw, and in very
clear water, objects as far away as 50 to 70 fsw
might appear closer than they actually are.

It is important for divers to realize that distance
perception is very likely to be inaccurate and
that errors of both underestimation and overes-
timation may occur. As a rough rule of thumb,
the closer the object, the more it will appear to
be too close, and the more turbid the water, the
greater tendency to see it as too far away.

Changes in the optical image due to refraction
also affect perception of size and shape. In gen-
eral, objects underwater appear to be larger than
they actually are by about 30 percent. This often
is a cause of disappointment to sportdivers, who
find, upon bringing catches to the surface, that
they are smaller than they appeared underwater.

Since refraction effects are greater for objects
off to the side in the field of view, distortion in
the perceived shape of objects is frequent. Mis-
interpretation of size, distance, and shape due to
refraction can be overcome or compensated for
with experience and training. How completely
and how quickly one can learn to do this, how-
ever, depends upon many conditions.

Although the refraction that occurs between the
water and the air in the diver’s face mask pro-
duces these undesirable perceptual inaccura-
cies, air itself is essential for vision. For
example, when the face mask is lost, the diver’s
eyes are immersed in water, which has about the
same refractive index as the eye. Consequently,
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no normal focusing of light occurs in this situ-
ation, and the diver’s vision is impaired im-
mensely, to a level that would be classified as
legally blind on the surface.

Though scattering occurs in air, it is intensified
underwater. Light rays are diffused and scat-
tered by the water molecules and particulate
matter. At times diffusion is helpful because it
scatters light into areas that otherwise would be
in shadow or have no illumination. Normally,
however, diffusion interferes with vision and
underwater photography because the backscat-
ter reduces the contrast between an object and
its background. This loss of contrast is the major
reason why vision underwater is so much more
restricted than it is in air. Similar degrees of
scattering occur in air only in unusual conditions
such as heavy fog or smoke.

2-6.1 Visibility of Colors. Characteristics
other than size and distance are distorted under-
water; a variety of factors may combine to alter
the accurate perception of color. The use of
colored paints on objects is an obvious means
of changing their visibility either by enhancing
their contrast with the surroundings or by
camouflaging them to merge with the back-
ground. Determining which colors will be most
and least visible underwater is much more com-
plicated than in air.

Changes in color occur because of scattering by
the water itself, and scattering and absorption by
particles in the water. Changes vary from one
body of water to another and become more
pronounced as the amount of water between the
observer and the object increases. Certain con-
ditions may cause the color red to be perceived
as black. This is readily understandable when
one considers that red objects appear red on the
surface because of reflected red light. At depth
no red light may reach the object to be reflected,
hence, the object appears unlighted or black.

As light enters clear water and travels to depth,
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red light is filtered out at relatively shallow
depths. Orange is filtered out next, followed by
yellow, green, and then blue. The filtering of
various colors is not dependent solely on depth.
Other factors such as salinity, turbidity, size of
the particles suspended in the water, or the de-
gree and kind of pollution have effects on the

. color-filtering properties of water.

In general, the components of any underwater
scene (e.g., weeds, rocks, encrusting animals)
all tend to appear to be the same color as the
depth or viewing range increases; they become
distinguishable only by differences in bright-
ness and not color. Contrast, whether light on
dark or dark on light, becomes the most impor-
tant factor in visibility, and even very large
objects may be undetectable if their brightness
is similar to that of the background.

2-6.2 Sound. Sound is a periodic motion or
pressure change transmitted through a gas (air),
aliquid (water), or a solid (rock). Because liquid
is a denser medium than gas, more energy is
required to disturb its equilibrium. Once this
disturbance takes place, sound travels farther
and faster in the denser medium. Several aspects
of sound underwater are of interest to the work-
ing diver.

During diving operations, there may be two or
more distinct contiguous layers of water at dif-
ferent temperatures; these layers are known as
thermoclines. The colder a layer of water, the
greater its density; as the difference in density
between layers increases, less sound energy is
transmitted between them. This means that a
sound heard 50 meters (164 feet) from its source
within one layer may be inaudible a few meters
from its source if the diver is in another layer.

