HEADQUARTERS,
DEPARTMENT
OF THE ARMY

DISTRIBUTION RESTRICTION:

Approved for public release;
distribution is unlimited.

FM 20-11

Military
Diving



US ARMY PREFACE

This edition of Field Manual (FM) 20-11 is an authorized reprint of United States (US) Navy diving
manual SS521-AG-PRO-010. The references identified in this preface provide specific Army
doctrine that differs from the Navy doctrine addressed in this manual. Any differences stated in the
references listed below apply to Army diving personnel and teams only.

MANAGEMENT OF ARMY DIVING

Army Regulations (ARs) 611-201 and 611-75 provide regulatory guidance for the Army diving
program. These regulations govern selection, qualification and requalification, rating and disrating,
and physical standards of soldiers who are engineer divers. AR 611-75 also establishes the criteria
for individuals applying for engineer diving duties.

ARMY ENGINEER DIVING

FM 5-490,Engineer Diving Operationgrovides a doctrinal basis for planning and using engineer
divers in the theater of operations (TO). It describes the responsibilities, procedures, capabilities,
constraints, and planning considerations for conducting underwater operations throughout the TO.

Table of organization and equipment (TOE) numbers 05-530LA00 and 05-530LCO00 establish the
organizational structure, manning, and equipment authorizations for the engineer diving teams. The
US Army Engineer School is the proponent for the engineer diving TOEs.

ARMY SPECIAL OPERATIONS FORCES (ARSOF) DIVING

ARSOF combat diving is uniquely designed to meet Special Forces infiltration/exfiltration and
foreign internal defense mission requirements. The training differs greatly from engineer diving in
many aspects, and this manual addresses the physiological, technical, and equipment issues that are,
in some cases, inherent to both diving communities. Selection, qualification, recertification, and
physical standards for ARSOF combat divers are identified separately in AR 611-75.

Sometimes there are significant differences between the duties, responsibilities, qualification, and
staffing outlined in this manual and those required within the ARSOF community. One example is
the requirement for a combat dive supervisor to be a graduate of the combat dive supervisor school
and not necessarily the senior diver. Another example is the requirement for a combat dive medical
technician to be present on all dive sites. The ARSOF diving community does not have master divers
and has different qualification criteria for enlisted and officer certification.

ARSOF operation planning, diving doctrine, equipment selection, duties, and responsibilities are
addressed in either United States Army Special Operations Command (USASOC) Regulation 350-20,
USASOC Diving Progran(point of contact [POC] is Commander, USASOC, ATTN: AOOP-TRS,
Fort Bragg, NC 28307-5200) or Training Circular (TC) 31-&mecial Forces Waterborne
Operations(POC is Commander, USAJFKSWCS, ATTN: AOJK-DT-SFA, Fort Bragg, NC 28307-
5000). All ARSOF combat diving activities must be done according to this manual, AR 611-75, and
USASOC Regulation 350-20.
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Foreword

Department of the Navy
Naval Sea Systems Command
20 January 1999

Revision 4 of the U.S. Navy Diving Manual is a comprehensive update and reorganization of the

previous revisions. Most significantly, the Manual has been divided into 5 stand-alone volumes to

replace the previous two volumes, which will allow the operators to take the necessary volumes to the
dive site.

The dive manual is updated to provide the latest procedures and equipment currently being utilized
by military divers. It also includes two entirely new procedures to provided greater flexibility for
diving operations: Chapter 10 on Nitrogen-Oxygen (NITROX) Operations and the Diving at High
Altitude section of Chapter 9.

This new revision is also reformatted for electronic dissemination. It will be promulgated on a CD-
ROM disk as well as in hard copy. Changes to the manual will be posted on the NAVSEA 00C web
site (www.navsea.navy.mil/sea00c) to ensure that the most accurate and timely updates are provided
to military divers.

This revision is a compilation of input and review by Navy divers involved in all aspects of diving
operations. Experts from every area of military diving were consulted on specifics in their field and
also utilized to review the finished version.

Many people were involved in this colossal effort, however | would like to pass along special thanks
to a dedicated professional who expended countless hours to produce the best tools for military divers
possible. HTCM (MDV) Mike Washington was the driving force behind the completion of this revi-
sion. His invaluable expertise makes this revision reflect what the fleet needs.

On behalf of all Navy divers everywhere, | want to thank MDV Washington for his unparalleled
dedication and professionalism in completing this important task.

&

R. S. McCORD
Director of Ocean Engineering
Supervisor of Salvage and Diving

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

language. 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 that has been
adhered to in preparing this manual is as follows:

“Shall” has been used only when application of a procedure is mandatory.
“Should” has been used only when application of a procedure is recommended.
“May” and “need not” have been used only when application of a procedure is discretionary.

“Will” has been used only to indicate futurity; never to indicate any degree of requirement 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
covered by the general and specific safety precautions, the Commanding Officer or other
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 operatin g or maintenance procedure, practice, condition, or
statement, which, if not strictly observed, could result in injury to or
death of personnel.

CAUTION Identifies an operatin g or maintenance procedure, practice, condition, or
statement, which, if not strictly observed, could result in dama ge to or
destruction of equipment or loss of mission effectiveness, or lon g-term
health hazard to personnel.

NOTE An essential operatin g or maintenance procedure, condition, or
statement, which must be hi ghlighted.

Safety Summary iii
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WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

WARNING

Hyperventilation is dan gerous and can lead to unconsciousness and
death. (Page 3-20)

Never do a forceful Valsalva maneuver durin g descent or ascent. Durin ¢
descent, this action can result in alternobaric verti go or a round or oval
window rupture. Durin g ascent, this action can result in a pulmonary
overinflation syndrome. (Pa ge 3-23)

Do not use a malfunctionin g compressor to pump diver’s breathin g air
or char ge diver's air stora ge flasks as this may result in contamination
of the diver's air supply. (Pa ge 4-11)

Weldin g or cuttin g torches may cause an explosion on penetration of
gas-filled compartments, resultin g in serious injury or death. (Pa ge 6-19)

Scuba equipment is not authorized for use in enclosed space divin g.
(Page 6-24)

Skip-breathin g may lead to hypercapnia and shall not be practiced.
(Page 7-30)

Durin g ascent, the diver without the mouthpiece must exhale to offset
the effect of decreasin g pressure on the lun gs which could cause an air
embolism. (Pa ge 7-36)

Durin g enclosed space divin g, all divers shall be outfitted with MK 21
MOD 1 with EGS or MK 20 MOD 0 that includes a diver-to-diver and diver-
to-topside communications system and an EGS for the diver inside the
space. (Page 8-28)

The divers shall not remove their divin g equipment until the atmosphere
has been flushed twice with air from a compressed air source meetin g
the requirements of Chapter 4, or the submarine L.P. blower, and tests
confirm that the atmosphere is safe for breathin  g. Tests of the air in the
enclosed space shall be conducted hourly. Testin g shall be done in
accordance with NSTM 074, Volume 3, Gas Free En gineerin g (S9086-CH-
STM-030/CH-074) for forces afloat, and NAVSEA S-6470-AA-SAF-010 for
shore-based facilities. If the divers smell any unusual odors they shall
immediately don their masks. (Pa ge 8-28)

If the divin g equipment should fail, the diver shall immediately switch to
the EGS and abort the dive. (Pa ge 8-28)

If job conditions call for usin g a steel cable or a chain as a descent line,
the Divin g Officer must approve such use. (Pa ge 8-30)

Altitudes above 10,000 feet impose a serious stress on the body and
significant medical problems may develop while the acclimatization
process takes place. Ascents to these altitudes must be slow to allow
acclimatization to occur and prophylactic dru gs may be required. These

U.S. Navy Diving Manual
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WARNING

WARNING

WARNING

WARNING

WARNING

CAUTION

CAUTION

CAUTION

CAUTION

CAUTION

Safety Summary
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exposures should always be planned in consultation with a Divin g
Medical Officer. Commands conductin g divin g operations above 10,000
feet may obtain the appropriate decompression procedures from
NAVSEA 00C. (Page 9-42)

Mixin g contaminated or non-oil free air with 100% oxy
catastrophic fire and explosion. (Pa ge 10-10)

gen canresultin a

No repetitive dives are authorized after an emer
requirin g a shift to the EBS. (Pa ge 17-24)

gency procedure

Hypoxia and hypercapnia may give the diver little or no warnin
onset of unconsciousness. (Pa ge 17-40)

g prior to

The MK 25 does not have a carbon dioxide-monitorin
to adhere to canister duration operations plannin
unconsciousness and/or death. (Pa ge 18-20)

g capability. Failure
g could lead to

CPR should not be initiated on a severely hypothermic diver unless it

can be determined that the heart has stopped or is in ventricular
fibrillation. CPR should not be initiated in a patient that is breathin g.
(Page 19-15)

This procedure is to be performed with an unmanned chamber to avoid
exposin g occupants to unnecessary risks. (Pa ge 22-17)

This checklist is an overview intended for use with the detailed
Operatin g Procedures (OPs) from the appropriate equipment O&M
technical manual. (Pa ge 6-45)

Avoid overinflation and be aware of the possibility of blowup when
breakin g loose from mud. It is better to call for aid from the standby
diver than to risk blowup. (Pa ge 8-26)

Never attempt to interpolate between decompression schedules. (Pa ge
9-6)

In very cold water, the wet suit is only a mar  ginally effective thermal
protective measure, and its use exposes the diver to hypothermia and
restricts available bottom time. The use of alternative thermal protective
equipment should be considered in these circumstances. (Pa ge 11-5)

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
thorou ghly familiar with the operation of these suits. (Pa  ge 11-6)



Vi

CAUTION

CAUTION

CAUTION

CAUTION

The MK 16 UBA provides no visual warnin g of excess CO , problems.
The diver should be aware of CO 5, toxicity symptoms. (Pa ge 17-4)

Do not institute active rewarmin g with severe cases of hypothermia.
(Page 19-15)

If the tender is outside of no-decompression limits, he should not be

brou ght directly to the surface. Either take the decompression stops
appropriate to the tender or lock in a new tender and decompress the
patient leavin g the ori ginal tender to complete decompression. (Pa  ge 20-
3)

Acrylic view-ports should not be lubricated or come in contact with any
lubricant. Acrylic view-ports should not come in contact with any volatile
detergent or leak detector (non-ionic deter gent is to be used for leak
test). When reinstallin g view-port, take up retainin g ring bolts until the
gasket just compresses evenly about the view-port. Do not
overcompress the gasket. (Page 22-22)

U.S. Navy Diving Manual
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CHAPTER 1

History of Diving

11 INTRODUCTION

1-1.1 Purpose. This chapter provides a general history of the development of military
diving operations.

1-1.2 Scope. This chapter outlines the hard work and dedication of a number of individ-
uals who were pioneers in the development of diving technology. As with any
endeavor, it is important to build the on discoveries of our predecessors and not
repeat mistakes of the past.

1-1.3 Role of the U.S. Navy. The U.S. Navy is a leader in the development of modern
diving and underwater operations. The general requirements of national defense
and the specific requirements of underwater reconnaissance, demolition, ordnance
disposal, construction, ship maintenance, search, rescue and salvage operations
repeatedly give impetus to training and development. Navy diving is no longer
limited to tactical combat operations, wartime salvage, and submarine sinkings.
Fleet diving has become increasingly important and diversified since World War
Il. A major part of the diving mission is inspecting and repairing naval vessels to
minimize downtime and the need for dry-docking. Other aspects of fleet diving
include recovering practice and research torpedoes, installing and repairing under-
water electronic arrays, underwater construction, and locating and recovering
downed aircraft.

1-2 SURFACE-SUPPLIED AIR DIVING

The origins of diving are firmly rooted in man’s need and desire to engage in mari-
time commerce, to conduct salvage and military operations, and to expand the
frontiers of knowledge through exploration, research, and development.

Diving, as a profession, can be traced back more than 5,000 years. Early divers
confined their efforts to waters less than 100 feet deep, performing salvage work
and harvesting food, sponges, coral, and mother-of-pearl. A Greek historian,

Herodotus, recorded the story of a diver named Scyllis, who was employed by the
Persian King Xerxes to recover sunken treasure in the fifth century B.C.

From the earliest times, divers were active in military operations. Their missions
included cutting anchor cables to set enemy ships adrift, boring or punching holes
in the bottoms of ships, and building harbor defenses at home while attempting to
destroy those of the enemy abroad. Alexander the Great sent divers down to
remove obstacles in the harbor of the city of Tyre, in what is now Lebanon, which
he had taken under siege in 332 B.C.

Other early divers developed an active salvage industry centered around the major
shipping ports of the eastern Mediterranean. By the first century B.C., operations
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in one area had become so well organized that a payment scale for salvage work
was established by law, acknowledging the fact that effort and risk increased with
depth. In 24 feet of water, the divers could claim a one-half share of all goods
recovered. In 12 feet of water, they were allowed a one-third share, and in 3 feet,
only a one-tenth share.

1-2.1 Breathing Tubes. The most obvious and crucial step to broadening a diver’s capa-
bilities was providing an air supply that would permit him to stay underwater.
Hollow reeds or tubes extending to the surface allowed a diver to remain
submerged for an extended period, but he could accomplish little in the way of
useful work. Breathing tubes were employed in military operations, permitting an
undetected approach to an enemy stronghold (Figure 1-1).

At first glance, it seemed logical that a longer breathing tube was the only require-
ment for extending a diver’s range. In fact, a number of early designs used leather
hoods with long flexible tubes supported at the surface by floats. There is no
record, however, that any of these devices were actually constructed or tested. The
result may well have been the drowning of the diver. At a depth of 3 feet, it is
nearly impossible to breathe through a tube using only the body’s natural respira-
tory ability, as the weight of the water exerts a total force of almost 200 pounds on
the diver’s chest. This force increases steadily with depth and is one of the most
important factors in diving. Successful diving operations require that the pressure
be overcome or eliminated. Throughout history, imaginative devices were
designed to overcome this problem, many by some of the greatest minds of the
time. At first, the problem of pressure underwater was not fully understood and the
designs were impractical.

il

!

-—-l/

¥

—
g
%‘;
~Z

A

A

iy

Figure 1-1. Early Impractical Breathing Device. Figure 1-2. Assyrian Frieze (900 B.C.).
This 1511 design shows the diver’'s head encased

in a leather bag with a breathing tube extending to

the surface.
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1-2.2 Breathing Bags. An entire series of designs was based on the idea of a breathing
bag carried by the diver. An Assyrian frieze of the ninth century B.C. shows what
appear to be divers using inflated animal skins as air tanks. However, these men
were probably swimmers using skins for flotation. It would be impossible to
submerge while holding such an accessory (Figure 1-2).

A workable diving system may have made a brief appearance in the later Middle
Ages. In 1240, Roger Bacon made reference to “instruments whereby men can
walk on sea or river beds without danger to themselves.”

1-2.3 Diving Bells. Between 1500 and 1800 the diving bell was developed, enabling
divers to remain underwater for hours rather than minutes. The diving bell is a
bell-shaped apparatus with the bottom open to the sea.

The first diving bells were large, strong tubs weighted to sink in a vertical posi-
tion, trapping enough air to permit a diver to breathe for several hours. Later
diving bells were suspended by a cable from the surface. They had no significant
underwater maneuverability beyond that provided by moving the support ship.
The diver could remain in the bell if positioned directly over his work, or could
venture outside for short periods of time by holding his breath.

The first reference to an actual practical diving bell was made in 1531. For several
hundred years thereafter, rudimentary but effective bells were used with regularity.
In the 1680s, a Massachusetts-born adventurer named William Phipps modified
the diving bell technique by supplying his divers with air from a series of
weighted, inverted buckets as they attempted to recover treasure valued at
$200,000.

In 1690, the English astronomer Edmund Halley developed a diving bell in which
the atmosphere was replenished by sending weighted barrels of air down from the
surface (Figure 1-3). In an early demonstration of his system, he and four compan-
ions remained at 60 feet in the Thames River for almost 1¥2 hours. Nearly 26 years
later, Halley spent more than 4 hours at 66 feet using an improved version of his
bell.

1-2.4 Diving Dress Designs.  With an increasing number of military and civilian wrecks
littering the shores of Great Britain each year, there was strong incentive to
develop a diving dress that would increase the efficiency of salvage operations.

1-2.4.1 Lethbridge’s Diving Dress.  In 1715, Englishman John Lethbridge developed a
one-man, completely enclosed diving dress (Figure 1-4). The Lethbridge equip-
ment was a reinforced, leather-covered barrel of air, equipped with a glass
porthole for viewing and two arm holes with watertight sleeves. Wearing this geatr,
the occupant could accomplish useful work. This apparatus was lowered from a
ship and maneuvered in the same manner as a diving bell.

Lethbridge was quite successful with his invention and participated in salvaging a
number of European wrecks. In a letter to the editor of a popular magazine in
1749, the inventor noted that his normal operating depth was 10 fathoms (60 feet),
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Figure 1-3. Engraving of Halley’s Figure 1-4. Lethbridge’s Diving Suit.

Diving Bell.
1-2.4.2
1-2.4.3

1-4

with about 12 fathoms the maximum, and that he could remain underwater for 34
minutes.

Several designs similar to Lethbridge’s were used in succeeding years. However,
all had the same basic limitation as the diving bell—the diver had little freedom
because there was no practical way to continually supply him with air. A true tech-
nological breakthrough occurred at the turn of the 19th century when a hand-
operated pump capable of delivering air under pressure was developed.

Deane’s Patented Diving Dress.  Several men produced a successful apparatus at
the same time. In 1823, two salvage operators, John and Charles Deane, patented
the basic design for a smoke apparatus that permitted firemen to move about in
burning buildings. By 1828, the apparatus evolved into Deane’s Patent Diving
Dress, consisting of a heavy suit for protection from the cold, a helmet with
viewing ports, and hose connections for delivering surface-supplied air. The
helmet rested on the diver’s shoulders, held in place by its own weight and straps
to a waist belt. Exhausted or surplus air passed out from under the edge of the
helmet and posed no problem as long as the diver was upright. If he fell, however,
the helmet could quickly fill with water. In 1836, the Deanes issued a diver’'s
manual, perhaps the first ever produced.

Siebe’s Improved Diving Dress.  Credit for developing the first practical diving
dress has been given to Augustus Siebe. Siebe’s initial contribution to diving was a
modification of the Deane outfit. Siebe sealed the helmet to the dress at the collar
by using a short, waist-length waterproof suit and added an exhaust valve to the
system (Figure 1-5). Known as Siebe’s Improved Diving Dress, this apparatus is
the direct ancestor of the MK V standard deep-sea diving dress.
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1-2.4.4 Salvage of the HMS Royal George . By 1840, sev-
eral types of diving dress were being used in actua
diving operations. At that time, a unit of the British
Royal Engineers was engaged in removing the re-
mains of the sunken warship, HM®yal George
The warship was fouling a major fleet anchorage
just outside Portsmouth, England. Colonel William
Pasley, the officer in charge, decided that his oper-
ation was an ideal opportunity to formally test and
evaluate the various types of apparatus. Wary of
the Deane apparatus because of the possibility o
helmet flooding, he formally recommended that
the Siebe dress be adopted for future operations.

When Pasley’s project was completed, an official
government historian noted that “of the seasoned
divers, not a man escaped the repeated attacks or gure 1.5, Siebe’s First
rheur_naﬂsm and cold.” The divers had been Enclosed Diving Dress and

working for 6 or 7 hours a day, much of it spent at jgmet.

depths of 60 to 70 feet. Pasley and his men did not

realize the implications of the observation. What

appeared to be rheumatism was instead a symptom of a far more serious physio-
logical problem that, within a few years, was to become of great importance to the

diving profession.

1-2.5 Caissons. At the same time that a practical diving dress was being perfected,
inventors were working to improve the diving bell by increasing its size and
adding high-capacity air pumps that could deliver enough pressure to keep water
entirely out of the bell’s interior. The improved pumps soon led to the construction
of chambers large enough to permit several men to engage in dry work on the
bottom. This was particularly advantageous for projects such as excavating bridge
footings or constructing tunnel sections where long periods of work were required.
These dry chambers were knowncasssonsa French word meaning “big boxes”
(Figure 1-6).

Figure 1-6. French Caisson. This
caisson could be floated over the
work site and lowered to the bottom
by flooding the side tanks.
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1-6

1-2.6

1-261

1-26.1.1

1-2.6.1.2

Caissons were designed to provide ready access from the surface. By using an air
lock, the pressure inside could be maintained while men or materials could be
passed in and out. The caisson was a major step in engineering technology and its
use grew quickly.

Physiological Discoveries.

Caisson Disease (Decompression Sickness).  With the increasing use of cais-
sons, a new and unexplained malady began to affect the caisson workers. Upon
returning to the surface at the end of a shift, the divers frequently would be struck
by dizzy spells, breathing difficulties, or sharp pains in the joints or abdomen. The
sufferer usually recovered, but might never be completely free of some of the
symptoms. Caisson workers often noted that they felt better working on the job,
but wrongly attributed this to being more rested at the beginning of a shift.

As caisson work extended to larger projects and to greater operating pressures, the
physiological problems increased in number and severity. Fatalities occurred with
alarming frequency. The malady was called, logically enough, caisson disease.
However, workers on the Brooklyn Bridge project in New York gave the sickness

a more descriptive name that has remained—the “bends.”

Today the bends is the most well-known danger of diving. Although men had been
diving for thousands of years, few men had spent much time working under great
atmospheric pressure until the time of the caisson. Individuals such as Pasley, who
had experienced some aspect of the disease, were simply not prepared to look for
anything more involved than indigestion, rheumatism, or arthritis.

Cause of Decompression Sickness.  The actual cause of caisson disease was first
clinically described in 1878 by a French physiologist, Paul Bert. In studying the
effect of pressure on human physiology, Bert determined that breathing air under
pressure forced quantities of nitrogen into solution in the blood and tissues of the
body. As long as the pressure remained, the gas was held in solution. When the
pressure was quickly released, as it was when a worker left the caisson, the
nitrogen returned to a gaseous state too rapidly to pass out of the body in a natural
manner. Gas bubbles formed throughout the body, causing the wide range of
symptoms associated with the disease. Paralysis or death could occur if the flow of
blood to a vital organ was blocked by the bubbles.

Prevention and Treatment of Decompression Sickness. Bert recommended that
caisson workers gradually decompress and divers return to the surface slowly. His
studies led to an immediate improvement for the caisson workers when they
discovered their pain could be relieved by returning to the pressure of the caisson
as soon as the symptom appeared.

Within a few years, specially designed recompression chambers were being placed
at job sites to provide a more controlled situation for handling the bends. The pres-
sure in the chambers could be increased or decreased as needed for an individual
worker. One of the first successful uses of a recompression chamber was in 1879
during the construction of a subway tunnel under the Hudson River between New
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York and New Jersey. The recompression chamber markedly reduced the number
of serious cases and fatalities caused by the bends.

Bert's recommendation that divers ascend gradually and steadily was not a
complete success, however; some divers continued to suffer from the bends. The
general thought at the time was that divers had reached the practical limits of the
art and that 120 feet was about as deep as anyone could work. This was because of
the repeated incidence of the bends and diver inefficiency beyond that depth.
Occasionally, divers would lose consciousness while working at 120 feet.

1-2.6.2 Inadequate Ventilation. J.S. Haldane, an English physiologist, conducted experi-
ments with Royal Navy divers from 1905 to 1907. He determined that part of the
problem was due to the divers not adequately ventilating their helmets, causing
high levels of carbon dioxide to accumulate. To solve the problem, he established
a standard supply rate of flow (1.5 cubic feet of air per minute, measured at the
pressure of the diver). Pumps capable of maintaining the flow and ventilating the
helmet on a continuous basis were used.

Haldane also composed a set of diving tables that established a method of decom-
pression in stages. Though restudied and improved over the years, these tables
remain the basis of the accepted method for bringing a diver to the surface.

As a result of Haldane’s studies, the practical operating depth for air divers was
extended to slightly more than 200 feet. The limit was not imposed by physiolog-
ical factors, but by the capabilities of the hand-pumps available to provide the air

supply.

1-2.6.3 Nitrogen Narcosis. Divers soon were moving into
deeper water and another unexplained malady
began to appear. The diver would appear intoxi-
cated, sometimes feeling euphoric and frequently,
losing judgment to the point of forgetting the dive’s
purpose. In the 1930s this “rapture of the deep” wag
linked to nitrogen in the air breathed under higher
pressures. Known as nitrogen narcosis, this condi
tion occurred because nitrogen has anestheti
properties that become progressively more sever¢
with increasing air pressure. To avoid the problem,
special breathing mixtures such as helium-oxygen
were developed for deep diving (see section 1-4
Mixed-Gas Diving).

1-2.7 Armored Diving Suits. Numerous inventors, many
with little or no underwater experience, worked to
create an armored diving suit that would free the
diver from pressure problems (Figure 1-7). In an ar-
mored suit, the diver could breathe air at normal
atmospheric pressure and descend to great depthssigure 1-7. Armored
without any ill effects. The barrel diving suit, de- Diving Suit.
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1-3

1-8

1-2.8

signed by John Lethbridge in 1715, had been an armored suit in essence, but one
with a limited operating depth.

The utility of most armored suits was questionable. They were too clumsy for the
diver to be able to accomplish much work and too complicated to provide protec-
tion from extreme pressure. The maximum anticipated depth of the various suits
developed in the 1930s was 700 feet, but was never reached in actual diving. More
recent pursuits in the area of armored suits, now called one-atmosphere diving
suits, have demonstrated their capability for specialized underwater tasks to 2,000
feet of saltwater (fsw).

MK V Deep-Sea Diving Dress. By 1905, the Bureau of Construction and Repair
had designed the MK V Diving Helmet which seemed to address many of the
problems encountered in diving. This deep-sea outfit was designed for extensive,
rugged diving work and provided the diver maximum physical protection and
some maneuverability.

The 1905 MK V Diving Helmet had an elbow inlet with a safety valve that
allowed air to enter the helmet, but not to escape back up the umbilical if the air
supply were interrupted. Air was expelled from the helmet through an exhaust
valve on the right side, below the port. The exhaust valve was vented toward the
rear of the helmet to prevent escaping bubbles from interfering with the diver’s
field of vision.

By 1916, several improvements had been made to the helmet, including a rudi-
mentary communications system via a telephone cable and a regulating valve
operated by an interior push button. The regulating valve allowed some control of
the atmospheric pressure. A supplementary relief valve, known as the spitcock,
was added to the left side of the helmet. A safety catch was also incorporated to
keep the helmet attached to the breast plate. The exhaust valve and the communi-
cations system were improved by 1927, and the weight of the helmet was
decreased to be more comfortable for the diver.

After 1927, the MK V changed very little. It remained basically the same helmet
used in salvage operations of the USS S-51 and USS S-4 in the mid-1920s. With
its associated deep-sea dress and umbilical, the MK V was used for all submarine
rescue and salvage work undertaken in peacetime and practically all salvage work
undertaken during World War II. The MK V Diving Helmet was the standard U.S.
Navy diving equipment until succeeded by the MK 12 Surface-Supplied Diving
System (SSDS) in February 1980 (see Figure 1-8). The MK 12 was replaced by
the MK 21 in December 1993.

SCUBA DIVING

The diving equipment developed by Charles and John Deane, Augustus Siebe, and
other inventors gave man the ability to remain and work underwater for extended
periods, but movement was greatly limited by the requirement for surface-
supplied air. Inventors searched for methods to increase the diver's movement
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Figure 1-8. MK 12 and MK V.

without increasing the hazards. The best solution was to provide the diver with a
portable, self-contained air supply. For many years the self-contained underwater
breathing apparatus (scuba) was only a theoretical possibility. Early attempts to
supply self-contained compressed air to divers were not successful due to the limi-
tations of air pumps and containers to compress and store air at sufficiently high
pressure. Scuba development took place gradually, however, evolving into three
basic types:

m  Open-circuit scuba (where the exhaust is vented directly to the surrounding
water),

m Closed-circuit scuba (where the oxygen is filtered and recirculated), and

m  Semiclosed-circuit scuba (which combines features of the open- and closed-
circuit types).

1-3.1 Open-Circuit Scuba. In the open-circuit apparatus, air is inhaled from a supply
cylinder and the exhaust is vented directly to the surrounding water.

1-3.1.1 Rouquayrol’s Demand Regulator.  The first and highly necessary component of
an open-circuit apparatus was a demand regulator. Designed early in 1866 and
patented by Benoist Rouquayrol, the regulator adjusted the flow of air from the
tank to meet the diver's breathing and pressure requirements. However, because
cylinders strong enough 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.

1-3.1.2 LePrieur’s Open-Circuit Scuba Design.  The thread of open-circuit development
was picked up in 1933. Commander LePrieur, a French naval officer, constructed
an open-circuit scuba using a tank of compressed air. However, LePrieur did not
include a demand regulator in his design and, the diver’s main effort was diverted
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to the constant manual control of his air supply. The lack of a demand regulator,
coupled with extremely short endurance, severely limited the practical use of
LePrieur’s apparatus.

Cousteau and Gagnan’'s Aqua-Lung. At the same time that actual combat opera-
tions were being carried out with closed-circuit apparatus, two Frenchmen
achieved a significant breakthrough in open-circuit scuba design. Working in a
small Mediterranean village, under the difficult and restrictive conditions of
German-occupied France, Jacques-Yves Cousteau and Emile Gagnan combined an
improved demand regulator with high-pressure air tanks to create the first truly
efficient and safe open-circuit scuba, known as the Aqua-Lung. Cousteau and his
companions brought the Aqua-Lung to a high state of development as they
explored and photographed wrecks, developing new diving techniques and testing
their equipment.

The Aqua-Lung was the culmination of hundreds of years of progress, blending
the work of Rouquayol, LePrieur, and Fleuss, a pioneer in closed-circuit scuba
development. Cousteau used his gear successfully to 180 fsw without significant
difficulty and with the end of the war the Aqua-Lung quickly became a commer-
cial success. Today the Aqua-Lung is the most widely used diving equipment,
opening the underwater world to anyone with suitable training and the funda-
mental physical abilities.

Impact of Scuba on Diving. The underwater freedom brought about by the devel-
opment of scuba led to a rapid growth of interest in diving. Sport diving has
become very popular, but science and commerce have also benefited. Biologists,
geologists and archaeologists have all gone underwater, seeking new clues to the
origins and behavior of the earth, man and civilization as a whole. An entire
industry has grown around commercial diving, with the major portion of activity

in offshore petroleum production.

After World War 1l, the art and science of diving progressed rapidly, with
emphasis placed on improving existing diving techniques, creating new methods,
and developing the equipment required to serve these methods. A complete gener-
ation of new and sophisticated equipment took form, with substantial
improvements being made in both open and closed-circuit apparatus. However,
the most significant aspect of this technological expansion has been the closely
linked development of saturation diving techniques and deep diving systems.

Closed-Circuit Scuba. The basic closed-circuit system, or oxygen rebreather, uses
a cylinder of 100 percent oxygen that supplies a breathing bag. The oxygen used
by the diver is recirculated in the apparatus, passing through a chemical filter that
removes carbon dioxide. Oxygen is added from the tank to replace that consumed
in breathing. For special warfare operations, the closed-circuit system has a major
advantage over the open-circuit type: it does not produce a telltale trail of bubbles
on the surface.

Fleuss’ Closed-Circuit Scuba. Henry A. Fleuss developed the first commercially
practical closed-circuit scuba between 1876 and 1878 (Figure 1-9). The Fleuss
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device consisted of a watertight rubber face mask and a breathing bag connected
to a copper tank of 100 percent oxygen charged to 450 psi. By using oxygen
instead of compressed air as the breathing medium, Fleuss eliminated the need for
high-strength tanks. In early models of this apparatus, the diver controlled the
makeup feed of fresh oxygen with a hand valve.

Fleuss successfully tested his apparatus in 1879. In the
first test, he remained in a tank of water for about an
hour. In the second test, he walked along a creek bed

a depth of 18 feet. During the second test, Fleuss turne
off his oxygen feed to see what would happen. He waj
soon unconscious, and suffered gas embolism as h
tenders pulled him to the surface. A few weeks after hig
recovery, Fleuss made arrangements to put his recircy
lating design into commercial production.

In 1880, the Fleuss scuba figured prominently in a
highly publicized achievement by an English diver,
Alexander Lambert. A tunnel under the Severn River
flooded and Lambert, wearing a Fleuss apparatus
walked 1,000 feet along the tunnel, in complete dark-
ness, to close several crucial valves.

1-3.2.2 Modern Closed-Circuit Systems. As development of
the closed-circuit design continued, the Fleuss equip-
ment was improved by adding a demand regulator and-igure 1-9. Fleuss
tanks capable of holding oxygen at more than 2,000/PParatus.
psi. By World War |, the Fleuss scuba (with modifica-
tions) was the basis for submarine escape equipment
used in the Royal Navy. In World War 11, closed-circuit
units were widely used for combat diving operations
(see paragraph 1-3.5.2).

Some modern closed-circuit systems employ a mixed gas for breathing and elec-
tronically senses and controls oxygen concentration. This type of apparatus retains
the bubble-free characteristics of 100-percent oxygen recirculators while signifi-
cantly improving depth capability.

1-3.3 Hazards of Using Oxygen in Scuba. Fleuss had been unaware of the serious
problem of oxygen toxicity caused by breathing 100 percent oxygen under pres-
sure. Oxygen toxicity apparently was not encountered when he used his apparatus
in early shallow water experiments. The danger of oxygen poisoning had actually
been discovered prior to 1878 by Paul Bert, the physiologist who first proposed
controlled decompression as a way to avoid the bends. In laboratory experiments
with animals, Bert demonstrated that breathing oxygen under pressure could lead
to convulsions and death (central nervous system oxygen toxicity).
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In 1899, J. Lorrain Smith found that breathing oxygen over prolonged periods of
time, even at pressures not sufficient to cause convulsions, could lead to pulmo-
nary oxygen toxicity, a serious lung irritation. The results of these experiments,
however, were not widely publicized. For many years, working divers were
unaware of the dangers of oxygen poisoning.

The true seriousness of the problem was not apparent until large numbers of
combat swimmers were being trained in the early years of World War Il. After a
number of oxygen toxicity accidents, the British established an operational depth
limit of 33 fsw. Additional research on oxygen toxicity continued in the U.S. Navy
after the war and resulted in the setting of a normal working limit of 25 fsw for 75
minutes for the Emerson oxygen rebreather. A maximum emergency depth/time
limit of 40 fsw for 10 minutes was also allowed.

These limits eventually proved operationally restrictive, and prompted the Navy
Experimental Diving Unit to reexamine the entire problem of oxygen toxicity in
the mid-1980s. As a result of this work, more liberal and flexible limits were
adopted for U.S. Navy use.

1-3.4 Semiclosed-Circuit Scuba. The semiclosed-circuit scuba combines features of
the open and closed-circuit systems. Using a mixture of gases for breathing, the
apparatus recycles the gas through a carbon dioxide removal canister and continu-
ally 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 demand; an
equal amount of the recirculating mixed-gas stream is continually exhausted to the
water. Because the quantity of makeup gas is constant regardless of depth, the
semiclosed-circuit scuba provides significantly greater endurance than open-
circuit systems in deep diving.

1-3.4.1 Lambertsen’s Mixed-Gas Rebreather. In the late 1940s, Dr. C.J. Lambertsen
proposed that mixtures of nitrogen or helium with an elevated oxygen content be
used in scuba to expand the depth range beyond that allowed by 100-percent
oxygen rebreathers, while simultaneously minimizing the requirement for
decompression.

In the early 1950s, Lambertsen introduced the FLATUS I, a semiclosed-circuit
scuba that continually added a small volume of mixed gas, rather than pure
oxygen, to a rebreathing circuit. The small volume of new gas provided the
oxygen necessary for metabolic consumption while exhaled carbon dioxide was
absorbed in an absorbent canister. Because inert gas, as well as oxygen, was added
to the rig, and because the inert gas was not consumed by the diver, a small
amount of gas mixture was continuously exhausted from the rig.

1-3.4.2 MK 6 UBA. In 1964, after significant development work, the Navy adopted a
semiclosed-circuit, mixed-gas rebreather, the MK 6 UBA, for combat swimming
and EOD operations. Decompression procedures for both nitrogen-oxygen and
helium-oxygen mixtures were developed at the Navy Experimental Diving Unit.
The apparatus had a maximum depth capability of 200 fsw and a maximum endur-
ance of 3 hours depending on water temperature and diver activity. Because the
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apparatus was based on a constant mass flow of mixed gas, the endurance was
independent of the diver’s depth.

In the late 1960s, work began on a new type of mixed-gas rebreather technology,
which was later used in the MK 15 and MK 16 UBAs. In this UBA, the oxygen
partial pressure was controlled at a constant value by an oxygen sensing and addi-
tion system. As the diver consumed oxygen, an oxygen sensor detected the fall in
oxygen partial pressure and signaled an oxygen valve to open, allowing a small
amount of pure oxygen to be admitted to the breathing circuit from a cylinder.
Oxygen addition was thus exactly matched to metabolic consumption. Exhaled
carbon dioxide was absorbed in an absorption canister. The system had the endur-
ance and completely closed-circuit characteristics of an oxygen rebreather without
the concerns and limitations associated with oxygen toxicity.