In shallow water or in enclosed spaces, reflec-
tions and reverberations from the air/water and
object/water interfaces will produce anomalies
(irregularities or abnormalities) in the sound
field, i.e., echoes, dead spots, and sound nodes.
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When a diver is swimming in shallow water,
among coral heads, or in enclosed spaces, peri-
odic losses in acoustic communication signals
and disruption of acoustic navigation beacons
are to be expected. The problem becomes more
pronounced as the frequency of the signal in-
creases.

Open-circuit SCUBA affects sound reception by
producing high noise levels at the diver’s head
and by creating a screen of bubbles that reduces
the effective sound pressure level (SPL). If sev-
eral divers are working in the same area, the
noise and bubbles will affect communication
signals more for some divers than for others,
depending on the position of the divers in rela-
tion to the communicator and to each other.

Since sound travels so fast underwater (3,240
mph or 4,921 feet per second), human ears
cannot detect the difference in time of arrival of
a sound between each ear. Consequently, a diver
loses the ability to locate the direction of a sound
source. This disadvantage can have serious con-
sequences for a diver or swimmer in locating
objects and sources of danger such as power-
boats.

A neoprene wet suit is an effective barrier to
sound above 1,000 Hz, and it becomes more of
a barrier as frequency increases. This problem
can be overcome by exposing a small area of the
head either by cutting holes at the ears of the suit
or by folding a small flap away from the surface.

Sound is transmitted through water as a series
of pressure waves. High intensity sound is trans-
mitted by correspondingly high intensity pres-
sure waves. A diver may be affected by a high
pressure wave that is transmitted from the sur-
rounding water to the open spaces within the
body (ears, sinuses, lungs). The pressure wave
may create increased pressure within these open
spaces, causing injury.

The sources of high intensity sound or pressure
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waves include underwater explosions and, in
some cases, sonar. Low intensity sonar such as
depth finders and fish finders do not produce
pressure waves of an intensity dangerous to
divers. However, anti-submarine sonar-
equipped ships do pulse dangerously high-in-
tensity pressure waves. It is prudent to suspend
diving operations if a high-powered sonar
transponder is being operated in the area. When
using a diver-held pinger system, divers are
advised to wear the standard 1/4-inch neoprene
hood for ear protection. Experiments have
shown that such a hood offers adequate protec-
tion when the ultrasonic pulses are of 4-msec
duration, repeated once per second for acoustic
source levels up to 100 watts, at head-to-source
distances as short as .5 feet (Pence and Sparks,
1978).

2-6.3 Underwater Explosions. An underwa-
ter explosion creates a series of waves which
propagate (are transmitted) in the water as hy-
draulic shock waves or the so-called water ham-
mer, and in the seabed as seismic waves. The
hydraulic shock wave of an underwater explo-
sion consists of an initial wave followed by
further pressure waves of diminishing intensity.
The initial high intensity shock wave is the
result of the violent creation and liberation of a
large volume of gas, in the form of a gas pocket,
at high pressure and temperature.

Subsequent pressure waves are caused by rapid
gas expansion in a non-compressible environ-
ment, causing a sequence of contractions and
expansions as the gas pocket rises to the surface.

The initial high intensity shock wave is the most
dangerous; it travels outward from the source of
the explosion, losing its intensity with distance.
The less severe pressure waves follow the initial
shock wave very closely. Considerable turbu-
lence and movement of the water in the area of
the explosion are evident for an extended time
after the detonation.
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A number of factors affect the intensity of the
shock wave and pressure waves; each should be
evaluated in terms of the particular circum-
stances in which the explosion occurs and the
type of explosives involved.

2-6.3.1 Type of Explosive and Size of The
Charge. Some explosives have characteristics
of high brisance (shattering power in the imme-
diate vicinity of the explosion) with less power
at long range, while the brisance of others is
reduced to increase their power over a greater
area. Those with high brisance generally are
used for cutting or shattering purposes, while
high power low brisance explosives are used in
depth charges and sea mines where the target
may not be in immediate contact and the ability
to inflict damage over a greater area is an advan-
tage. The high brisance explosives therefore
create a high level shock wave and pressure
waves of short duration over a limited area. High
power explosives create a less intense shock and
pressure waves of long duration over a greater
area. The characteristics of the explosive need
to be evaluated carefully before use to estimate
the type and duration of shock and pressure
waves. Characteristics to be considered are:

rate of detonation

e density of loading
e temperature

e chemical structure, i.e, introduction of
non-explosive additives to reduce detona-
tion rate

e type of initiator and booster used

2-6.3.2 Characteristics of the Seabed. Aside
from the fact that rock or other bottom debris
may be propelled through the water or even into
the air with shallow-placed charges, bottom
conditions may have a dampening or amplifying
effect on the shock and pressure waves. A soft
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bottom tends to dampen reflected shock and
pressure waves, while a hard, rock bottom may
amplify the effect. The contour of the bottom is
an important consideration because rock strata,
ridges, and other topographical features may
affect the direction of the shock and pressure
waves, and may also produce secondary reflect-

- ing waves.

2-6.3.3 Location of the Explosive Charge.
Research has indicated that the magnitude of
shock and pressure waves generated from
charges freely suspended in water is consider-
ably greater than that from charges placed in
drill holes in rock or coral.

2-6.3.4 Depth of Water. At great depth, the
shock and pressure waves are attenuated by the
greater water volume, and are thus reduced in
intensity. An explosion near the surface is not
attenuated to the same degree.

2-6.3.5 Distance from the Explosion. In gen-
eral, the farther away from the explosion, the
greater the attenuation of the shock and pressure
waves, and the less the intensity. This factor
must be considered in the context of bottom
conditions, depth of water, and reflection of
shock and pressure waves from underwater
structures and topographical features.

2-6.3.6 Degree of Submersion of the Diver.
A fully submerged diver receives the total effect
of the shock and pressure waves passing over
the body. If a diver is submerged only partially,
with the head and upper parts of the body out of
the water, the effect of the shock and pressure
waves on the lungs, ears, and sinuses may be
reduced; however, air will transmit some por-
tion of the explosive shock and pressure waves.
The head, lungs, and intestines are the parts of
the body most vulnerable to the pressure effects
of an explosion.

There are various formulas for estimating the
pressure wave resulting from an explosion of
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T.N.T. That the equations vary in format and
result illustrates that the technique for estima-
tion is very tentative. Moreover, these formulas
relate to T.N.T. and are not applicable to other
types of explosives.

The following formula (Greenbaum and Hoff
1966) is one method of estimating the pressure
on a diver resulting from an explosion of tetryl
or TN.T.

13,000 W

r

P

Where: P = pressure on the diver in pounds per
square inch

W = weight of the explosive (tetryl or TN.T.) in
pounds

r = range of the diver from the explosion in feet

A simple calculation shows that a 45-pound
charge at a distance of 80 feet exerts a pressure
of 578 pounds per square inch. A pressure wave
of 500 pounds per square inch is sufficient to
cause serious injury to the lungs and intestinal
tract, and one greater than 2,000 pounds per
square inch will cause certain death. Even a
pressure wave of 500 pounds per square inch
could cause fatal injury under certain circum-
stances.

When expecting an underwater blast, the diver
shall get out of the water and out of range of the
blast whenever possible. If the diver must be in
the water, it is prudent to limit the pressure he
experiences from the explosion to less than 50
or 70 pounds per square inch. To minimize the
effects, the diver also can take up a position with
feet pointing toward, and head directly away,
from the explosion. The head and upper section
of the body should be out of the water, or the
diver should float on his back with his head out
of the water.

2-6.4 Heat. Heat, or the absence of it, is crucial
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to man’s environmental balance. The human
body functions within only a very narrow range
of internal temperature, and contains delicate
mechanisms to control that temperature (see
Chapter 3).

Heat is a form of energy associated with and
proportional to the molecular motion of a sub-
stance. It is closely related to temperature, but
must be distinguished from temperature be-
cause different substances do not necessarily
contain the same heat energy even though their
temperatures are the same.

Temperature is measured in degrees, usually
Fahrenheit or Celsius as discussed in Paragraph
2-3. Heat is measured in British Thermal Units
(BTUs), calories, or kilo-calories. One BTU is
the amount of heat required to raise the tempera-
ture of one pound of water one degree Fahren-
heit. A calorie is the amount of heat required to
raise the temperature of a gram of water one
degree Celsius, and a kilo-calorie is the corre-
sponding amount for a kilogram (1,000 grams)
of water.