Beginning in 1979, the MK 6 semiclosed-circuit underwater breathing apparatus
(UBA) was phased out by the MK 15 closed-circuit, constant oxygen partial pres-
sure UBA. The Navy Experimental Diving Unit developed decompression
procedures for the MK 15 with nitrogen and helium in the early 1980s. In 1985, an
improved low magnetic signature version of the MK 15, the MK 16, was approved
for Explosive Ordnance Disposal (EOD) team use.

1-3.5 Scuba Use During World War 1l.  Although closed-circuit equipment was re-
stricted to shallow-water use and carried with it the potential danger of oxygen
toxicity, its design had reached a suitably high level of efficiency by World War I1.
During the war, combat swimmer breathing units were widely used by navies on
both sides of the conflict. The swimmers used various modes of underwater attack.
Many notable successes were achieved including the sinking of several battle-
ships, cruisers, and merchant ships.

1-3.5.1 Diver-Guided Torpedoes. Italian divers,

using closed-circuit gear, rode chariot torpe-
does fitted with seats and manual controls in
repeated attacks against British ships. In
1936, the Italian Navy tested a chariot tor-
pedo system in which the divers used a de-
scendant of the Fleuss scuba. This was the
Davis Lung (Figure 1-10). It was originally
designed as a submarine escape device an
was later manufactured in Italy under a li-
cense from the English patent holders.

British divers, carried to the scene of action
in midget submarines, aided in placing
explosive charges under the keel of the
German battleshipirpitz. The British began
their chariot program in 1942 using the Figure 1-10. Original Davis
Davis Lung and exposure suits. SwWimmers syphmerged Escape Apparatus.
using the MK 1 chariot dress quickly discov-
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ered that the steel oxygen bottles adversely affected the compass of the chariot
torpedo. Aluminum oxygen cylinders were not readily available in England, but
German aircraft used aluminum oxygen cylinders that were almost the same size
as the steel cylinders aboard the chariot torpedo. Enough aluminum cylinders were
salvaged from downed enemy bombers to supply the British forces.

Changes introduced in the MK 2 and MK 3 diving dress involved improvements
in valving, faceplate design, and arrangement of components. After the war, the
MK 3 became the standard Royal Navy shallow water diving dress. The MK 4
dress was used near the end of the war. Unlike the MK 3, the MK 4 could be
supplied with oxygen from a self-contained bottle or from a larger cylinder carried
in the chariot. This gave the swimmer greater endurance, yet preserved freedom of
movement independent of the chariot torpedo.

In the final stages of the war, the Japanese employed an underwater equivalent of
their kamikaze aerial attack—the kaiten diver-guided torpedo.

U.S. Combat Swimming. There were two groups of U.S. combat swimmers
during World War II: Naval beach reconnaissance swimmers and U.S. operational
swimmers. Naval beach reconnaissance units did not normally use any breathing
devices, although several models existed.

U.S. operational swimmers, however,
under the Office of Strategic Services,
developed and applied advanced methods|
for true self-contained diver-submersible

operations. They employed the

Lambertsen Amphibious Respiratory

Unit (LARU), a rebreather invented by

Dr. CJ. Lambertsen (see Figure 1-11).
The LARU was a closed-circuit oxygen

UBA used in special warfare operations
where a complete absence of exhaust
bubbles was required. Following World

War I, the Emerson-Lambertsen Oxygen
Rebreather replaced the LARU (Figure

1-12). The Emerson Unit was used exten-
sively by Navy special warfare divers

until 1982, when it was replaced by the

Draeger Lung Automatic Regenerator L
(LAR) V. The LAR V is the standard unit E'g:r?r alt'olrl'ulr‘]ﬁn("f :gf’sn Amphibious
now used by U.S. Navy combat swim- P Y

mers (see Figure 1-13).

Today Navy combat swimmers are organized into two separate groups, each with
specialized training and missions. The Explosive Ordnance Disposal (EOD) team
handles, defuses, and disposes of munitions and other explosives. The Sea, Air
and Land (SEAL) special warfare teams make up the second group of Navy
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Figure 1-12. Emerson-Lambertsen Figure 1-13. Draeger LAR V UBA.
Oxygen Rebreather.

combat swimmers. SEAL team members are trained to operate in all of these envi-
ronments. They qualify as parachutists, learn to handle a range of weapons,
receive intensive training in hand-to-hand combat, and are expert in scuba and
other swimming and diving techniques. In Vietham, SEALs were deployed in
special counter-insurgency and guerrilla warfare operations. The SEALs also
participated in the space program by securing flotation collars to returned space
capsules and assisting astronauts during the helicopter pickup.

1-35.3 Underwater Demolition. The Navy’'s Underwater Demolition Teams (UDTs) were
created when bomb disposal experts and Seabees (combat engineers) teamed
together in 1943 to devise methods for removing obstacles that the Germans were
placing off the beaches of France. The first UDT combat mission was a daylight
reconnaissance and demolition project off the beaches of Saipan in June 1944. In
March of 1945, preparing for the invasion of Okinawa, one underwater demolition
team achieved the exceptional record of removing 1,200 underwater obstacles in 2
days, under heavy fire, without a single casualty.

Because suitable equipment was not readily available, diving apparatus was not
extensively used by the UDT during the war. UDT experimented with a modified
Momsen lung and other types of breathing apparatus, but not until 1947 did the
Navy’s acquisition of Aqua-Lung equipment give impetus to the diving aspect of
UDT operations. The trail of bubbles from the open-circuit apparatus limited the
type of mission in which it could be employed, but a special scuba platoon of UDT
members was formed to test the equipment and determine appropriate uses for it.

Through the years since, the mission and importance of the UDT has grown. In the
Korean Conflict, during the period of strategic withdrawal, the UDT destroyed an
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entire port complex to keep it from the enemy. The UDTs have since been incorpo-
rated into the Navy Seal Teams.

MIXED-GAS DIVING

1-4.1

1-411

1-4111

Mixed-gas diving operations are conducted using a breathing medium other than
air. This medium may consist of:

= Nitrogen and oxygen in proportions other than those found in the atmosphere
= A mixture of other inert gases, such as helium, with oxygen.

The breathing medium can also be 100 percent oxygen, which is not a mixed gas,
but which requires training for safe use. Air may be used in some phases of a
mixed-gas dive.

Mixed-gas diving is a complex undertaking. A mixed-gas diving operation
requires extensive special training, detailed planning, specialized and advanced
equipment and, in many applications, requires extensive surface-support
personnel and facilities. Because mixed-gas operations are often conducted at
great depth or for extended periods of time, hazards to personnel increase greatly.
Divers studying mixed-gas diving must first be qualified in air diving operations.

In recent years, to match basic operational requirements and capabilities, the U.S.
Navy has divided mixed-gas diving into two categories:

= Nonsaturation diving without a pressurized bell to a maximum depth of 300
fsw, and

m Saturation diving for dives of 150 fsw and greater depth or for extended
bottom time missions.

The 300-foot limit is based primarily on the increased risk of decompression sick-
ness when nonsaturation diving techniques are used deeper than 300 fsw.

Nonsaturation Diving.

Helium-Oxygen (HeO ») Diving. An inventor named Elihu Thomson theorized that
helium might be an appropriate substitute for the nitrogen in a diver’s breathing
supply. He estimated that at least a 50-percent gain in working depth could be
achieved by substituting helium for nitrogen. In 1919, he suggested that the U.S.
Bureau of Mines investigate this possibility. Thomson directed his suggestion to
the Bureau of Mines rather than the Navy Department, since the Bureau of Mines
held a virtual world monopoly on helium marketing and distribution.

Experiments with Helium-Oxygen Mixtures. In 1924, the Navy and the Bureau of
Mines jointly sponsored a series of experiments using helium-oxygen mixtures.
The preliminary work was conducted at the Bureau of Mines Experimental Station
in Pittsburgh, Pennsylvania. Figure 1-14 is a picture of an early Navy helium-
oxygen diving manifold.

U.S. Navy Diving Manual—Volume 1



Figure 1-14. Helium-Oxygen Diving Manifold.

The first experiments showed no detrimental effects on test animals or humans
from breathing a helium-oxygen mixture, and decompression time was shortened.
The principal physiological effects noted by divers using helium-oxygen were:

m Increased sensation of cold caused by the high thermal conductivity of helium

m  The high-pitched distortion or “Donald Duck” effect on human speech that
resulted from the acoustic properties and reduced density of the gas

These experiments clearly showed that helium-oxygen mixtures offered great
advantages over air for deep dives. They laid the foundation for developing the
reliable decompression tables and specialized apparatus, which are the corner-
stones of modern deep diving technology.

In 1937, at the Experimental Diving Unit research facility, a diver wearing a deep-
sea diving dress with a helium-oxygen breathing supply was compressed in a
chamber to a simulated depth of 500 feet. The diver was not told the depth and
when asked to make an estimate of the depth, the diver reported that it felt as if he
were at 100 feet. During decompression at the 300-foot mark, the breathing
mixture was switched to air and the diver was troubled immediately by nitrogen
narcosis.

The first practical test of helium-oxygen came in 1939, when the submarine USS
Squaluswas salvaged from a depth of 243 fsw. In that year, the Navy issued
decompression tables for surface-supplied helium-oxygen diving.
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MK V MOD 1 Helmet. Because helium
was expensive and shipboard supplig
were limited, the standard MK V MOD 0
open-circuit helmet was not economica
for surface-supplied helium-oxyge
diving. After experimenting with several
different designs, the U.S. Navy adopte
the semiclosed-circuit MK V MOD 1
(Figure 1-15).

The MK V MOD 1 helmet was equipped
with a carbon dioxide absorption canist
and venturi-powered recirculator
assembly. Gas in the helmet was contin
ously recirculated through the carbo
dioxide scrubber assembly by the
venturi. By removing carbon dioxide b
scrubbing rather than ventilating thd :
helmet, the fresh gas flow into the helmeg;y e 1.15. MKV MOD 1 Helmet.
was reduced to the amount required to

replenish oxygen. The gas consumption

of the semiclosed-circuit MK V MOD 1 was approximately 10 percent of that of
the open-circuit MK V MOD 0.

The MK V MOD 1, with breastplate and recirculating gas canister, weighed
approximately 103 pounds compared to 56 pounds for the standard air helmet and
breastplate. It was fitted with a lifting ring at the top of the helmet to aid in hatting
the diver and to keep the weight off his shoulders until he was lowered into the
water. The diver was lowered into and raised out of the water by a diving stage
connected to an onboard boom.

Civilian Designers. U.S. Navy divers were not alone in working with mixed gases
or helium. In 1937, civilian engineer Max Gene Nohl reached 420 feet in Lake
Michigan while breathing helium-oxygen and using a suit of his own design. In
1946, civilian diver Jack Browne, designer of the lightweight diving mask that
bears his name, made a simulated helium-oxygen dive of 550 feet. In 1948, a
British Navy diver set an open-sea record of 540 fsw while using war-surplus
helium provided by the U.S.

Hydrogen-Oxygen Diving.  In countries where the availability of helium was more
restricted, divers experimented with mixtures of other gases. The most notable
example is that of the Swedish engineer Arne Zetterstrom, who worked with
hydrogen-oxygen mixtures. The explosive nature of such mixtures was well
known, but it was also known that hydrogen would not explode when used in a
mixture of less than 4 percent oxygen. At the surface, this percentage of oxygen
would not be sufficient to sustain life; at 100 feet, however, the oxygen partial
pressure would be the equivalent of 16 percent oxygen at the surface.
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Zetterstrom devised a simple method for making the transition from air to
hydrogen-oxygen without exceeding the 4-percent oxygen limit. At the 100-foot
level, he replaced his breathing air with a mixture of 96 percent nitrogen and 4
percent oxygen. He then replaced that mixture with hydrogen-oxygen in the same
proportions. In 1945, after some successful test dives to 363 feet, Zetterstrom
reached 528 feet. Unfortunately, as a result of a misunderstanding on the part of
his topside support personnel, he was brought to the surface too rapidly. Zetter-
strom did not have time to enrich his breathing mixture or to adequately
decompress and died as a result of the effects of his ascent.

1-4.1.3 Modern Surface-Supplied Mixed-Gas Diving.  The U.S. Navy and the Royal Navy
continued to develop procedures and equipment for surface-supplied helium-
oxygen diving in the years following World War 1l. In 1946, the Admiralty Exper-
imental Diving Unit was established and, in 1956, during open-sea tests of helium-
oxygen diving, a Royal Navy diver reached a depth of 600 fsw. Both navies
conducted helium-oxygen decompression trials in an attempt to develop better
procedures.

In the early 1960s, a young diving enthusiast from Switzerland, Hannes Keller,
proposed techniques to attain great depths while minimizing decompression
requirements. Using a series of gas mixtures containing varying concentrations of
oxygen, helium, nitrogen, and argon, Keller demonstrated the value of elevated
oxygen pressures and gas sequencing in a series of successful dives in mountain
lakes. In 1962, with partial support from the U.S. Navy, he reached an open-sea
depth of more than 1,000 fsw off the California coast. Unfortunately, this dive was
marred by tragedy. Through a mishap unrelated to the technique itself, Keller lost
consciousness on the bottom and, in the subsequent emergency decompression,
Keller's companion died of decompression sickness.

By the late 1960s, it was clear that surface-supplied diving deeper than 300 fsw
was better carried out using a deep diving (bell) system where the gas sequencing
techniques pioneered by Hannes Keller could be exploited to full advantage, while
maintaining the diver in a state of comfort and security. The U.S. Navy developed
decompression procedures for bell diving systems in the late 1960s and early
1970s. For surface-supplied diving in the 0-300 fsw range, attention was turned to
developing new equipment to replace the cumbersome MK V MOD 1 helmet.
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MK 1 MOD 0 Diving Outfit. The new
equipment development proceeded alo
two parallel paths, developing open
circuit demand breathing systems suitab
for deep helium-oxygen diving, and
developing an improved recirculating
helmet to replace the MK V MOD 1. By
the late 1960s, engineering improvemen
in demand regulators had reduce
breathing resistance on deep dives
acceptable levels. Masks and helme
incorporating the new regulators becam|
commercially available. In 1976, the U.S
Navy approved the MK 1 MOD O Light-
weight, Mixed-Gas Diving Outfit for
dives to 300 fsw on helium-oxygen
(Figure 1-16). The MK 1 MOD 0 Diving
Outfit incorporated a full face mask
(bandmask) featuring a demand ope -

circuit breathing regulator and a backpackigre 1-16. MK 1 MOD 0 Diving Outfit

for an emergency gas supply. Surface

contact was maintained through an umbil-

ical that included the breathing gas hose, communications cable, lifeline strength
member and pneumofathometer hose. The diver was dressed in a dry suit or hot
water suit depending on water temperature. The equipment was issued as a light-
weight diving outfit in a system with sufficient equipment to support a diving
operation employing two working divers and a standby diver. The outfit was used
in conjunction with an open diving bell that replaced the traditional diver’s stage
and added additional safety. In 1990, the MK 1 MOD 0 was replaced by the MK
21 MOD 1 (Superlite 17 B/NS) demand helmet. This is the lightweight rig in use
today.

In 1985, after an extensive development period, the direct replacement for the
MKV MOD 1 helmet was approved for Fleet use. The new MK 12 Mixed-Gas
Surface-Supplied Diving System (SSDS) was similar to the MK 12 Air SSDS,
with the addition of a backpack assembly to allow operation in a semiclosed-
circuit mode. The MK 12 system was retired in 1992 after the introduction of the
MK 21 MOD 1 demand helmet.

Diving Bells. Although open, pressure-balanced diving bells have been used for
several centuries, it was not until 1928 that a bell appeared that was capable of
maintaining internal pressure when raised to the surface. In that year, Sir Robert
H. Davis, the British pioneer in diving equipment, designed the Submersible
Decompression Chamber (SDC). The vessel was conceived to reduce the time a
diver had to remain in the water during a lengthy decompression.

The Davis SDC was a steel cylinder capable of holding two men, with two inward-
opening hatches, one on the top and one on the bottom. A surface-supplied diver
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was deployed over the side in the normal mode and the bell was lowered to a depth
of 60 fsw with the lower hatch open and a tender inside. Surface-supplied air
ventilated the bell and prevented flooding. The diver’s deep decompression stops
were taken in the water and he was assisted into the bell by the tender upon arrival
at 60 fsw. The diver’s gas supply hose and communications cable were removed
from the helmet and passed out of the bell. The lower door was closed and the bell
was lifted to the deck where the diver and tender were decompressed within the
safety and comfort of the bell.

By 1931, the increased decompression times associated with deep diving and the
need for diver comfort resulted in the design of an improved bell system. Davis
designed a three-compartment deck decompression chamber (DDC) to which the
SDC could be mechanically mated, permitting the transfer of the diver under pres-
sure. The DDC provided additional space, a bunk, food and clothing for the
diver’s comfort during a lengthy decompression. This procedure also freed the
SDC for use by another diving team for continuous diving operations.

The SDC-DDC concept was a major advance in diving safety, but was not applied
to American diving technology until the advent of saturation diving. In 1962, E. A.
Link employed a cylindrical, aluminum SDC in conducting his first open-sea satu-
ration diving experiment. In his experiments, Link used the SDC to transport the
diver to and from the sea floor and a DDC for improved diver comfort. American
diving had entered the era of the Deep Diving System (DDS) and advances and
applications of the concept grew at a phenomenal rate in both military and
commercial diving.

1-4.3 Saturation Diving. As divers dove deeper and attempted more ambitious under-
water tasks, a safe method to extend actual working time at depth became crucial.
Examples of saturation missions include submarine rescue and salvage, sea bed
implantments, construction, and scientific testing and observation. These types of
operations are characterized by the need for extensive bottom time and, conse-
guently, are more efficiently conducted using saturation techniques.

1-4.3.1 Advantages of Saturation Diving.  In deep diving operations, decompression is
the most time-consuming factor. For example, a diver working for an hour at 200
fsw would be required to spend an additional 3 hours and 20 minutes in the water
undergoing the necessary decompression.

However, once a diver becomes saturated with the gases that make decompression
necessary, the diver does not need additional decompression. When the 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 the bottom is free of any additional decompression.

If a diver could remain under pressure for the entire period of the required task, the
diver would face a lengthy decompression only when completing the project. For a
40-hour task at 200 fsw, a saturated diver would spend 5 days at bottom pressure
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and 2 days in decompression, as opposed to spending 40 days making 1-hour dives
with long decompression periods using conventional methods.