Heat is generated in many different ways, in-
cluding the burning of fuels and other chemical
reactions, by friction, and by electricity. Heat is
transmitted from one place to another in three
ways: conduction, convection, and radiation.

Conduction is the transmission of heat by direct
contact. A typical example of conduction is the
heating of a cooking pot handle. Water is amuch
better conductor of heat than air, and an unpro-
tected diver can lose a great deal of body heat to
the surrounding water by direct conduction.

Convection is the transmission of heat by the
movement of heated fluids. This is the principle
behind the operation of most home heating sys-
tems, which set up a flow of air currents based
on the natural tendency of warm air to rise and
cool air to fall. A diver, seated on the bottom of
a tank of water in a cold room, can lose heat not
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only by direct conduction to the water, but also
by convection currents in the water. The warmed
water next to his body will rise and be replaced
by colder water passing along the walls of the
tank, or reaching the surface, will lose heat to
the cooler surroundings. Once cooled, the water
will sink only to be warmed again as part of a
continuing cycle.

Radiation is the transmission of heat by electro-
magnetic waves of energy. Heat from the sun,
from electric heaters, and from fireplaces is
primarily radiant heat.

Of the three means of transmitting heat, conduc-
tion is the most significant to divers. The rate at
which heat will be transferred by conduction
depends on two basic factors:

(1) thedifference in temperature between the
warmer and cooler material

(2) the thermal conductivity of the materials

Some substances such as iron, helium, and water
are excellent conductors of heat. Some, like air,
are very poor conductors. A poor conductor, if
placed between a source of heat and another
substance, will insulate the substance and appre-
ciably slow the transfer of heat. Most of the
materials used for insulation of the human body
such as wool and foam rubber, are effective
because they contain thousands of pockets of
trapped air, each too small to be subject to
convective currents but each blocking conduc-
tive transfer of heat.

A diver’s experience with temperatures in the
home does not give him a basis with which to
evaluate the heat problems encountered under-
water. The water temperature below which a
diver will start to become chilled is a seemingly
comfortable 70°F (21°C). Below that tempera-
ture, a diver wearing only a swimming suit will
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lose heat to the water faster than his body can
replace it, and unless he is provided some pro-
tection or insulation, he may soon experience
difficulties. A diver who is chilled cannot work
efficiently, or think clearly, and is more suscep-
tible to decompression sickness.

- Several factors contribute to the problem of

maintaining a diver’s body temperature, includ-
ing suit compression, increased gas density,
thermal conductivity of breathing gases, and
respiratory heat loss. The cellular neoprene wet
suit loses a major portion of its insulating prop-
erty as depth increases and the material is com-
pressed. As a consequence, it is often necessary
to employ a thicker suit, a dry suit, or a hot water
suit for extended exposures to cold water.

The heat transmission characteristics of a gas
are directly proportional to its density. There-
fore, the heat lost through gas insulating barriers
and respiratory heat lost to the surrounding areas
increases with depth. This situation is further
aggravated when high thermal conductivity
gases, such as helium-oxygen, are used for
breathing. The respiratory heat loss alone in-
creases from 10 percent of the body’s heat gen-
erating capacity at one ata, to 28 percent at seven
ata, to 50 percent at 21 ata when breathing
helium-oxygen. Under these circumstances, in-
sulating materials are insufficient to maintain
body temperatures, and supplementary heat
(usually hot water) must be supplied to the body
surface and respiratory gas.

2-7 SUMMARY

The principles of physics discussed in this chap-
ter provide the keystone to understanding the
reasons for using various techniques, proce-
dures, and equipment in conducting diving op-
erations. They also are of particular significance
in studying the effects of the underwater envi-
ronment upon the human body.

2-29



Digitized by GOOS[Q



CHAPTER THREE

UNDERWATER PHYSIOLOGY

3-1 INTRODUCTION

Physiology is the study of the processes and -

functions of the body. Anatomy is the study of
the structure of the organs of the body. When
conditions in the external environment are
nearly perfect and require little compensation by
the body, maintaining the proper internal envi-
ronment still requires the work of almost all of
the organs and systems. The heart pumps blood
to all parts of the body, the tissue fluids ex-
change dissolved materials with the blood, and
the lungs keep the blood supplied with oxygen
and cleared of excess carbon dioxide. Most of
these processes are controlled directly by the
brain, nervous system, and various glands. For
the most part, the individual is unaware that
these functions are taking place.

The body lacks effective ways of compensating
for many of the effects of increased pressure at
depth and can do little to keep its internal envi-
ronment from being upset. Such external effects
set definite limits on what a diver can do, and
they can give rise to serious accidents. Safe
diving is possible only through knowing what
physiological effects are produced, how much
of a limit they impose, and how some of them
can be avoided or reduced. Divers need to have
a basic understanding of the body and its vital
processes so that they will respect the increased
demands imposed on the body by the underwa-
ter environment. A diver’s knowledge is as im-
portant as his own good health and the condition
of his gear. This chapter presents a general dis-
cussion of human anatomy and physiology and
the effects of diving on the body.

3-2 THE BODY SYSTEMS
The body’s tissues and organs are organized into
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various systems, each with a specific job to do.
The musculoskeletal, nervous, circulatory, and
respiratory systems are of primary concern to
divers. The remaining body systems (digestive,
excretory, and endocrine) are seldom affected
by the demands of the underwater environment
and are not discussed in this chapter.

3-2.1 The Musculoskeletal System. The skel-
etal system provides the frame that gives
strength to the body and protection to the vital
organs. Muscles make the body move and offer
protection to the vital organs.

3-2.2 The Nervous System. The nervous sys-
tem coordinates all body functions and activi-
ties. It contains the brain, spinal cord, and a
complex network of nerves which course
through the body. The brain and spinal cord are
collectively referred to as the Central Nervous
System (CNS). Nerves that originate in the brain
and spinal cord and travel to peripheral parts of
the body form the peripheral nervous system.
This system consists of the cranial nerves, the
spinal nerves, and the sympathetic nervous sys-
tem. The peripheral nervous system is involved
in regulating cardiovascular, respiratory, and
other automatic body functions. These nerve
trunks also transmit nerve impulses associated
with sight, hearing, balance, taste, touch, pain,
and temperature between peripheral sensors and
the spinal cord and brain.

3-2.3 The Circulatory System. The circula-
tory system consists of the heart, arteries, veins,
and capillaries. Its function is to bring oxygen,
nutrients, and hormones to every cell of the body
and to carry away carbon dioxide, waste chemi-
cals, and heat. The circulatory system is dis-
cussed in Paragraph 3-3.



3-2.4 The Respiratory System. The respira-
tory system consists of the lungs and associated
air passages. Its function is to bring oxygen into
the body and to expel carbon dioxide. The res-
piratory system is discussed in Paragraph 3-4.

3-3 CIRCULATION

The circulation of blood throughout the body
transports respiratory gases and body nutrients.
Circulation occurs through a closed system of
tubes which includes the lung and tissue capil-
laries, heart, arteries, and veins.

3-3.1 Anatomy. The very large surface areas
required for ample diffusion of gases in the
lungs and tissues are provided by the thin walls
of extremely small blood vessels called capillar-
ies. Every part of the body is completely inter-
woven with intricate networks of capillaries. In
the lungs, these capillaries surround the tiny air
sacs (alveoli) so that the blood they carry can
exchange gases with air.

The heart (Figure 3-1) is the muscular pump that
propels the blood throughout the system. It is
about the size of a closed fist, hollow, and made
up almost entirely of muscle tissue which forms
its walls and provides the pumping action. It is
located in the front and center of the chest cavity
between the right and left lungs, directly behind
the breastbone (sternum).

The interior of the heart is divided lengthwise
into two halves, separated by a wall of tissue
called a septum, that have no direct conduit to
each other. Each half is divided into an upper
chamber (the atrium), which receives blood
from the veins of its circuit, and a lower chamber
(the ventricle) which takes blood from the
atrium and pumps it away via the main artery.
Because the ventricles do most of the pumping,
they have the thickest, most muscular walls. The
arteries carry blood from the heart to the capil-
laries; the veins return blood from the capillaries
to the heart. Arteries and veins branch and re-
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Figure 3-1. The Heart’s Components and Blood Flow.

branch many times, very much like a tree.
Trunks near the heart are approximately the
diameter of a human thumb, while the smallest
arterial and venous twigs are microscopic. Cap-
illaries provide the connections that let blood
flow from the smallest branch arteries (arteri-
oles) into the smallest veins (venules).