The U.S. Navy developed and proved saturation diving techniques in its Sealab
series. Advanced saturation diving techniques are being developed in ongoing
programs of research and development at the Navy Experimental Diving Unit
(NEDU), Navy Submarine Medical Research Laboratory (NSMRL), and many
institutional and commercial hyperbaric facilities. In addition, saturation diving
using Deep Diving Systems (DDS) is now a proven capability.

Bond’s Saturation Theory.  True scientific impetus was first given to the satura-

tion concept in 1957 when a Navy diving medical officer, Captain George F.
Bond, theorized that the tissues of the body would eventually become saturated
with inert gas if exposure time was long enough. Bond, then a commander and the
director of the Submarine Medical Center at New London, Connecticut, met with
Captain Jacques-Yves Cousteau and determined that the data required to prove the
theory of saturation diving could be developed at the Medical Center.

Genesis Project. With the support of the U.S. Navy, Bond initiated the Genesis
Project to test the theory of saturation diving. A series of experiments, first with
test animals and then with humans, proved that once a diver was saturated, further
extension of bottom time would require no additional decompression time. Project
Genesis proved that men could be sustained for long periods under pressure, and
what was then needed was a means to put this concept to use on the ocean floor.

Developmental Testing. Several test dives were conducted in the early 1960s:

m The first practical open-sea demonstrations of saturation diving were
undertaken in September 1962 by Edward A. Link and Captain Jacques-Yves
Cousteau.

m Link’s Man-in-the-Sea program had one man breathing helium-oxygen at 200
fsw for 24 hours in a specially designed diving system.

m Cousteau placed two men in a gas-filled, pressure-balanced underwater habitat
at 33 fsw where they stayed for 169 hours, moving freely in and out of their
deep-house.

m  Cousteau’s Conshelf One supported six men breathing nitrogen-oxygen at 35
fsw for 7 days.

= In 1964, Link and Lambertsen conducted a 2-day exposure of two men at 430
fsw.

m  Cousteau’s Conshelf Two experiment maintained a group of seven men for 30
days at 36 fsw and 90 fsw with excursion dives to 330 fsw.

Sealab Program. The best known U.S. Navy experimental effort in saturation
diving was the Sealab program.
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1-435.1  Sealabs I and Il. After completing the Genesis Project, the Office of Naval
Research, the Navy Mine Defense Laboratory and Bond’s small staff of volunteers
gathered in Panama City, Florida, where construction and testing of the Sealab |
habitat began in December 1963.

In 1964, Sealab | placed four men underwater for 10 days at an average depth of
192 fsw. The habitat was eventually raised to 81 fsw, where the divers were trans-

ferred to a decompression chamber that was hoisted aboard a four-legged offshore
support structure.

In 1965, Sealab Il put three teams of ten men each in a habitat at 205 fsw. Each
team spent 15 days at depth and one man, Astronaut Scott Carpenter, remained for
30 days (see Figure 1-17).

1-4352  Sealab lll. The follow-on seafloor experiment, Sealab Ill, was planned for 600
fsw. This huge undertaking required not only extensive development and testing of
equipment but also assessment of human tolerance to high-pressure environments.

To prepare for Sealab Ill, 28 helium-oxygen saturation dives were performed at
the Navy Experimental Diving Unit to depths of 825 fsw between 1965 and 1968.

In 1968, a record-breaking excursion dive to 1,025 fsw from a saturation depth of
825 fsw was performed at the Navy Experimental Diving Unit (NEDU). The cul-
mination of this series of dives was a 1,000 fsw, 3-day saturation dive conducted
jointly by the U.S. Navy and Duke University in the hyperbaric chambers at Duke.
This was the first time man had been saturated at 1,000 fsw. The Sealab Il prepa-
ration experiments showed that men could readily perform useful work at
pressures up to 31 atmospheres and could be returned to normal pressure without
harm.

Figure 1-17. Sealab Il. Figure 1-18. U.S. Navy’s First DDS, SDS-450.
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Reaching the depth intended for the Sealab Il habitat required highly specialized
support, including a diving bell to transfer divers under pressure from the habitat
to a pressurized deck decompression chamber. The experiment, however, was
marred by tragedy. Shortly after being compressed to 600 fsw in February 1969,
Aquanaut Berry Cannon convulsed and drowned. This unfortunate accident ended
the Navy’s involvement with seafloor habitats.

Continuing Research. Research and development continues to extend the depth
limit for saturation diving and to improve the diver’s capability. The deepest dive
attained by the U.S. Navy to date was in 1979 when divers from the NEDU
completed a 37-day, 1,800 fsw dive in its Ocean Simulation Facility. The world
record depth for experimental saturation, attained at Duke University in 1981, is
2,250 fsw, and non-Navy open sea dives have been completed to in excess of 2300
fsw. Experiments with mixtures of hydrogen, helium, and oxygen have begun and
the success of this mixture was demonstrated in 1988 in an open-sea dive to 1,650
fsw.

Advanced saturation diving technigues are being developed in ongoing programs
of research and development at NEDU, Navy Submarine Medical Research Labo-
ratory (NSMRL), and many institutional and commercial hyperbaric facilities. In
addition, saturation diving using Deep Diving Systems (DDS) is now a proven
capability.

Deep Diving Systems (DDS). Experiments in saturation technique required
substantial surface support as well as extensive underwater equipment. DDS are a
substantial improvement over previous methods of accomplishing deep undersea
work. The DDS is readily adaptable to saturation techniques and safely maintains
the saturated diver under pressure in a dry environment. Whether employed for
saturation or nonsaturation diving, the Deep Diving System totally eliminates long
decompression periods in the water where the diver is subjected to extended envi-
ronmental stress. The diver only remains in the sea for the time spent on a given
task. Additional benefits derived from use of the DDS include eliminating the
need for underwater habitats and increasing operational flexibility for the surface-
support ship.

The Deep Diving System consists of a Deck Decompression Chamber (DDC)
mounted on a surface-support ship. A Personnel Transfer Capsule (PTC) is mated
to the DDC, and the combination is pressurized to a storage depth. Two or more
divers enter the PTC, which is unmated and lowered to the working depth. The
interior of the capsule is pressurized to equal the pressure at depth, a hatch is
opened, and one or more divers swim out to accomplish their work. The divers can
use a self-contained breathing apparatus with a safety tether to the capsule, or
employ a mask and an umbilical that provides breathing gas and communications.
Upon completing the task, the divers enters the capsule, close the hatch and return
to the support ship with the interior of the PTC still at the working pressure. The
capsule is hoisted aboard and mated to the pressurized DDC. The divers enter the
larger, more comfortable DDC via an entry lock. They remain in the DDC until
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they must return to the undersea job site. Decompression is carried out comfort-
ably and safely on the support ship.

The Navy developed four deep diving systems: ADS-1V, MK 1 MOD 0, MK 2
MOD 0, and MK 2 MOD 1.

1-4.4.1 ADS-IV. Several years prior to the Sealab | experiment, the Navy successfully de-
ployed the Advanced Diving System IV (ADS-IV) (see Figure 1-18). The ADS-IV
was a small deep diving system with a depth capability of 450 fsw. The ADS-IV
was later called the SDS-450.

1-4.4.2 MK 1 MOD 0. The MK 1 MOD 0 DDS was a small system intended to be used on

the new ATS-1 class salvage ships, and underwent operational evaluation in 1970.
The DDS consisted of a Personnel Transfer Capsule (PTC) (see Figure 1-19), a
life-support system, main control console and two deck decompression chambers
to handle two teams of two divers each. This system was also used to operationally
evaluate the MK 11 UBA, a semiclosed-circuit mixed-gas apparatus, for saturation
diving. The MK 1 MOD 0 DDS conducted an open-sea dive to 1,148 fsw in 1975.
The MK 1 DDS was not installed on the ATS ships as originally planned, but
placed on a barge and assigned to Harbor Clearance Unit Two. The system went
out of service in 1977.

Figure 1-19. DDS MK 1 Personnel Transfer Capsule. Figure 1-20. PTC Handling System, Elk

River.
1-4.4.3 MK 2 MOD 0. The Sealab Il experiment required a much larger and more capable

deep diving system than the MK 1 MOD 0. The MK 2 MOD 0 was constructed
and installed on the support stk River (1X-501). With this system, divers

could be saturated in the deck chamber under close observation and then trans-
ported to the habitat for the stay at depth, or could cycle back and forth between
the deck chamber and the seafloor while working on the exterior of the habitat.
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The bell could also be used in a non-pressurized observation mode. The divers
would be transported from the habitat to the deck decompression chamber, where
final decompression could take place under close observation.

1-4.4.4 MK 2 MOD 1. Experience gained with the MK 2 MOD 0 DDS on boktkl River
(IX-501) (see Figure 1-20) led to the development of the MK 2 MOD 1, a larger,
more sophisticated DDS. The MK 2 MOD 1 DDS supported two four-man teams
for long term saturation diving with a normal depth capability of 850 fsw. The
diving complex consisted of two complete systems, one at starboard and one at
port. Each system had a DDC with a life-support system, a PTC, a main control
console, a strength-power-communications cable (SPCC) and ship support. The
two systems shared a helium-recovery system. The MK 2 MOD 1 was installed on
the ASR 21 Class submarine rescue vessels.

1-5 SUBMARINE SALVAGE AND RESCUE

At the beginning of the 20th century, all major navies turned their attention toward
developing a weapon of immense potential—the military submarine. The highly
effective use of the submarine by the German Navy in World War | 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. submarine fleet grew
rapidly. However, throughout the period of 1912 to 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 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 diving tables and methods of
stage decompression. A companion goal of the program was to improve Navy
diving equipment. Throughout a 3-year period, first diving in tanks ashore and
then in open water in Long Island Sound from the W&fkie the Navy divers

went progressively deeper, eventually reaching 274 fsw.

1-5.1 USS F-4. The experience gained in Stillson’s program was put to dramatic use in
1915 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 subma-
rine operations. Navy divers salvaged the submarine and recovered the bodies of
the crew. The salvage effort incorporated many new techniques, such as using
lifting pontoons. What was most remarkable, however, was that the divers
completed a major salvage effort working at the extreme depth of 304 fsw, using
air as a breathing mixture. The decompression requirements limited bottom time
for each dive to about 10 minutes. Even for such a limited time, nitrogen narcosis
made it difficult for the divers to concentrate on their work.

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 expe-
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rience gained in the test program and the USS F-4 salvage. When the U.S. entered
World War |, the staff and graduates of the school were sent to Europe, where they
conducted various salvage operations along the coast of France.

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
focused Navy attention on the need for a new diver breathing medium.

1-5.2 USS S-51. In September of 1925, the USS S-51 submarine was rammed by a
passenger liner and sunk in 132 fsw off Block Island, Rhode Island. Public pres-
sure to raise the submarine and recover the bodies of the crew was intense. Navy
diving was put in sharp focus, realizing 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 | and the school had not been reinstituted.

Salvage of the USS S-51 covered a 10-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 reestablished at the Washington Navy Yard in 1927. At the same time, the
Navy brought together its existing diving technology and experimental work by
shifting the Experimental Diving Unit (EDU), which had been working with the
Bureau of Mines in Pennsylvania, to the Navy Yard as well. In the following
years, EDU developed the U.S. Navy Air Decompression Tables, which have
become the accepted world standard and continued developmental work in
helium-oxygen breathing mixtures for deeper diving.

Losing the USS F-4 and USS S-51 provided the impetus for expanding the Navy’s
diving ability. However, the Navy’s inability to rescue men trapped in a disabled
submarine was not confronted until another major submarine disaster occurred.

1-5.3 USS S-4. In 1927, the Navy lost the submarine USS S-4 in a collision with the
Coast Guard cutter US=aulding The first divers to reach the submarine in 102
fsw, 22 hours after the sinking, exchanged signals with the men trapped inside.
The submarine had a hull fitting designed to take an air hose from the surface, but
what had looked feasible in theory proved too difficult in reality. With stormy seas
causing repeated delays, the divers could not make the hose connection until it was
too late. All of the men aboard the USS S-4 had died. Even had the hose connec-
tion been made in time, rescuing the crew would have posed a significant problem.

The USS S-4 was salvaged after a major effort and the fate of the crew spurred
several efforts toward preventing a similar disaster. LT C.B. Momsen, a submarine
officer, developed the escape lung that bears his name. It was given its first opera-
tional test in 1929 when 26 officers and men successfully surfaced from an

intentionally bottomed submarine.
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USS Squalus . The Navy pushed for development of a rescue chamber that was
essentially a diving bell with special fittings for connection to a submarine deck
hatch. The apparatus, called the McCann-Erickson Rescue Chamber, was proven
in 1939 when the USSqualuscarrying a crew of 50, sank in 243 fsw. The rescue
chamber made four trips and safely brought 33 men to the surface. (The rest of the
crew, trapped in the flooded after-section of the submarine, had perished in the
sinking.)

The USSSqualusvas raised by salvage divers (see Figure 1-21). This salvage and
rescue operation marked the first operational use of,tte€alvage diving. One

of the primary missions of salvage divers was to attach a down-haul cable for the
Submarine Rescue Chamber (SRC). Following renovation, the submarine,
renamed USSailfish compiled a proud record in World War 11.

Figure 1-21. Recovery of the Squalus.

USS Thresher. Just as the loss of the USS F-4, USS S-51, USS S-4 and the
sinking of the USSSqualuscaused an increased concern in Navy diving in the
1920s and 1930s, a submarine disaster of major proportions had a profound effect
on the development of new diving equipment and techniques in the postwar
period. This was the loss of the nuclear attack submarineTi&Sherand all her

crew in April 1963. The submarine sank in 8,400 fsw, a depth beyond the survival
limit of the hull and far beyond the capability of any existing rescue apparatus.

An extensive search was initiated to locate the submarine and determine the cause
of the sinking. The first signs of the US8reshemwere located and photographed

a month after the disaster. Collection of debris and photographic coverage of the
wreck continued for about a year.

Two special study groups were formed as a result of the sinking. The first was a
Court of Inquiry, which attributed probable cause to a piping system failure. The
second, the Deep Submergence Review Group (DSRG), was formed to assess the
Navy’s undersea capabilities. Four general areas were examined—search, rescue,
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recovery of small and large objects, and the Man-in-the-Sea concept. The basic
recommendations of the DSRG called for a vast effort to improve the Navy’s
capabilities in these four areas.

Deep Submergence Systems Project.  Direct action on the recommendations of

the DSRG came with the formation of the Deep Submergence Systems Project
(DSSP) in 1964 and an expanded interest regarding diving and undersea activity
throughout the Navy.

Submarine rescue capabilities have been substantially improved with the develop-
ment of the Deep Submergence Rescue Vehicle (DSRV) which became
operational in 1972. This deep-diving craft is air-transportable, highly instru-
mented, and capable of diving to 5,000 fsw and rescues to 2,500 fsw.

Three additional significant areas of achievement for the Deep Submergence
Systems Project have been that of Saturation Diving, the development of Deep
Diving Systems, and progress in advanced diving equipment design.

SALVAGE DIVING

1-6.1

1-6.1.1

1-6.1.2

World War 1l Era.

Pearl Harbor. Navy divers were plunged into the war with the Japanese raid on
Pearl Harbor. The raid began at 0755 on 7 December 1941; by 0915 that same
morning, the first salvage teams were cutting through the hull of the overturned
battleship USSOklahomato rescue trapped sailors. Teams of divers worked to
recover ammunition from the magazines of sunken ships, to be ready in the event
of a second attack.

The immense salvage effort that followed at Pearl Harbor was highly successful.
Most of the 101 ships in the harbor at the time of the attack sustained damage. The
battleships, one of the primary targets of the raid, were hardest hit. Six battleships
were sunk and one was heavily damaged. Four were salvaged and returned to the
fleet for combat duty; the former battleships US&onaand US3Jtah could not

be salvaged. The USSklahomawas righted and refloated but sank en route to a
shipyard in the U.S.

Battleships were not the only ships salvaged. Throughout 1942 and part of 1943,
Navy divers worked on destroyers, supply ships, and other badly needed vessels,
often using makeshift shallow water apparatus inside water and gas-filled
compartments. In the Pearl Harbor effort, Navy divers spent 16,000 hours under-
water during 4,000 dives. Contract civilian divers contributed another 4,000
diving hours.

USS Lafayette . While divers in the Pacific were hard at work at Pearl Harbor, a
major challenge was presented to the divers on the East Coast. The interned
French passenger linBlormandie(rechristened as the U%&fayettd caught fire
alongside New York City’s Pier 88. Losing stability from the tons of water poured
on the fire, the ship capsized at her berth.
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The ship had to be salvaged to clear the vitally needed pier. The Navy took advan-
tage of this unique training opportunity by instituting a new diving and salvage
school at the site. The Naval Training School (Salvage) was established in
September 1942 and was transferred to Bayonne, New Jersey in 1946.

Other Diving Missions. Salvage operations were not the only missions assigned
to Navy divers during the war. Many dives were made to inspect sunken enemy
ships and to recover materials such as code books or other intelligence items. One
Japanese cruiser yielded not only $500,000 in yen, but also provided valuable
information concerning plans for the defense of Japan against the anticipated
Allied invasion.

Vietnam Era. Harbor Clearance Unit One (HCU 1) was commissioned 1 February
1966 to provide mobile salvage capability in direct support of combat operations
in Vietnam. Homeported at Naval Base Subic Bay, Philippines, HCU 1 was dedi-
cated primarily to restoring seaports and rivers to navigable condition following
their loss or diminished use through combat action.

Beginning as a small cadre of personnel, HCU 1 quickly grew in size to over 260
personnel, as combat operations in littoral environment intensified. At its peak, the
unit consisted of five Harbor Clearance teams of 20 to 22 personnel each and a
varied armada of specialized vessels within the Vietham combat zone.

As their World War Il predecessors before them, the salvors of HCU 1 left an
impressive legacy of combat salvage accomplishments. HCU 1 salvaged hundreds
of small craft, barges, and downed aircraft; refloated many stranded U.S. Military
and merchant vessels; cleared obstructed piers, shipping channels, and bridges;
and performed numerous underwater repairs to ships operating in the combat
zone.

Throughout the colorful history of HCU 1 and her East Coast sister HCU 2, the
vital role salvage forces play in littoral combat operations was clearly demon-
strated. Mobile Diving and Salvage Unit One and Two, the modern-day
descendants of the Vietnam era Harbor Clearance Units, have a proud and distin-
guished history of combat salvage operations.