Although it forms a continuous closed circuit of
tubes with the same blood flowing throughout,
the circulatory system actually consists of two
circuits. The pulmonary circuit serves the lung
capillaries; the systemic circuit serves the tissue
capillaries. Each circuit has its own arteries and
veins and its own half of the heart as a pump.
Figure 3-2 shows how the system is arranged.
In complete circulation, blood first passes
through one circuit and then the other, going
through the heart twice in each complete circuit.

3-3.2 Circulatory Function. Blood follows a
continuous circuit through the human body.
Blood leaving a capillary in muscle, or in one of
the organs, has lost most of its oxygen and is
loaded with carbon dioxide. The blood flows
into larger and larger veins until it reaches the
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takes place. By diffusion, the blood exchanges
inert gas as well as carbon dioxide and oxygen
with the air in the lungs. The blood then returns
to the heart via the pulmonary venous system
and enters the left atrium. The next relaxation
finds it going through the mitral valve into the
left ventricle to be pumped through the aortic
valve into the main artery (aorta) of the systemic
circuit. The blood then flows through the arter-
ies branching from the aorta, then successively
smaller vessels until it reaches the capillaries,
where it exchanges oxygen for carbon dioxide.
It is now ready for another trip to the lungs and
back again.

The larger blood vessels are somewhat elastic
and have muscular walls. They stretch as blood
is ejected from the heart with each beat, and
contract between beats to maintain a slow but
adequate flow (perfusion) through the capillar-
ies. Stresses during diving, such as excessive
urine formation (immersion diuresis), decom-
pression sickness, shock, and gas embolism, can
affect blood flow.

3-3.2.1 Blood Components. An average per-
son’s body contains about five liters of blood.
Oxygen is carried mainly in the red corpuscles
(red blood cells). There are approximately 300
million red corpuscles in an average-sized drop
of blood. These corpuscles are small, disc-
shaped cells that contain hemoglobin to carry
oxygen. Hemoglobin is a complex chemical
compound containing iron. It can form a loose
chemical combination with oxygen, soaking it
up almost as a sponge soaks up liquid. Hemo-
globin is bright red when it is oxygen-rich; it
becomes increasingly bluish as it loses oxygen.
Hemoglobin gains or loses oxygen depending
upon the partial pressure of oxygen to which it
is exposed. Hemoglobin takes up about 98 per-
cent of the oxygen it can carry when itis exposed
to the normal partial pressure of oxygen in the
lungs. Because the cells are using oxygen, the
partial pressure (tension) in the tissues is much
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lower, and the hemoglobin gives up much of its
oxygen in the tissue capillaries.

Acids form as the carbon dioxide dissolves in
the blood. Buffers in the blood neutralize the
acids and permit large amounts of carbon diox-
ide to be carried away to prevent excess acidity.
Hemoglobin plays an important part in trans-
porting carbon dioxide and in carrying oxygen.
The uptake or loss of carbon dioxide by blood
depends mainly upon the partial pressure (or
tension) of the gas in the area where the blood
is exposed. For example, in the peripheral tis-
sues, carbon dioxide diffuses into the blood and
oxygen diffuses into the tissues.

In addition to red blood cells, the blood also
contains white blood cells, which serve to fight
infections, and platelets, which are cells essen-
tial in blood coagulation. Plasma is the watery,
colorless fluid portion of the blood. It contains
a large amount of dissolved material essential to
life. The blood also contains several substances,
such as fibrinogen, associated with blood clot-
ting. Without the clotting ability, death could
result from even the slightest injury. Decom-
pression sickness can initiate clotting, in part
because bubbles can act as foreign bodies in the
vascular system.

3-4 RESPIRATION

Every cell in the body must obtain energy to
maintain its life, growth, and function. The cells
obtain this energy from oxidation, which is a
slow, controlled burning of food materials. As
with the burning of any material, oxidation re-
quires fuel and oxygen. Respiration is the proc-
ess of exchanging oxygen and carbon dioxide
during oxidation and releasing energy and
water.