OPEN-SEA DEEP DIVING RECORDS

Diving records have been set and broken with increasing regularity since the early
1900s:

m 1915. The 300-fsw mark was exceeded. Three U.S. Navy divers, F. Crilley,
W.F. Loughman, and F.C. Nielson, reached 304 fsw using the MK V dress.

m 1972. The MK 2 MOD 0 DDS set the in-water record of 1,010 fsw.
m 1975. Divers using the MK 1 Deep Dive System descended to 1,148 fsw.

m  1977. A French dive team broke the open-sea record with 1,643 fsw.
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m 1981. The deepest salvage operation made with divers was 803 fsw when
British divers retrieved 431 gold ingots from the wreck of HEBnburgh
sunk during World War 11.

m  Present. Commercial open water diving operations to over 1,000 fsw.
1-8 SUMMARY

Throughout the evolution of diving, from the earliest breath-holding sponge diver
to the modern saturation diver, the basic reasons for diving have not changed.
National defense, commerce, and science continue to provide the underlying basis
for the development of diving. What has changed and continues to change radi-
cally is diving technology.

Each person who prepares for a dive has the opportunity and obligation to take
along the knowledge of his or her predecessors that was gained through difficult
and dangerous experience. The modern diver must have a broad understanding of
the physical properties of the undersea environment and a detailed knowledge of
his or her own physiology and how it is affected by the environment. Divers must
learn to adapt to environmental conditions to successfully carry out their missions.

Much of the diver’s practical education will come from experience. However,
before a diver can gain this experience, he or she must build a basic foundation
from certain principles of physics, chemistry and physiology and must understand
the application of these principles to the profession of diving.
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CHAPTER 2
Underwater Physics

INTRODUCTION

2-1.1

2-1.2

PHYSICS

MATTER

2-3.1

2-3.2

2-3.3

Purpose. This chapter describes the laws of physics as they affect humans in the
water.

Scope. A thorough understanding of the principles outlined in this chapter is
essential to safe and effective diving performance.

Humans readily function within the narrow atmospheric envelope present at the
earth’s surface and are seldom concerned with survival requirements. Outside the
boundaries of the envelope, the environment is hostile and our existence depends
on our ability to counteract threatening forces. To function safely, divers must
understand the characteristics of the subsea environment and the techniques that
can be used to modify its effects. To accomplish this, a diver must have a basic
knowledge of physics—the science of matter and energy. Of particular importance
to a diver are the behavior of gases, the principles of buoyancy, and the properties
of heat, light, and sound.

Matter is anything that occupies space and has mass, and is the building block of
the physical world. Energy is required to cause matter to change course or speed.
The diver, the diver’s air supply, everything that supports him or her, and the
surrounding environment is composed of matter.

Elements. An elemenis the simplest form of matter that exhibits distinct physical
and chemical properties. An element cannot be broken down by chemical means
into other, more basic forms. Scientists have identified more than 100 elements in
the physical universe. Elements combine to form the more than four million
substances known to man.

Atoms. Theatomis the smallest particle of matter that carries the specific proper-
ties of an element. Atoms are made up of electrically charged particles known as
protons, neutrons, and electrons. Protons have a positive charge, neutrons have a
neutral charge, and electrons have a negative charge.

Molecules. Moleculesare formed when atoms group together (Figure 2-1). 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. 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
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H atom 0 atom
0, molecule H,0 molecule
(2 oxygen atoms) (2 hydrogen atoms Solid Liquid
+ 1 oxygen atom)
Figure 2-1. Molecules. Two similar atoms Figure 2-2. The Three States of Matter.

combine to form an oxygen molecule while the
atoms of two different elements, hydrogen and
oxygen, combine to form a water molecule.

2-3.4

breathing mixtures is important when calculating a diver's decompression
obligations.

The Three States of Matter. Matter can exist in one of three natural states: solid,
liquid, or gas (Figure 2-2). A solid has a definite size and shape. A liquid has a
definite volume, but takes the shape of the container. Gas has neither definite
shape nor volume, but will expand to fill a container. Gases and liquids are collec-
tively referred to as fluids.

The physical state of a substance depends primarily upon temperature and
partially upon pressure. A solid is the coolest of the three states, with its molecules
rigidly aligned in fixed patterns. The molecules move, but their motion is like a
constant vibration. As heat is added the molecules increase their motion, slip apart
from each other and move around; the solid becomes a liquid. A few of the mole-
cules will spontaneously leave the surface of the liquid and become a gas. When
the substance reaches its boiling point, the molecules are moving very rapidly in
all directions and the liquid is quickly transformed into a gas. Lowering the
temperature reverses the sequence. As the gas molecules cool, their motion is
reduced and the gas condenses into a liquid. As the temperature continues to fall,
the liquid reaches the freezing point and transforms to a solid state.

2-4 MEASUREMENT

2-4.1

2-2

Physics relies heavily upon standards of comparison of one state of matter or
energy to another. To apply the principles of physics, divers must be able to
employ a variety of units of measurement.

Measurement Systems. Two systems of measurement are widely used
throughout the world. Although the English System is commonly used in the
United States, the most common system of measurement in the world is the Inter-
national System of Units. The International System of UnitsSi@ystem, is a
modernized metric system designated in 1960 by the General Conference on
Weights and Measures. The Sl system is decimal based with all its units related, so
that it is not necessary to use calculations to change from one unit to another. The
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S| system changes one of its units of measurement to another by moving the
decimal point, rather than by the lengthy calculations necessary in the English

System. Because measurements are often reported in units of the English system,
it is important to be able to convert them to Sl units. Measurements can be

converted from one system to another by using the conversion factors in Tables
2-10 through 2-18.

2-4.2 Temperature Measurements. While the English System of weights and measures
uses the Fahrenheit (°F) temperature scale, the Celsius (°C) scale is the one most
commonly used in scientific work. Both scales are based upon the freezing and
boiling points of water. The freezing point of water is 32°F or 0°C; the boiling
point of water is 212°F or 100°C. Temperature conversion formulas and charts are
found in Table 2-18.

Absolute temperature values are use
when employing the ideal gas laws. . e -
The absolute temperature scales arg , |
based upon absolute zero. Absolute oz || |lseee |||lime [|||even
zero is the lowest temperature that
could possibly be reached at which all
molecular motion would cease (Figure

2-3). !Ji" lg| e e w -i aTm
2-4.2.1 Kelvin Scale. One example of an abso- eII- {Il I~ 4
W2 2 L

lute temperature scale is the Kelvin L It

scale, which has the same size degree$'gure 2-3. Tempera _

as the Celsius scale. The freezing poimture Scales. Fahrenheit, Celsius, Kelvin,
. ) - h and Rankine temperature scales

of \tNate_r '272373|’<0K5nd 51(_)”"}9 pOlInt ?f showing the freezing and boiling points of

water is °K. Use this formula to

convert from Celsius to absolute

temperature (Kelvin):

Kelvin (K) = °C + 273

2-4.2.2 Rankine Scale. The Rankine scale is another absolute temperature scale, which
has the same size degrees as the Fahrenheit scale. The freezing point of water is
492°R and the boiling point of water is 672°R. Use this formula to convert from
Fahrenheit to absolute temperature (degrees Rankine, °R):

°R = °F + 460

2-4.3 Gas Measurements. When measuring gas, actual cubic feet (acf) of a gas refers to
the quantity of a gas at ambient conditions. The most common unit of measure-
ment for gas in the United States is standard cubic feet (scf). Standard cubic feet
relates the quantity measurement of a gas under pressure to a specific condition.
The specific condition is a common basis for comparison. For air, the standard
cubic foot is measured at 60°F and 14.696 psia.
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ENERGY

Energy is the capacity to do work. The six basic types of energy are mechanical,
heat, light, chemical, electromagnetic, and nuclear, and may appear in a variety of
forms (Figure 2-4). Energy is a vast and complex aspect of physics beyond the
scope of this manual. Consequently, this chapter only covers a few aspects of light,
heat, and mechanical energy because of their unusual effects underwater and their
impact on diving.

Radiant

Figure 2-4. The Six Form of Energy.
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2-5.1

2-5.2

Conservation of Energy. The Law of the Conservation of Energy, formulated in
the 1840s, states that energy in the universe can neither be created nor destroyed.
Energy can be changed, however, from one form to another.

Classifications of Energy.  The two general classifications of energy are potential
energy and kinetic energy. Potential energy is due to position. An automobile
parked on a hill with its brakes set possesses potential energy. Kinetic energy is
energy of motion. An automobile rolling on a flat road possesses kinetic energy
while it is moving.

LIGHT ENERGY IN DIVING

2-6.1

Refraction, turbidity of the water, salinity, and pollution all contribute to the
distance, size, shape, and color perception of underwater objects. Divers must
understand the factors affecting underwater visual perception, and must realize
that distance perception is very likely to be inaccurate.

Refraction. Light passing from an object
bends as it passes through the diver’s
faceplate and the air in his mask (Figure
2-5). This phenomenon is called refrac-
tion, and occurs because light travels
faster in air than in water. Although the
refraction that occurs between the water
and the air in the diver's face mask
produces undesirable perceptual inaccu-
racies, air is essential for vision. When a
diver loses his face mask, his eyes arg
immersed in water, which has about the
same refractive index as the eye. Conse
guently, the light is not focused normally
and the diver’s vision is reduced to a level Figyre 2.5, Objects Underwater
that would be classified as legally blind Appear Closer.

on the surface.

Refraction can make objects appear closer than they really are. A distant object
will appear to be approximately three-quarters of its actual distance. At greater
distances, the effects of refraction may be reversed, making objects appear farther
away than they actually are. Reduced brightness and contrast combine with refrac-
tion to affect visual distance relationships.

Refraction can also affect perception of size and shape. Generally, underwater
objects appear to be about 30 percent larger than they actually are. Refraction
effects are greater for objects off to the side in the field of view. This distortion
interferes with hand-eye coordination, and explains why grasping objects under-
water is sometimes difficult for a diver. Experience and training can help a diver
learn to compensate for the misinterpretation of size, distance, and shape caused
by refraction.
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2-6.3

2-6.4

Turbidity of Water. Water turbidity can also profoundly influence underwater
vision and distance perception. The more turbid the water, the shorter the distance
at which the reversal from underestimation to overestimation occurs. For example,
in highly turbid water, the distance of objects at 3 or 4 feet may be overestimated;
in moderately turbid water, the change might occur at 20 to 25 feet and in very
clear water, objects as far away as 50 to 70 feet might appear closer than they actu-
ally are. Generally speaking, the closer the object, the more it will appear to be too
close, and the more turbid the water, the greater the tendency to see it as too far
away.

Diffusion. Light scattering is intensified underwater. Light rays are diffused and
scattered 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 backscatter reduces the contrast between an
object and its background. The loss of contrast is the major reason why vision
underwater is so much more restricted than it is in air. Similar degrees of scat-
tering occur in air only in unusual conditions such as heavy fog or smoke.

Color Visibility. Object size and distance are not the only characteristics distorted
underwater. A variety of factors may combine to alter a diver’s color perception.

Painting objects different colors is an obvious means of changing their visibility

by enhancing their contrast with the surroundings, or by camouflaging them to
merge with the background. Determining the most and least visible colors is much
more complicated underwater than in air.

Colors are filtered out of light as it enters the water and travels to depth. Red light
is filtered out at relatively shallow depths. Orange is filtered out next, followed by
yellow, green, and then blue. Water depth is not the only factor effecting the
filtering of colors. Salinity, turbidity, size of the particles suspended in the water,
and pollution all effect the color-filtering properties of water. Color 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.

The components of any underwater scene, such as weeds, rocks, and encrusting
animals, generally appear to be the same color as the depth or viewing range
increases. Objects become distinguishable only by differences in brightness and
not color. Contrast becomes the most important factor in visibility; even very large
objects may be undetectable if their brightness is similar to that of the background.

MECHANICAL ENERGY IN DIVING

Mechanical energy mostly affects divers in the form of sound. Sound is a periodic
motion or pressure change transmitted through a gas, a liquid, or a solid. Because
liquid is denser 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 working diver.
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2-7.1 Water Temperature and Sound. In any body of water, there may be two or more
distinct contiguous layers of water at different 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, the sound energy transmitted
between them decreases. This means that a sound heard 50 meters from its source
within one layer may be inaudible a few meters from its source if the diver is in
another layer.

2-7.2 Water Depth and Sound. In shallow water or in enclosed spaces, reflections and
reverberations from the air/water and object/water interfaces produce anomalies in
the sound field, such as echoes, dead spots, and sound nodes. When swimming in
shallow water, among coral heads, or in enclosed spaces, a diver can expect peri-
odic losses in acoustic communication signals and disruption of acoustic
navigation beacons. The problem becomes more pronounced as the frequency of
the signal increases.

Because sound travels so quickly underwater (4,921 feet per second), human ears
cannot detect the difference in time of arrival of a sound between each ear. Conse-
guently, a diver cannot always locate the direction of a sound source. This
disadvantage can have serious consequences for a diver or swimmer trying to
locate an object or a source of danger, such as a powerboat.

2-7.2.1 Diver Work and Noise. 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). When several divers are working
in the same area, the noise and bubbles affect communication signals more for
some divers than for others, depending on the position of the divers in relation to
the communicator and to each other.

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.

2-7.2.2 Pressure Waves. Sound is transmitted through water as a series of pressure
waves. High-intensity sound is transmitted by correspondingly high-intensity
pressure waves. A high-pressure wave transmitted from the water surrounding a
diver to the open spaces within the body (ears, sinuses, lungs) may increase the
pressure within these open spaces, causing injury. Underwater explosions and
sonar can create high-intensity sound or pressure waves. Low intensity sonar, such
as depth finders and fish finders, do not produce pressure waves intense enough to
endanger divers. However, anti-submarine sonar-equipped ships do pulse
dangerous, high-intensity 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 Ys-inch neoprene hood for ear protection. Experi-
ments have shown that such a hood offers adequate protection when the ultrasonic
pulses are of 4-millisecond duration, repeated once per second for acoustic source
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2-7.3

2-7.3.1

2-7.3.2

2-7.3.3

2-7.3.4

2-7.35

levels up to 100 watts, at head-to-source distances as short as 0.5 feet (Pence and
Sparks, 1978).

Underwater Explosions.  An underwater explosion creates a series of waves that

are transmitted as hydraulic shock waves in the water, and as seismic waves in the
seabed. The hydraulic shock wave of an underwater explosion 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-compress-
ible environment, 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; as it travels outward
from the source of the explosion, it loses its intensity. Less severe pressure waves
closely follow the initial shock wave. Considerable turbulence and movement of
the water in the area of the explosion are evident for an extended time after the
detonation.

Type of Explosive and Size of the Charge. Some explosives have characteris-

tics of high brisance (shattering power in the immediate 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 advantage. The
high-brisance explosives create a high-level shock and pressure waves of short
duration over a limited area. Low brisance explosives create a less intense shock
and pressure waves of long duration over a greater area.

Characteristics of the Seabed.  Aside from the fact that rock or other bottom
debris may be propelled through the water or into the air with shallow-placed
charges, bottom conditions can affect an explosion’s pressure waves. A soft
bottom tends to dampen reflected shock and pressure waves, while a hard, rock
bottom may amplify the effect. Rock strata, ridges and other topographical
features of the seabed may affect the direction of the shock and pressure waves,
and may also produce secondary reflecting waves.

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

Water Depth. At great depth, the shock and pressure waves are drawn out by the
greater water volume and are thus reduced in intensity. An explosion near the
surface is not weakened to the same degree.

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

2-7.3.6 Degree of Submersion of the Diver. A fully submerged diver receives the total
effect of the shock and pressure waves passing over the body. A partially
submerged diver whose head and upper body are out of the water, may experience
a reduced effect of the shock and pressure waves on the lungs, ears, and sinuses.
However, air will transmit some portion 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. 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 pres-
sure wave of 500 pounds per square inch could cause fatal injury under certain
circumstances.

2-7.3.7 Estimating Explosion Pressure on a Diver. ~ There are various formulas for esti-
mating the pressure wave resulting from an explosion of TNT. The equations vary
in format and the results illustrate that the technique for estimation is only an
approximation. Moreover, these formulas relate to TNT and are not applicable to
other types of explosives.

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

5 _ 13 000}/ W
r

Where:

P pressure on the diver in pounds per square inch
W = weight of the explosive (TNT) in pounds

r = range of the diver from the explosion in feet

Sample Problem. Determine the pressure exerted by a 45-pound charge at a
distance of 80 feet.

1. Substitute the known values.

_ 13,0003/ 45

P 80
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2. Solve for the pressure exerted.

13, 0003/ 45
80

_ 13, 000x 3.56
80

578.5

P =

Round up to 579 psi.

A 45-pound charge exerts a pressure of 579 pounds per square inch at a distance of
80 feet.

Minimizing the Effects of an Explosion. ~ 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 pounds per square inch. To minimize the
effects, the diver can position himself 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.

HEAT ENERGY IN DIVING

2-8.1

Heat is crucial to man’s environmental balance. The human body functions within
only a very narrow range of internal temperature and contains delicate mecha-
nisms to control that temperature.

Heat is a form of energy associated with and proportional to the molecular motion

of a substance. It is closely related to temperature, but must be distinguished from
temperature because different substances do not necessarily contain the same heat
energy even though their temperatures are the same.

Heat is generated in many ways. Burning fuels, chemical reactions, friction, and
electricity all generate heat. Heat is transmitted from one place to another by
conduction, convection, and radiation.

Conduction, Convection, and Radiation. = Conductionis the transmission of heat

by direct contact. Because water is an excellent heat conductor, an unprotected
diver can lose a great deal of body heat to the surrounding water by direct
conduction.

Convectionis the transfer of heat by the movement of heated fluids. Most home

heating systems operate on the principle of convection, setting 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 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. Upon reaching the surface, the warmed water will lose
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heat to the cooler surroundings. Once cooled, the water will sink only to be
warmed again as part of a continuing cycle.

Radiationis heat transmission by electromagnetic waves of energy. Every warm
object gives off waves of electromagnetic energy, which is absorbed by cool
objects. Heat from the sun, electric heaters, and fireplaces is primarily radiant
heat.

2-8.2 Heat Transfer Rate. To divers, conduction is the most significant means of trans-
mitting heat. The rate at which heat is transferred by conduction depends on two
basic factors:

m The difference in temperature between the warmer and cooler material
m  The thermal conductivity of the materials

Not all substances conduct heat at the same rate. Iron, helium, and water are excel-
lent heat conductors while air is a very poor conductor. Placing a poor heat
conductor between a source of heat and another substance insulates the substance
and slows the transfer of heat. Materials such as wool and foam rubber insulate the
human body and are effective because they contain thousands of pockets of
trapped air. The air pockets are too small to be subject to convective currents, but
block conductive transfer of heat.

2-8.3 Diver Body Temperature. A diver will start to become chilled when the water
temperature falls below a seemingly comfortable 70°F (21°C). Below 70°F, a
diver wearing only a swimming suit loses heat to the water faster than his body
can replace it. Unless he is provided some protection or insulation, he may quickly
experience difficulties. A chilled diver cannot work efficiently or think clearly,
and is more susceptible to decompression sickness.

Suit compression, increased gas density, thermal conductivity of breathing gases,
and respiratory heat loss are contributory factors in maintaining a diver’s body
temperature. Cellular neoprene wet suits lose a major portion of their insulating
properties as depth increases and the material compresses. 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 an individual gas are directly proportional
to its density. Therefore, the heat lost through gas insulating barriers and respira-
tory heat lost to the surrounding areas increase with depth. The heat loss is further
aggravated when high thermal conductivity gases, such as helium-oxygen, are
used for breathing. The respiratory heat loss alone increases from 10 percent of the
body’s heat generating capacity at one ata, to 28 percent at 7 ata, to 50 percent at
21 ata when breathing helium-oxygen. Under these circumstances, standard insu-
lating materials are insufficient to maintain body temperatures and supplementary
heat must be supplied to the body surface and respiratory gas.
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PRESSURE IN DIVING

2-9.1

2-9.2

Pressure is defined as a force acting upon a particular area of matter. It is typically
measured in pounds per square inch (psi) in the English system and Newton per
square centimeter (N/@nin the System International (SI). Underwater pressure

is a result of the weight of the water above the diver and the weight of the atmo-
sphere over the water. 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 forces acting inside of the diver’s body and forces acting outside is very small.
Pressure, whether of the atmosphere, seawater, or the diver’s breathing gases,
must always be thought of in terms of maintaining pressure balance.

Atmospheric Pressure.  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 per foot. Thus, for every
foot of sea water, the total pressure is increased by 0.445 psi. Atmospheric pres-
sure is constant at sea level; minor fluctuations caused by the weather are usually
ignored. Atmospheric pressure acts on all things in all directions.

Most pressure gauges measure differential pressure between the inside and outside
of the gauge. Thus, the atmospheric pressure does not register on the pressure
gauge of a cylinder of compressed air. The initial air in the cylinder and the gauge
are already under a base pressure of one atmosphere (14.7 psi or30Rhem

gauge measures the pressure difference between the atmosphere and the increased
air pressure in the tank. This reading is caligdige pressureand for most
purposes it is sufficient.

In diving, however, it is important to include atmospheric pressure in computa-
tions. This total pressure is callatisolute pressurand 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 pressure is identified
only as psi, it refers to gauge pressure. Table 2-10 contains conversion factors for
pressure measurement units.

Terms Used to Describe Gas Pressure. Four terms are used to describe gas
pressure:

m  Atmospheric . Standard atmosphere, usually expressed as 16NIehy psi,
or one atmosphere absolute (1 ata).

m Barometric . Essentially the same as atmospheric but varying with the weather
and expressed in terms of the height of a column of mercury. Standard
pressure is equal to 29.92 inches of mercury, 760 millimeters of mercury, or
1013 millibars.

m  Gauge. Indicates the difference between atmospheric pressure and the
pressure being measured.
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m Absolute . The total pressure being exerted, i.e., gauge pressure plus
atmospheric pressure.

2-9.3 Hydrostatic Pressure. The water on the surface pushes down on the water below
and so on down to the bottom where, at the greatest depths of the ocean (approxi-
mately 36,000 fsw), the pressure is more than 8 tons per square inch (1,100 ata).
The pressure due to the weight of a water column is referred to as hydrostatic
pressure.

The pressure of seawater at a depth of 33 feet equals one atmosphere. The absolute
pressure, which is a combination of atmospheric and water pressure for that depth,
is two atmospheres. For every additional 33 feet of depth, another atmosphere of
pressure (14.7 psi) is encountered. Thus, at 99 feet, the absolute pressure is equal
to four atmospheres. Table 2-1 shows how pressure increases with depth.

Table 2-1. Pressure Chart.

Depth Gauge Pressure Atmospheric Pressure Absolute Pressure
0 One Atmosphere 1 ata (14.7 psia)
33 fsw + One Atmosphere 2 ata (29.4 psia)
66 fsw + One Atmosphere 3 ata (44.1 psia)
99 fsw + One Atmosphere 4 ata (58.8 psia)

The change in pressure with depth is so pronounced that the feet of a 6-foot tall
person standing underwater is exposed to pressure that is almost 3 pounds per
square inch greater than that exerted at his head.

2-9.4 Buoyancy. Buoyancy is the force that makes objects float. It was first defined by
the Greek mathematician Archimedes, who established that “Any object wholly or
partly immersed in a fluid is buoyed up by a force equal to the weight of the fluid
displaced by the object.” This is known as Archimedes’ Principle and applies to all
objects and all fluids.

2-9.4.1 Archimedes’ Principle. According to Archimedes’ Principle, the buoyancy of a
submerged body can be established by subtracting the weight of the submerged
body from the weight of the displaced liquid. If the total displacement (the weight
of the displaced liquid) is greater than the weight of the submerged body, the
buoyancy is positive and the body will float or be buoyed upward. If the weight of
the body is equal to that of the displaced liquid, the buoyancy is neutral and the
body will remain suspended in the liquid. If the weight of the submerged body is
greater than that of the displaced liquid, the buoyancy is negative and the body
will sink.

The buoyant force on an object is dependent upon the density of the substance it is
immersed in (weight per unit volume). Fresh water has a density of 62.4 pounds
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per cubic foot. Sea water is heavier, having a density of 64.0 pounds per cubic
foot. Thus an object is buoyed up by a greater force in seawater than in fresh
water, making it easier to float in the ocean than in a fresh water lake.

Diver Buoyancy. Lung capacity has a significant effect on buoyancy of a diver. A
diver with full lungs displaces a greater volume of water and, therefore, is more
buoyant than with deflated lungs. Individual differences that may affect the buoy-
ancy of a diver include bone structure, bone weight, and body fat. These
differences explain why some individuals float easily while others do not.

A diver can vary his buoyancy in several ways. By adding weight to his gear, he
can cause himself to sink. When wearing a variable volume dry suit, he can
increase or decrease the amount of air in his suit, thus changing his displacement
and thereby his buoyancy. Divers usually seek a condition of neutral to slightly
negative buoyancy. Negative buoyancy gives a diver in a helmet and dress a better
foothold on the bottom. Neutral buoyancy enhances a scuba diver’'s ability to
swim easily, change depth, and hover.

GASES IN DIVING

2-10.1

2-10.2

Knowledge of the properties and behavior of gases, especially those used for
breathing, is vitally important to divers.

Atmospheric Air. The most common gas used in diving is atmospheric air, the
composition of which is shown in Table 2-2. Any gases found in concentrations
different than those in Table 2-2 or that are not listed in Table 2-2 are considered
contaminants. Depending on weather and location, many industrial pollutants may
be found in air. Carbon monoxide is the most commonly encountered and is often
present around air compressor engine exhaust. Care must be taken to exclude the
pollutants from the divers’ compressed air by appropriate filtering, inlet location,
and compressor maintenance. Water vapor in varying quantities is present in
compressed air and its concentration is important in certain instances.

For most purposes and computations, diving air may be assumed to be composed
of 79 percent nitrogen and 21 percent oxygen. Besides air, varying mixtures of
oxygen, nitrogen, and helium are commonly used in diving. While these gases are
discussed separately, the gases themselves are almost always used in some
mixture. Air is a naturally occurring mixture of most of them. In certain types of
diving applications, special mixtures may be blended using one or more of the
gases with oxygen.

Oxygen. Oxygen (Q) is the most important of all gases and is one of the most
abundant elements on earth. Fire cannot burn without oxygen and people cannot
survive without oxygen. Atmospheric air contains approximately 21 percent
oxygen, which exists freely in a diatomic state (two atoms paired off to make one
molecule). This colorless, odorless, tasteless, and active gas readily combines with
other elements. From the air we breathe, only oxygen is actually used by the body.
The other 79 percent of the air serves to dilute the oxygen. Pure 100 percent
oxygen is often used for breathing in hospitals, aircraft, and hyperbaric medical
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Table 2-2. Components of Dry Atmospheric Air.

Concentration

Component Percent by Volume Parts per Million (ppm)
Nitrogen 78.084

Oxygen 20.946

Carbon Dioxide 0.033

Argon 0.0934

Neon 18.18
Helium 5.24
Krypton 1.14
Xenon 0.08
Hydrogen 0.5
Methane 2.0
Nitrous Oxide 0.5

treatment facilities. Sometimes 100 percent oxygen is used in shallow diving oper-
ations and certain phases of mixed-gas diving operations. However, breathing
pure oxygen under pressure may induce the serious problems of oxygen toxicity.

2-10.3 Nitrogen. Like oxygen, nitrogen (B) is diatomic, colorless, odorless, and taste-
less, and is a component of all living organisms. Unlike oxygen, it will not support
life or aid combustion and it does not combine easily with other elements.
Nitrogen in the air is inert in the free state. 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 disadvantages as compared to other gases.
Nitrogen narcosis, 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 reason, compressed air, with its high nitrogen content, is not used
below a specified depth in diving operations.

2-10.4 Helium. Helium (He) is a colorless, odorless, and tasteless gas, but it is mona-
tomic (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).
Helium coexists with natural 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 distortion of speech which takes place in a helium atmosphere.
The “Donald Duck” effect is caused by the 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.
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Hydrogen. Hydrogen (B) is diatomic, colorless, odorless, and tasteless, and is so
active that it is rarely found in a free state on earth. It is, however, the most abun-
dant element in the visible universe. The sun and stars are almost pure hydrogen.
Pure hydrogen is violently explosive when mixed with air in proportions that
include a presence of more than 5.3 percent oxygen. Hydrogen has been used in
diving (replacing nitrogen for the same reasons as helium) but the hazards have
limited this to little more than experimentation.

Neon. Neon (Ne) is inert, monatomic, colorless, odorless, and 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 supe-
rior thermal insulating properties, it has been the subject of some experimental
diving research.

Carbon Dioxide. Carbon dioxide (C¢) 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 animal and human respiration,
and is formed by the oxidation 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 carbon
dioxide is essential, unconsciousness can result when it is breathed at increased
partial pressure. In high concentrations the gas can be extremely toxic. In the case
of closed and semiclosed breathing apparatus, the removal of excess carbon
dioxide generated by breathing is essential to safety.

Carbon Monoxide. Carbon monoxide (CO) is a colorless, odorless, tasteless, and
poisonous gas whose presence is difficult to detect. Carbon monoxide is formed as
a product of incomplete fuel combustion, and is most commonly found in the
exhaust of internal combustion engines. A diver’s air supply can be contaminated
by carbon monoxide when the compressor intake is placed too close to the
compressor’s engine exhaust. The exhaust gases are sucked in with the air and sent
on to the diver, with potentially disastrous results. Carbon monoxide seriously
interferes with the blood’s ability to carry the oxygen required for the body to
function normally. The affinity of carbon monoxide for hemoglobin is approxi-
mately 210 times that of oxygen. Carbon monoxide dissociates from hemoglobin
at a much slower rate than oxygen.

Kinetic Theory of Gases. On the surface of the earth the constancy of the atmo-
sphere’s pressure and composition tend to be accepted without concern. To the
diver, however, the nature of the high pressure or hyperbaric, gaseous environ-
ment assumes great importance. The basic explanation of the behavior of gases
under all variations of temperature and pressure is known as the kinetic theory of
gases.

The kinetic theory of gases states: “The kinetic energy of any gas at a given tem-
perature is the same as the kinetic energy of any other gas at the same tempera-
ture.” Consequently, the measurable pressures of all gases resulting from kinetic
activity are affected by the same factors.
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The kinetic energy of a gas is related to the speed at which the molecules are mov-
ing and the mass of the gas. Speed is a function of temperature and mass is a
function of gas type. At a given temperature, molecules of heavier gases move at a
slower speed than those of lighter gases, but their combination of mass and speed
results in the same kinetic energy level and impact force. The measured impact
force, or pressure, is representative of the kinetic energy of the gas. This is illus-
trated in Figure 2-6.

Figure 2-6. 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).

2-11  GAS LAWS

2-11.1

Gases are subject to three closely interrelated factors—temperature, pressure, 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 is 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 one factor as the conditions of one or both of
the other factors change. A diver needs to know how changing pressure will effect
the air in his suit and lungs as he moves up and down in the water. He must be able
to determine whether an air compressor can deliver an adequate supply of air to a
proposed operating depth. He also needs to be able to interpret the reading on the
pressure gauge of his tanks under varying conditions of temperature and pressure.
The answers to such gquestions are calculated using a set of rules called the gas
laws. This section explains the gas laws of direct concern to divers.

Boyle’s Law. Boyle’s law states that at constant temperature, the absolute pres-
sure and the volume of gas are inversely proportional. As pressure increases the
gas volume is reduced; as the pressure is reduced the gas volume increases.
Boyle’s law is important to divers because it relates to change in the volume of a
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gas caused by the change in pressure, due to depth, which defines the relationship
of pressure and volume in breathing gas supplies.

The formula for Boyle’s lawis: C = Px V

Where:

C = a constant

P = absolute pressure
vV = volume

Boyle’s law can also be expressed ag, Vv, = PV,

Where:

P, = initial pressure
V. = initial volume
P, = final pressure
V, = final volume

When working with Boyle’s law, pressure may be measured in atmospheres abso-
lute. To calculate pressure using atmospheres absolute:

_ Depth fsw+ 33 fsw _ psig+ 14.7psi
= or P =

Pata 33 fsw ata 14.7psi

Sample Problem 1. An open diving bell with a volume of 24 cubic feet is to be
lowered into the sea from a support craft. No air is supplied to or lost from the bell.
Calculate the volume of the air in the bell at 99 fsw.

1. Rearrange the formula for Boyle’s law to find the final volumeg)(V
_ PV,
2 p2

2. Calculate the final pressure,jrat 99 fsw:

99 fsw+ 33 fsw
33 fsw

4ata

P, =

3. Substitute known values to find the final volume:

latax 24f§
4ata
3

= 6ft

The volume of air in the open bell has been compressed foab ®9 fsw.
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2-11.2 Charles’/Gay-Lussac’s Law. When working with Boyle’s law, the temperature of

the gas is a constant value. However, temperature significantly affects the pressure
and volume of a gas. Charles’/Gay-Lussac’s law describes the physical relation-
ships of temperature upon volume and pressure. Charles’/Gay-Lussac’s law states
that at a constant pressure, the volume of a gas is directly proportional to the
change in the absolute temperature. If the pressure is kept constant and the abso-
lute temperature is doubled, the volume will double. If the temperature decreases,
volume decreases. If volume instead of pressure is kept constant (i.e., heating in a
rigid container), then the absolute pressure will change in proportion to the abso-
lute temperature.

The formulas for expressing Charles’/Gay-Lussac’s law are as follows.

For the relationship between volume and temperature:

Vi_ 'V,

LER P

Where: Pressure is constant

T, = initial temperature (absolute)
T, = final temperature (absolute)
VvV, = initial volume

V, = final volume

And, for the relationship between pressure and temperature:

F)1_ PZ
Tl_T2

Where: Volume is constant

P, = initial pressure (absolute)

P, = final pressure (absolute)

T, = initial temperature (absolute)
T, = final temperature (absolute)

Sample Problem 1. An open diving bell of 24 cubic feet capacity is lowered into
the ocean to a depth of 99 fsw. The surface temperature is 80°F, and the
temperature at depth is 45°F. From the sample problem illustrating Boyle’s law,
we know that the volume of the gas was compressed to 6 cubic feet when the bell
was lowered to 99 fsw. Apply Charles’/Gay-Lussac’s law to determine the volume
when it is effected by temperature.
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1.

Convert Fahrenheit temperatures to absolute temperatures (Rankine):
°R = °F+ 460
T, = 80°F+ 460
= B40°R
45°F + 460
505°R

Ty

Transpose the formula for Charles’/Gay-Lussac’s law to solve for the final
volume (\,):
Vi,

Ve

Substitute known values to solve for the final volume)(V

6 ft.3 x 505
540

5.61 ft

V, =

The volume of the gas at 99 fsw is 5.6 ft

Sample Problem 2. A 6-cubic foot flask is charged to 3000 psig and the
temperature in the flask room is 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?

1.

Convert gauge pressure unit to atmospheric pressure unit:
P, = 3000 psig + 14.7 psi

= 3014.7 psia
2. Convert Fahrenheit temperatures to absolute temperatures (Rankine):
‘R = °F+460
T, = 72°F+ 460
= 532°R
T, = 170°F + 460
= 630°R

Transpose the formula for Gay-Lussac’s law to solve for the final pressure
(Py):

P, T
p2 - 12

T,
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4. Substitute known values and solve for the final pressuje (P
3014.7x 630
532

_ 1,899 261
532

3570.03 psia= 14.7
3555.33psia

P, =

The pressure in the flask increased from 3000 psig to 3555.33 psig. Note that the
pressure increased even though the flask’s volume and the volume of the gas
remained the same.

This example also 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.

2-11.3 The General Gas Law. Boyle, Charles, and Gay-Lussac demonstrated that
temperature, volume, and pressure affect a gas in such a way that a change in one
factor must be balanced by corresponding change in one or both of the others.
Boyle’s law describes the relationship between pressure and volume, Charles’/
Gay-Lussac's law describes the relationship between temperature and volume and
the relationship between temperature and pressure. The general gas law combines
the laws to predict the behavior of a given quantity of gas when any of the factors

change.
. PV, PV,
The formula for expressing the general gas law |s:—T—— = o
1 2
Where:
P, = initial pressure (absolute)
vV, = initial volume
T, = initial temperature (absolute)
P, = final pressure (absolute)
V, = final volume
T, = final temperature (absolute)

Two simple rules must be kept in mind when working with the general gas law:
m  There can be only one unknown value.

m  The equation can be simplified if it is known that a value remains unchanged
(such as the volume of an air cylinder) or that the change in one of the
variables is of little consequence. In either case, cancel the value out of both
sides of the equation to simplify the computations.

Sample Problem 1. Your ship has been assigned to salvage a sunken LCM
landing craft located in 130 fsw. An exploratory dive, using scuba, is planned to
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survey the wreckage. The scuba cylinders are charged to 2,250 psig, which raises
the temperature in the tanks to 140 °F. From experience in these waters, you know
that the temperature at the operating depth will be about 40°F. Apply the general
gas law to find what the gauge reading will be when you first reach the bottom.
(Assume no loss of air due to breathing.)

1.