Few of the body’s billions of cells are close
enough to the surface of the body to have any
chance of obtaining oxygen and expelling carb-
on dioxide by direct air diffusion. Instead, the
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exchange of gases takes place via the circulating
blood. The blood is exposed to air over a large
diffusing surface when it passes through the
lungs. When the blood reaches the tissues, the
small capillary vessels provide another large
surface where the blood and tissue fluids are in
close contact. Gases diffuse readily at both ends
of the circuit, and the blood has the remarkable
ability to carry both oxygen and carbon dioxide.
This system normally works so well that even
the deepest cells of the body can obtain oxygen
and get rid of excess carbon dioxide almost as
readily as if they were completely surrounded
by air.

If the membrane surface in the lung, where
blood and air come close together, were just an
exposed sheet of tissue like the skin, natural air
currents would keep fresh air in contact with it.
Actually, this lung membrane surface is many
times larger than the skin area and is folded and
compressed into the small space of the lungs
which are protected inside the bony cage of the
chest. This makes it necessary to continually
move air in and out of the space continually. The
process of breathing and the exchange of gases
in the lungs is referred to as external respiration
to distinguish it from the use, production, and
exchange of gases that takes place in the tissues,
which is referred to as internal respiration.

The complete process of respiration includes six
important phases:

(1) Ventilation of the lungs with fresh air
(Breathing)

(2) Exchange of gases between blood and air
in lungs (Diffusion)

(3) Transport of gases by blood

(4) Exchange of gases between blood and
tissue fluids (Diffusion)
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(5) Exchange of gases between the tissue
fluids and cells (Diffusion)

(6) Use and production of gases by cells
(Metabolism)

If any one of these processes stops or is seriously
hindered, the affected cells can no longer func-
tion normally or survive for any length of time.
Brain tissue cells, for example, will stop work-
ing almost immediately and will either die or be
permanently injured in a few minutes if their
oxygen supply is completely cut off. These vital
processes, and the respiratory and circulatory
systems that carry them out, are important as-
pects of the physiological effects of diving.

The respiratory system is a complex of organs
and structures that performs the pulmonary ven-
tilation of the body and the exchange of oxygen
and carbon dioxide between the ambient air and
the blood circulating through the lungs. It also
warms the air passing into the body and assists
in the speech function by providing air to the
larynx and the vocal chords. The respiratory
tract is divided into upper and lower tracts.

3-4.1 Upper Respiratory Tract. The upper
respiratory tract consists of the nose, nasal cav-
ity, frontal sinuses, maxillary sinuses, larynx,
and trachea. The upper respiratory tract carries
air to and from the lungs; and filters, moistens,
and warms air during each inhalation.

3-4.2 Lower Respiratory Tract. The lower
respiratory tract consists of the left and right
bronchi, and the lungs, where the exchange of
oxygen and carbon dioxide occurs during the
respiratory cycle. The bronchi divide into
smaller bronchioles in the lungs, the bronchioles
divide into alveolar ducts, the ducts into alveolar
sacs, and the sacs into alveoli. The alveolar sacs
and the alveoli present about 850 square feet of
space for the exchange of oxygen and carbon
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dioxide that occurs between the internal alveolar
surface and the tiny capillaries surrounding the
external alveolar wall.

3-4.3 The Respiratory Apparatus. The me-
chanics of taking fresh air into the lungs (inspi-
ration or inhalation) and expelling used air from
the lungs (expiration or exhalation) is dia-
grammed in Figure 3-3. By elevating the ribs
and lowering the diaphragm, the volume of the
lung is increased. Thus, according to Boyle’s
Law, alower pressure is created within the lungs
and fresh air rushes in to equalize this lowered
pressure. When the ribs are lowered again and
the diaphragm rises to its original position, a
higher pressure is created within the lungs, caus-
ing the used air to be expelled.

The human chest cavity does not have space
between the outer lung surfaces and the sur-
rounding chest wall and diaphragm. Both sur-
faces are covered by membranes; the visceral
pleura covers the lung, and the parietal pleura
lines the chest wall. These pleurae are separated
from each other by a small amount of fluid that
acts as a lubricant to allow the membranes to
slide freely over themselves as the lungs expand
and contract during respiration.

The lungs are a pair of light, spongy organs in
the chest and they constitute the main compo-
nent of the respiratory system. The highly elastic
lungs are the main mechanism in the body for
inspiring air from which oxygen is extracted for
the arterial blood system, and for exhaling carb-
on dioxide dispersed from the venous system.
The lungs are composed of lobes that are smooth
and shiny on their surface. The lungs contain
millions of small expandible air sacs (alveoli)
connected to air passages. These passages
branch and rebranch like the twigs of a tree. Air
that enters into the main airways of the lungs
gains access to the entire surface of these alve-
oli. Each alveolus is lined with a thin membrane
and is surrounded by a network of very small
blood vessels. These blood vessels make up the
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Figure 3-3. Inspiratlon Process. Inspiration involves
both raising the rib cage (top panel) and lowering the
diaphragm (lower panel). Both movements enlarge the
volume of the thoracic cavity and draw air into the lung.

U.S. Navy Diving Manual, Volume 1



Digitized by GOOS[G



VO

!

Inspiratory
reserve

lume
Vital

capacity

Total

-f Expiratory capaclty
reserve
,I::,‘,:. vol'umo
—
Ruldu:l volume
Figure 3-5. Lung Volumes. The heavy line is a tracing

derived from a subject breathing to and from a sealed
recording bellows. Following several normal tidal breaths,
he inhalesmaximally, then exhales maximally. The volume
of air moved during this maximal effort is called the vital
capacity. During excercise, the tidal volume increases,
using part of the inspiratory and expiratory reserve vol-
umes. The tidal volume, however, can never exceed the
vital capacity. The residual volume is the amount of air
remaining in the lung after the most forceful expiration.

The su

m of the vital capacity and the residual volume is

the total lung capacity.
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minute volume. RMV varies greatly with
the body’s activity. It is about 6 to 10 liters
per minute at complete rest and may be
over 100 liters per minute during severe
work.

Maximal Breathing Capacity (MBC) or
Maximum Ventilatory Volume (MVYV) -
The greatest respiratory minute volume
that a person can produce during a short
period of extremely forceful breathing. In
a healthy young man, it may average as
much as 100 liters per minute.

Maximum Inspiratory Flow Rate (MIFR)
and Maximum Expiratory Flow Rate
(MEFR) - The fastest rates at which the
body can move gases in and out of the
lungs. These rates are important in design-
ing breathing equipment and computing
gas use under various workloads. Such
terms are usually expressed in liters per
second.

Respiratory Quotient (RQ) - A term fre-

quently used to express the ratio of the
amount of carbon dioxide produced to the
amount of oxygen consumed per unit
time. This value ranges from 0.7 to 1.0
depending on diet and physical exertion
and is usually assumed to be 0.9 for cal-
culations. This relationship is significant
when calculating the carbon dioxide that
will be produced as oxygen is used at
various workloads while using a closed-
circuit breathing system apparatus. The
duration of the carbon dioxide absorbent
canister can then be compared to the du-
ration of the oxygen supply.

Respiratory Dead Space - The part of the
respiratory system that has no alveoli and
in which little or no exchange of gas be-
tween air and blood takes place. It nor-
mally amounts to less than 0.2 liter. Air
that occupies the dead space at the end of
expiration is rebreathed in the following
inspiration. Certain parts of a diver’s
breathing apparatus can add to the volume
of the dead space and thus reduce the
proportion of the tidal volume that serves
the purpose of respiration. To compen-
sate, the diver must increase his tidal vol-
ume. The problem can best be visualized
by using a breathing tube as an example.
If the tube contains one liter of air, a
normal exhalation of about one liter will
leave the tube filled with used air from the
lungs. At inhalation, the used air will be
drawn right back into the lungs. The tidal
volume must be increased by more than a
liter to draw in the needed fresh supply,
because any fresh air is diluted by the air
in the dead space. Thus it can be seen that
the air that is taken into our lungs (inspired
air) is a mixture of fresh and dead space
gases.

3-4.4.1 Alveolar/Capillary Gas Exchange.
Within the alveolar air spaces, the composition
of the air (alveolar air) is changed by the elimi-
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nation of carbon dioxide from the blood, the
absorption of oxygen by the blood, and the
addition of water vapor. The air that is exhaled
is a mixture of alveolar air and the inspired air
that remained in the dead space.

The blood in the capillary bed of the lungs is
exposed to the gas pressures of alveolar air
through the thin membra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>