Simplify the equation by eliminating the variables that will not change. The
volume of the tank will not change, sq ®nd \, can be eliminated from the
formula in this problem:

I:)1_ F)2
Tl_TZ

Calculate the initial pressure by converting the gauge pressure unit to the
atmospheric pressure unit:

P, = 2,250 psig + 14.7
= 2,264.7 psia
Convert Fahrenheit temperatures to Rankine (absolute) temperatures:

Conversion formula: °R = °F + 460

T, = 140 °F + 460

= 600 °R
T, = 40 °F + 460
= 500°R
Rearrange the formula to solve for the final pressugge (P
_ Py
2 = T,

Fill in known values:

2, 264.7 psia 500°R
600°R

1887.25 psia

P, =

Convert final pressure gPto gauge pressure:
P, = 1,887.25 psia - 14.7
= 1,872.55 psig

The gauge reading when you reach bottom will be 1,872.55 psig.

Sample Problem 2. During the survey dive for the operation outlined in Sample
Problem 1, the divers determined that the damage will require a simple patch. The
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Diving Supervisor elects to use surface-supplied MK 21 equipment. The
compressor discharge capacity is 60 cubic feet per minute, and the air temperature
on the deck of the ship is 80°F.

Apply the general gas law to determine whether the compressor can deliver the
proper volume of air to both the working diver and the standby diver at the oper-
ating depth and temperature.

1. Calculate the absolute pressure at depgh (P

130 fsw+ 33 fsw
33 fsw

4,93 ata

P2:

2. Convert Fahrenheit temperatures to Rankine (absolute) temperatures:

Conversion formula:

°R = °F+460
T, = 80°F + 460

= 540°R
T, = 40°F + 460

= 500°R

3. Rearrange the general gas law formula to solve for the volume of air at depth

(V)

_ PVT,

2 P,T,

4. Substitute known values and solve:

1 atax 60 cfmx 500°R
493 atax 540R

11.26 acfm at bottom conditions

Based upon an actual volume (displacement) flow requirement of 1.4 acfm for a
deep-sea diver, the compressor capacity is sufficient to support the working and
standby divers at 130 fsw.
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Sample Problem 3. Find the actual cubic feet of air contained in a 700-cubic inch
internal volume cylinder pressurized to 3,000 psi.

1. Simplify the equation by eliminating the variables that will not change. The
temperature of the tank will not change spahd T, can be eliminated from
the formula in this problem:

PV, =PV,

2. Rearrange the formula to solve for the initial volume:

_ PV,
1 Pl
Where:
P, = 14.7 psi
P, = 3,000 psi + 14.7 psi
V, = 700ir

3. Fillin the known values and solve forV

3014.7 psia« 700 ih
14.7 psi

143 557.14 iR

4. Convert V; to cubic feet:

143 557.14iR
1728 (1728 =110
83.07 scf

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 because it is the only
one that provides life support. But 100 percent oxygen can be dangerous to a diver
as depth and breathing time increase. 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 diluent 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 differ-
ences between breathing at the surface and breathing under pressure.
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2-12.1 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 1 atm were filled with dry air, the partial pressures of all the

constituent gases would contribute to the total partial pressure, as shown in Table
2-3.

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

Table 2-3. Partial Pressure at 1 ata.

Atmospheres Partial

Gas Percent of Component Pressure
Ny 78.08 0.7808
0, 20.95 0.2095
CO, .03 0.0003
Other .94 0.0094
Total 100.00 1.0000

Table 2-4. Partial Pressure at 137 ata.

Atmospheres Partial

Gas Percent of Component Pressure
N, 78.08 106.97
0, 20.95 28.70
co, .03 0.04
Other .94 1.29
Total 100.00 137.00

The formula for expressing Dalton’s law is:
Protal = PPa * PPg +PPc + ...
Where: A, B, and C are gases and

Protal X %0VOI
ppA - To'[all00 A
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Another method of arriving at the same conclusion is to use the T formula. When
using the T formula, there can be only one unknown value. Then it is merely a
case of multiplying across, or dividing up to solve for the unknown value.The T
formula is illustrated as:

partial pressure

atmosphere(s) absolufe % volume (in decimal form)

Sample Problem 1. Use the T formula to calculate oxygen partial pressure given
10 ata and 16 percent oxygen.

1. Fill in the known values:

_Pp_
10‘ .16

2. Multiply the pressure by the volume to solve for the oxygen partial pressure
(Pp):

1.6 ppQ
10 | .16

The oxygen partial pressure is 1.6.

Sample Problem 2. \What happens to the breathing mixture at the operating depth
of 130 fsw (4.93 ata)? The air compressor on the ship is taking in air at the surface,
at normal pressure and normal mixture, and sending it to the diver at pressure
sufficient to provide the necessary balance. The composition 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.
1. Calculate the oxygen partial pressure at depth.
ppO, = .21 (surface) 4.93 ata
= 1.03 ata
2. Calculate the nitrogen partial pressure at depth.
ppN, = .79 (surface) 4.93 ata
= 3.89 ata
3. Calculate the carbon dioxide partial pressure at depth.
ppCO, = .0003 (surface¥ 4.93 ata

= .0014 ata
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2-12.1.1 Expressing Small Quantities of Pressure.  Expressing partial pressures of gases
in atmospheres absolute (ata) is the most common method employed in large
guantities of pressure. Partial pressures of less than 0.1 atmosphere are usually
expressed in millimeters of mercury (mmHg). At the surface, atmospheric pres-
sure is equal to 1 ata or 14.7 psia or 760 mmHg. The formula used to calculate the
ppCO, at 130 fsw in millimeters of mercury is:

0.03 760mmHg
ppCG, 100><4.93atak< lata

1.12mmHg

2-12.1.2 Calculating Surface Equivalent Value.  From the previous calculations, it is
apparent that the diver is breathing more molecules of oxygen breathing air at 130
fsw than he would be if using 100 percent oxygen 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 contaminated with 2 percent (0.02
ata) carbon dioxide, a level that could be readily accommodated by a normal
person at one ata, the partial pressure at depth would be dangerously high—0.0986
ata (0.02 x 4.93 ata). This partial pressure is commonly referred to as a surface
equivalent value (sev) of 10 percent carbon dioxide. The formula for calculating
the surface equivalent value is:

_ pp at depth (in at&y 100%
ev =
1 ata

_ 0.0986 ata)< 100%
1 ata

9.86% CQ

S

2-12.2 Gas Diffusion. Another physical effect 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.

An individual gas will move through a permeable membrane (a solid that permits
molecular transmission) depending upon the partial pressure of the gas on each
side of the membrane. If the partial pressure is higher on one side, the gas mole-
cules will diffuse through the membrane from the higher to the lower partial
pressure side until the partial pressure on sides of the membrane are equal. Mole-
cules 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 to the
side of lower concentration.

Body tissues are permeable membranes. The rate of gas diffusion, which is related

to the difference in partial pressures, is an important consideration in determining
the uptake and elimination of gases in calculating decompression tables.
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2-12.3

2-12.4

2-12.5

2-12.6

2-12.6.1

Humidity. Humidity is the amount of water vapor in gaseous atmospheres. Like
other gases, water vapor behaves in accordance with the gas laws. However,
unlike other gases encountered in diving, water vapor condenses to its liquid state
at temperatures normally encountered by man.

Humidity is related to the vapor pressure of water, and the maximum patrtial pres-
sure of water vapor in the gas is governed entirely by the temperature of the gas.
As the gas temperature increases, more molecules of water can be maintained in
the gas until a new equilibrium condition and higher maximum partial pressure are
established. As a gas cools, water vapor in the gas condenses until a lower partial
pressure condition exists regardless of the total pressure of the gas. The tempera-
ture at which a gas is saturated with water vapor is calledetivpoint

In proper concentrations, water vapor in a diver’s breathing gas can be beneficial

to the diver. Water vapor moistens body tissues, thus keeping the diver comfort-

able. As a condensing liquid, however, water vapor can freeze and block air

passageways in hoses and equipment, fog a diver’'s faceplate, and corrode his
equipment.

Gases in Liquids. When a gas comes in contact with a liquid, a portion of the gas
molecules enters into solution with the liquid. The gas is said disbelvedn the
liquid. Solubility is vitally important because significant amounts of gases are
dissolved in body tissues at the pressures encountered in diving.

Solubility. Some gases are more soluble (capable of being dissolved) than others,
and some liquids and substances are better solvents (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, tempera-
ture and pressure greatly affect the quantity of gas that will be absorbed. Because a
diver is always operating under unusual conditions of pressure, understanding this
factor is particularly important.

Henry's Law. Henry's law states: “The amount of any given gas that will dissolve

in a liquid at a given temperature is directly proportional to the partial pressure of
that gas.” 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.

Gas Tension. When a gas-free liquid is first exposed to a gas, quantities of gas
molecules rush to enter the solution, pushed along by the partial pressure of the
gas. As the molecules enter the liquid, they add to a state of gas tension. Gas
tension 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 th@ressure gradientThe pressure gradient indicates the rate
at which the gas enters or leaves the solution.
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2-12.6.2 Gas Absorption. 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
nitrogen in the lungs changes and tissues either lose or gain nitrogen to reach a
new equilibrium with the nitrogen pressure in the lungs. Taking up nitrogen in
tissues is calledbsorptionor uptake Giving up nitrogen from tissues is termed
eliminationor offgassing In air diving, nitrogen absorption occurs when a diver is
exposed to an increased nitrogen partial pressure. As pressure decreases, the
nitrogen is eliminated. 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 as it flows
through the body. 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 small compared to the mass of the
tissue, but over a period of time the gas delivered to the tissue causes it to become
equilibrated with the gas carried in the blood. As the number of gas molecules in
the liquid increases, the tension increases until it reaches a value equal to the
partial pressure. When the tension equals the partial pressure, the liquid is satu-
rated with the gas and the pressure gradient is zero. Unless the temperature or
pressure changes, 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.

2-12.6.3 Gas Solubility.  The solubility of gases is affected by temperature—the lower the
temperature, the higher the solubility. As the temperature of a solution increases,
some of the dissolved gas leaves the solution. The bubbles rising 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 are dissolved into his body in proportion
to the partial pressure of each gas in the mixture. Because of the varied solubility
of different gases, the quantity of a particular gas that becomes dissolved is also
governed by the length of time the diver is breathing the gas at the increased pres-
sure. If the diver breathes the gas long enough, his body will become saturated.

The dissolved gas in a diver’'s body, regardless of quantity, depth, or pressure,
remains in solution as long as the pressure is maintained. However, as the diver
ascends, more and more of the dissolved gas comes out of solution. If his ascent
rate is controlled (i.e., through the use of the decompression tables), the dissolved
gas is carried to the lungs and exhaled before it accumulates to form significant
bubbles in the tissues. If, on the other hand, he ascends suddenly and the pressure
is reduced at a rate higher than the body can accommodate, bubbles may form,
disrupt body tissues and systems, and produce decompression sickness.
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Table 2-5. Symbols and Values.

Symbol Value
°F Degrees Fahrenheit
=C Degrees Celsius
°R Degrees Rankine
A Area
© Circumference
D Depth of Water
H Height
L Length
P Pressure
r Radius
T Temperature
t Time
\Y Volume
Width
Dia Diameter
Dia? Diameter Squared
Dia® Diameter Cubed
l 3.1416
ata Atmospheres Absolute
pp Partial Pressure
psi Pounds per Square Inch
psig Pounds per Square Inch Gauge
psia Pounds per Square Inch Absolute
fsw Feet of Sea Water
fpm Feet per Minute
scf Standard Cubic Feet
BTU British Thermal Unit
cm? Cubic Centimeter
kw hr Kilowatt Hour
mb Millibars
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Table 2-6. Buoyancy (In Pounds).

Fresh Water

(V cu ftx 62.4) - Weight of Unit

Salt Water

Table 2-7. Formulas for Area.

Square or Rectangle

(V cu ft x 64) - Weight of Unit

A=LxW

Circle A =0.7854 x Dia?
or
A= 10U
Table 2-8. Formulas for Volumes.
Compartment V=LxWxH
Sphere =Tx4/3xr3
= 0.5236 x Dia®
Cylinder V=mxrixL

=Tix 1/4 x Dia® x L
=0.7854 x Dia® x L

Table 2-9. Formulas for Partial Pressure/Equivalent Air Depth.

Partial Pressure Measured in psi

pp = (D +33 fsw) x 0.445 psi x 12V

[h00%U

Partial Pressure Measured in ata

_D+33fsw__%V
33 fsw 100 %

0,
Partial Pressure Measured in fsw pp = (D + 33fsw) x 4
100%
T formula for Measuring Partial Pressure PP _
ata|%
Equivalent Air Depth for N,O, Diving Measured I —_0.0
iansw p 202 9 EAD = (2.0 02A>)(D+33) _33
i .79
Equivalent Air Depth for N,O, Diving Measured I —_0.0
inqmeters P -2 g EAD = (L O2 %) (M +1O)} -10
.79
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Table 2-10. Pressure Equivalents.

Columns of Mercury Columns of Water*
at 0°C at15° C
10 Newton Pounds
Atmos- Per Square  Per Square Feet Feet
pheres Bars Centimeter Inch Meters Inches Meters Inches (FW) (FSW)
1 1.01325 1.03323 14.696 0.76 29.9212 10.337 406.966 33.9139 33.066
0.986923 1 1.01972 14.5038 0.750062 29.5299 10.2018 401.645 33.4704 32.6336
0.967841 0.980665 1 14.2234 0.735559 28.959 10.0045 393.879 32.8232 32.0026
0.068046 0.068947 0.070307 1 0.0517147 2.03601 0.703386 27.6923 2.30769 2.25
1.31579 1.33322 1.35951 19.33369 1 39.37 13.6013 535.482 44.6235 43.5079
0.0334211 0.0338639  0.0345316 0.491157 0.0254 1 0.345473 13.6013 1.13344 1.1051
0.09674 0.09798 0.099955 1.42169 0.073523 2.89458 1 39.37 3.28083 3.19881
0.002456 0.002489 0.002538 0.03609 0.001867 0.073523 0.02540 1 0.08333 0.08125
0.029487 0.029877 0.030466 0.43333 0.02241 0.882271 0.304801 12 1 0.975
0.030242 0.030643 0.031247 0.44444 0.022984 0.904884 0.312616 12.3077 1.02564 1

1. Fresh Water (FW) = 62.4 lbs/ft3; Salt Water (fsw) = 64.0 Ibs/ft3.

2. The Sl unit for pressure is Kilopascal (KPA)—lKG/CM2 = 98.0665 KPA and by definition 1 BAR = 100.00 KPA @ 4°C.

3. Inthe metric system, 1 MSW is defined as 1 BAR. Note that pressure conversion from MSW to FSW is different than length
conversion; i.e., 10 MSW = 32.6336 FSW and 10 M = 32.8083 feet.

Table 2-11. Volume and Capacity Equivalents.

Cubic

Centi- Cubic Cubic Cubic

meters Inches Feet Yards Milliliters Liters Pint Quart Gallon

1 .061023 3.531 x 107 1.3097 x 10°®  .999972 9.9997 x 10*  2.113x 103 1.0567 x 102  2.6417x 107
16.3872 1 5787 x10%  2.1434x10° 16.3867 0.0163867 0.034632 0.017316 4.329x 107
28317 1728 1 0.037037 28316.2 28.3162 59.8442 29.9221 7.48052
764559 46656 27 1 764538 764.538 1615.79 807.896 201.974
1.00003 0.0610251 3.5315x10° 1.308x10°% 1 0.001 21134x10°  1.0567x10° 26418 x 10
1000.03 61.0251 0.0353154 1.308x10° 1000 1 2.11342 1.05671 0.264178
473.179 28.875 0.0167101 6.1889 x 10  473.166 0.473166 1 0.5 0.125
946.359 57.75 0.0334201 1.2378 x 10°  946.332 0.946332 2 1 0.25
3785.43 231 0.133681 49511x10°  3785.33 3.78533 8 4 1
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Table 2-12. Length Equivalents.

Centi- Kilo- Int. Nau-
meters Inches Feet Yards Meters Fathom meters Miles tical Miles
1 0.3937 0.032808 0.010936 0.01 5.468 x 1073 0.00001 6.2137 x 10 5.3659 x 10
2.54001 1 0.08333 0.027778 0.025400 0.013889 2.540 x 10 1.5783 x 10 1.3706 x 10
30.4801 12 1 0.33333 0.304801 0.166665 3.0480 x 10 1.8939 x 10 1.6447 x 10
91.4403 36 3 1 0.914403 0.5 9.144 x 10" 5.6818 x 10™* 4.9341 x 104
100 39.37 3.28083 1.09361 1 0.5468 0.001 6.2137 x 10 5.3959 x 10
182.882 72 6 2 1.82882 1 1.8288 x 10-3 1.1364 x 103 9.8682 x 10
100000 39370 3280.83 1093.61 1000 546.8 1 0.62137 0.539593
160935 63360 5280 1760 1609.35 80 1.60935 1 0.868393
185325 72962.4 6080.4 2026.73 1853.25 1013.36 1.85325 1.15155 1

Table 2-13. Area Equivalents.
Square Square Square Square Square Square
Miles Centimeters Inches Feet Yards Acres Miles
1 10000 1550 10.7639 1.19599 2.471 x 10* 3.861 x 1077
0.0001 1 0.155 1.0764 x 10°° 1.196 x 10# 2.471x 10°® 3.861 x 1011
6.4516 x 10 6.45163 1 6.944 x 1072 7.716 x 1074 1.594 x 10”7 2.491 x 10710
0.092903 929.034 144 1 0.11111 2.2957 x 10 3578x10°
0.836131 8361.31 1296 9 1 2.0661 x 10 3.2283x 1077
4046.87 4.0469 x 107 6.2726 x 10° 43560 4840 1 1.5625 x 1073
2.59 x 10° 2.59 x 10%0 4.0145 x 10° 2.7878 x 107 3.0976 x 10° 640 1

Table 2-14. Velocity Equivalents.
Centimeters Meters Meters Per Kilometers Feet Feet Per Miles
Per Second Per Second Minute Per Hour Per Second Minute Per Hour Knots
1 0.01 0.6 0.036 0.0328083 1.9685 0.0223639 0.0194673
100 1 60 3.6 3.28083 196.85 2.23693 1.9473
1.66667 0.016667 1 0.06 0.0546806 3.28083 0.0372822 0.0324455
27.778 0.27778 16.667 1 0.911343 54.6806 0.62137 0.540758
30.4801 0.304801 18.288 1.09728 1 60 0.681818 0.593365
0.5080 5.080 x 107 0.304801 0.018288 0.016667 1 0.0113636 9.8894 x 10°
44.7041 0.447041 26.8225 1.60935 1.4667 88 1 0.870268
51.3682 0.513682 30.8209 1.84926 1.6853 101.118 1.14907 1
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Table 2-15. Mass Equivalents.
Kilograms Grams Grains Ounces Pounds Tons (short) Tons (long) Tons (metric)
1 1000 15432.4 35.274 2.20462 1.1023 x 10° 9.842 x 107 0.001
0.001 1 15432.4 0.035274 2.2046 x 102 1.1023 x 10°® 9.842x 1077 0.000001
6.4799 x 10°° 0.6047989 1 2.2857 x 10° 1.4286x 10*  7.1429x 108 6.3776 x 10°® 6.4799 x 108
0.0283495 28.3495 4375 1 0.0625 3.125x 107 2790 x 10°° 2.835x 107
0.453592 453.592 7000 16 1 0.0005 4.4543 x 107 45359 x 107
907.185 907185 1.4 x 107 32000 2000 1 0.892857 0.907185
1016.05 1.016 x 108 1.568 x 107 35840 2240 1.12 1 1.01605
1000 108 1.5432 x 107 35274 2204.62 1.10231 984206 1

Table 2-16. Energy or Work Equivalents.

International

International Foot - Kilowatt Horse Power Kilo -
Joules Ergs Pounds Hours Hours Calories BTUs
1 107 0.737682 2.778 x 10”7 3.7257 10”7 2.3889 x 10™ 9.4799 x 10
10”7 1 7.3768 x 10°8 2778 x 1014 3.726 x 1014 2.389x 10°% 9.4799 x 10
1.3566 1.3556 x 107 1 3.766 x 1077 5.0505 x 107 3.238x107* 1.285x 107
3.6 x 108 3.6 x 10%3 2.6557 x 10° 1 1.34124 860 3412.76
2.684 x 108 2.684 x 103 1.98 x 10° 0.745578 1 641.197 2544.48
4186.04 4.186 x 1010 3087.97 1.163x 10 1.596 x 107 1 3.96832
1054.87 1.0549 x 10° 778.155 2.930 x 10* 3.93x10™ 0.251996 1

Table 2-17. Power Equivalents.

International

Horse International Joules/ Kg-M Foot Ibs. IT Calories BTUs
Power Kilowatts Second Second Per Second Per Second Per Second
1 0.745578 745578 76.0404 550 178.11 0.7068
1.34124 1 1000 101.989 737.683 238.889 0.947989
1.3412 x 1078 0.001 1 0.101988 0.737682 0.238889 9.4799 x 10
0.0131509 9.805 x 10°° 9.80503 1 7.233 2.34231 9.2951 x 10°
1.8182 x 10°8 1.3556 x 10°° 1.3556 0.138255 1 0.323837 1.2851 x 107
5.6145 x 10°° 4.1861 x 10 4.18605 0.426929 3.08797 1 3.9683 x 10°
1.41483 1.05486 1054.86 107.584 778.155 251.995 1
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Table 2-18. Temperature Equivalents.

: 5
Conversion Formulas: °C = (°F-32) x = °F = 2 °cH+ 32
9 b O
oc oF oc oF oc oF oc oF oc oF oc oF oc oF
-100 -148.0 -60 -76.0 -20 -4.0 20 68.0 60 140.0 100 212.0 140 284.0

-98 -144.4 -58 -72.4 -18 -0.4 22 71.6 62 143.6 102 215.6 142 287.6
-96 -140.8 -56 -68.8 -16 3.2 24 75.2 64 147.2 104 219.2 144 291.2
-94 -137.2 -54 -65.2 -14 6.8 26 78.8 66 150.8 106 222.8 146 294.8
-92 -133.6 -52 -61.6 -12 10.4 28 82.4 68 154.4 108 226.4 148 298.4
-90 -130.0 -50 -58.0 -10 14.0 30 86.0 70 158.0 110 230.0 150 302.0
-88 -126.4 -48 -54.4 -8 17.6 32 89.6 72 161.6 112 233.6 152 305.6
-86 -122.8 -46 -50.8 -6 21.2 34 93.2 74 165.2 114 237.2 154 309.2
-84 -119.2 -44 -47.2 -4 24.8 36 96.8 76 168.8 116 240.8 156 312.8
-82 -115.6 -42 -43.6 -2 28.4 38 100.4 78 172.4 118 244.4 158 316.4
-80 -112.0 -40 -40.0 0 32 40 104.0 80 176.0 120 248.0 160 320.0
-78 -108.4 -38 -36.4 2 35.6 42 107.6 82 179.6 122 251.6 162 323.6
-76 -104.8 -36 -32.8 4 39.2 44 111.2 84 183.2 124 255.2 164 327.2
-74 -101.2 -34 -29.2 6 42.8 46 114.8 86 186.8 126 258.8 166 330.8
-72 -97.6 -32 -25.6 8 46.4 48 118.4 88 190.4 128 262.4 168 334.4
-70 -94.0 -30 -22.0 10 50.0 50 122.0 90 194.0 130 266.0 170 338.0
-68 -90.4 -28 -18.4 12 53.6 52 125.6 92 197.6 132 269.6 172 341.6
-66 -86.8 -26 -14.8 14 57.2 54 129.2 94 201.2 134 273.2 174 345.2
-64 -83.2 -24 -11.2 16 60.8 56 132.8 96 204.8 136 276.8 176 348.8
-62 -79.6 -22 -7.6 18 64.4 58 136.4 98 208.4 138 280.4 178 352.4
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Figure 2-7. Depth, Pressure, Atmosphere Graph.
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CHAPTER 3

Underwater Physiology

INTRODUCTION

3-1.1

3-1.2

3-1.3

Purpose. This chapter provides basic information on human physiology and
anatomy as it relates to working in the underwater environment. 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.

Scope. This chapter contains basic information intended to provide a fundamental
understanding of the physiological processes and functions that are affected when
humans are exposed to the underwater environment. A diver's knowledge of
underwater physiology is as important as a knowledge of diving gear and proce-
dures. Safe diving is only possible when the diver fully understands the
fundamental physiological processes and limitations at work on the human body
in the underwater environment.

General. A body at work requires coordinated functioning of all organs and
systems. The heart pumps blood to all parts of the body, the tissue fluids exchange
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. The indi-
vidual is generally unaware that these functions are taking place.

As efficient as it is, the human body lacks effective ways of compensating for
many of the effects of increased pressure at depth and can do little to keep its
internal environment from being upset. Such external effects set definite limits on
what a diver can do and, if not understood, can give rise to serious accidents.

THE NERVOUS SYSTEM

The nervous system coordinates all body functions and activities. The nervous
system comprises the brain, spinal cord, and a complex network of nerves that
course through the body. The brain and spinal cord are collectively referred to as
the central nervous syste(@NS). Nerves originating in the brain and spinal cord

and traveling to peripheral parts of the body formgbdapheral nervous system
(PNS). The peripheral nervous system consists of the cranial nerves, the spinal
nerves, and the sympathetic nervous system. The peripheral nervous system is
involved in regulating cardiovascular, respiratory, and other automatic body func-
tions. 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.
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THE CIRCULATORY SYSTEM

3-3.1

3-3.1.1

3-3.1.2

3-3.2

The circulatory system consists of the heart, arteries, veins, and capillaries. The
circulatory system carries oxygen, nutrients, and hormones to every cell of the

body, and carries away carbon dioxide, waste chemicals, and heat. Blood circu-
lates through a closed system of tubes that includes the lung and tissue capillaries,
heart, arteries, and veins.

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

The Heart. 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 that forms its walls and provides the pumping
action. The heart is located in the front and center of the chest cavity between the
lungs, directly behind the breastbone (sternum).

The interior of the heart is divided lengthwise into 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 capillaries; the veins return blood from the capillaries to the
heart. Arteries and veins branch and rebranch 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. Capillaries provide the
connections that let blood flow from the smallest branch arteries (arterioles) into
the smallest veins (venules).

The Pulmonary and Systemic Circuits. ~ The circulatory system consists of two
circuits with the same blood flowing through the body. 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 circulatory 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.

Circulatory Function. Blood follows a continuous circuit through the human
body. Blood leaving a muscle or organ capillary has lost most of its oxygen and is
loaded with carbon dioxide. The blood flows through the body’s veins to the main
veins in the upper chest (the superior and inferior vena cava). The superior vena
cava receives blood from the upper half of the body; the inferior vena cava
receives blood from areas of the body below the diaphragm. The blood flows
through the main veins into the right atrium and then through the tricuspid valve
into the right ventricle.
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Figure 3-1. The Heart's Components and Blood Flow.

The next heart contraction forces the blood through the pulmonic valve into the
pulmonary artery. The blood then passes through the arterial branchings of the
lungs into the pulmonary capillaries, where gas transfer with air 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 arteries branching from the aorta, into
successively smaller vessels until reaching the capillaries, where oxygen is
exchanged for carbon dioxide. The blood 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 and contract as blood is pumped from the heart, maintaining a slow but
adequate flow (perfusion) through the capillaries.

3-3.3 Blood Components. The average human body contains approximately 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
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Figure 3-2. Respiration and Blood Circulation. The lung’s gas exchange system is
essentially three pumps. The thorax, a gas pump, moves air through the trachea and
bronchi to the lung’s air sacs. These sacs, the alveoli, are shown with and without their
covering of pulmonary capillaries. The heart’s right ventricle, a fluid pump, moves blood that
is low in oxygen and high in carbon dioxide into the pulmonary capillaries. Oxygen from the
air diffuses into the blood while carbon dioxide diffuses from the blood into the air in the
lungs. The oxygenated blood moves to the left ventricle, another fluid pump, which sends
the blood to the systemic capillaries which deliver oxygen to and collect carbon dioxide from
the body’s cells.

soaks up liquid. Hemoglobin is bright red when it is oxygen-rich; it becomes
increasingly dark 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 percent of the oxygen it can carry when it is exposed to the normal partial
pressure of oxygen in the lungs. Because the tissue cells are using oxygen, the
partial pressure (tension) in the tissues is much 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 dioxide to be carried away
to prevent excess acidity. Hemoglobin also plays an important part in transporting
carbon dioxide. 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 tissues, carbon dioxide diffuses into the
blood and oxygen diffuses into the tissues.
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Blood also contains infection-fighting white blood cells, and platelets, which are
cells essential in blood coagulation. Plasma is the colorless, watery 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, even the slightest bodily injury could cause
death.

3-4 THE RESPIRATORY SYSTEM

3-4.1

3-4.2

Every cell in the body must obtain energy to maintain its life, growth, and func-
tion. Cells obtain their energy from oxidation, which is a slow, controlled burning
of food materials. Oxidation requires fuel and oxygen. Respiration is the process
of exchanging oxygen and carbon dioxide during oxidation and releasing energy
and water.

Gas Exchange. Few body cells are close enough to the surface to have any
chance of obtaining oxygen and expelling carbon dioxide by direct air diffusion.
Instead, the gas exchange takes place via the circulating blood. The blood is
exposed to air over a large diffusing surface as 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 that are protected inside the bony cage of the chest. This makes it necessary
to continually move air in and out of the space. The process of breathing and the
exchange of gases in the lungs is referred tweadilation and pulmonary gas
exchangerespectively.

Respiration Phases. The complete process of respiration includes six important
phases:

Ventilation of the lungs with fresh air

Exchange of gases between blood and air in lungs

Transport of gases by blood

Exchange of gases between blood and tissue fluids

Exchange of gases between the tissue fluids and cells

o g M w N P

Use and production of gases by cells
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3-4.3

3-4.4

3-4.4.1

3-44.2

If any one of the processes stops or is seriously hindered, the affected cells cannot
function normally or survive for any length of time. Brain tissue cells, for
example, stop working almost immediately and will either die or be permanently
injured in a few minutes if their oxygen supply is completely cut off.

The respiratory system is a complex of organs and structures that performs the
pulmonary ventilation 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 speech production by providing air to
the larynx and the vocal chords. The respiratory tract is divided into upper and

lower tracts.

Upper and Lower Respiratory Tract. ~ The upper respiratory tract consists of the
nose, nasal cavity, 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.

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 dioxide that occurs between the internal alveolar
surface and the tiny capillaries surrounding the external alveolar wall.

The Respiratory Apparatus. The mechanics of taking fresh air into the lungs
(inspiration or inhalation) and expelling used air from the lungs (expiration or
exhalation) is diagrammed 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, a
lower 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, expelling the used
air.

The Chest Cavity. The chest cavity does not have space between the outer lung
surfaces and the surrounding chest wall and diaphragm. Both surfaces 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. The lungs are a pair of light, spongy organs in the chest and are the
main component of the respiratory system (see Figure 3-4). 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 carbon 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 expandable air sacs
(alveoli) connected to air passages. These passages branch and rebranch like the
twigs of a tree. Air entering the main airways of the lungs gains access to the
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Figure 3-4. Lungs Viewed from Medial Aspect.

entire surface of these alveoli. Each alveolus is lined with a thin membrane and is
surrounded by a network of very small vessels that make up the capillary bed of
the lungs. Most of the lung membrane has air on one side of it and blood on the

other; diffusion of gases takes place freely in either direction.

3-4.5 Respiratory Tract Ventilation Definitions. ~ Ventilation of the respiratory system
establishes the proper composition of gases in the alveoli for exchange with the
blood. The following definitions help in understanding respiration (Figure 3-5).

3-45.1 Respiratory Cycle. Therespiratory cyclds one complete breath consisting of an

inspiration and exhalation, including any pause between the movements.
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3-4.5.2

3-45.3

3-45.4

3-4.55

3-4.5.6
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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, the subject
inhales maximally, then exhales maximally. The volume of air moved during this maximal
effort is called the vital capacity. During exercise, the tidal volume increases, using part of
the inspiratory and expiratory reserve volumes. 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 sum of the vital capacity and the residual volume is
the total lung capacity.

Respiratory Rate. The number of complete respiratory cycles that take place in 1
minute is therespiratory rate An adult at rest normally has a respiratory rate of
approximately 12 to 16 breaths per minute.

Total Lung Capacity. Thetotal lung capacity(TLC) is the total volume of air that
the lungs can hold when filled to capacity. TLC is normally between five and six
liters.

Vital Capacity. Vital capacityis the volume of air that can be expelled from the
lungs after a full inspiration. The average vital capacity is between four and five
liters.

Tidal Volume. Tidal volumeis the volume of air moved in or out of the lungs
during a single normal respiratory cycle. The tidal volume generally averages
about one-half liter for an adult at rest. Tidal volume increases considerably during
physical exertion, and cannot exceed the vital capacity.

Respiratory Minute Volume.  The respiratory minute voluméRMYV) is the total
amount of air moved in or out of the lungs in a minute. The respiratory minute
volume is calculated by multiplying the tidal volume by the rate. 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.
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3-45.7 Maximal Breathing Capacity and Maximum Ventilatory Volume. The maximal
breathing capacity(MBC) and maximum ventilatory voluméMVV) are the
greatest respiratory minute volumes that a person can produce during a short
period of extremely forceful breathing. In a healthy young man, they may average
as much as 180 liters per minute (the range is 140 to 240 liters per minute).

3-45.8 Maximum Inspiratory Flow Rate and Maximum Expiratory Flow Rate. The max-
imum inspiratory flow rat§MIFR) andmaximum expiratory flow ratéMEFR)
are the fastest rates at which the body can move gases in and out of the lungs.
These rates are important in designing breathing equipment and computing gas
use under various workloads. Flow rates are usually expressed in liters per second.

3-45.9 Respiratory Quotient. Respiratory quotien{RQ) is the ratio of the amount of
carbon dioxide produced to the amount of oxygen consumed during cellular
processes 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 calculations. This ratio is
significant when calculating the amount of carbon dioxide produced as oxygen is
used at various workloads while using a closed-circuit breathing apparatus. The
duration of the carbon dioxide absorbent canister can then be compared to the
duration of the oxygen supply.

3-4.5.10 Respiratory Dead Space. Respiratory dead spacaefers to the part of the respira-
tory system that has no alveoli, and in which little or no exchange of gas between
air and blood takes place. It normally amounts to less than 0.2 liter. Air occupying
the dead space at the end of expiration is rebreathed in the following inspiration.
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 respira-
tion. To compensate, the diver must increase his tidal volume. 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, the air that is taken into the lungs (inspired air) is a mixture of fresh and
dead space gases.

3-4.6 Alveolar/Capillary Gas Exchange.  Within the alveolar air spaces, the composition
of the air (alveolar air) is changed by the elimination 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 alve-
olar air through the thin membranes of the air sacs and the capillary walls. With
this exposure taking place over a vast surface area, the gas pressure of the blood
leaving the lungs is approximately equal to that present in alveolar air.

When arterial blood passes through the capillary network surrounding the cells in
the body tissues it is exposed to and equalizes with the gas pressure of the tissues.
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Some of the blood’s oxygen is absorbed by the cells and carbon dioxide is picked
up from these cells. When the blood returns to the pulmonary capillaries and is
exposed to the alveolar air, the partial pressures of gases between the blood and
the alveolar air is again equalized.

Carbon dioxide diffuses from the blood into the alveolar air, lowering its pressure,
and oxygen is absorbed by the blood from the alveolar air, increasing its pressure.
With each complete round of circulation, the blood is the medium through which
this process of gas exchange occurs. Each cycle normally requires approximately
20 seconds.

Breathing Control. The amount of oxygen consumed and carbon dioxide
produced increases markedly when a diver is working. The amount of blood
pumped through the tissues and the lungs per minute increases in proportion to the
rate at which these gases must be transported. As a result, more oxygen is taken up
from the alveolar air and more carbon dioxide is delivered to the lungs for
disposal. To maintain proper blood levels, the respiratory minute volume must
also change in proportion to oxygen consumption and carbon dioxide output.

Changes in the partial pressure (concentration) of oxygen and carbon dioxide
(ppO, and ppCQ) in the arterial circulation activate central and peripheral
chemoreceptors. These chemoreceptors are attached to important arteries. The
most important are the carotid bodies in the neck and aortic bodies near the heart.
The chemoreceptor in the carotid artery is activated by the ppQ@®e blood and
signals the respiratory center in the brain stem to increase or decrease respiration.
The chemoreceptor in the aorta causes the aortic body reflex. This is a normal
chemical reflex initiated by decreased oxygen concentration and increased carbon
dioxide concentration in the blood. These changes result in nerve impulses that
increase respiratory activity. Low oxygen tension alone does not increase
breathing markedly until dangerous levels are reached. The part played by
chemoreceptors is evident in normal processes such as breathholding.

As a result of the regulatory process and the adjustments they cause, the blood
leaving the lungs usually has about the same oxygen and carbon dioxide levels
during work that it did at rest. The maximum pumping capacity of the heart (blood
circulation) and respiratory system (ventilation) largely determines the amount of
work a person can do.

Oxygen Consumption. A diver’s oxygen consumption is an important factor
when determining how long breathing gas will last, the ventilation rates required
to maintain proper helmet oxygen level, and the length of time a canister will
absorb carbon dioxide. Oxygen consumption is a measure of energy expenditure
and is closely linked to the respiratory processes of ventilation and carbon dioxide
production.

Oxygen consumption is measured in liters per minute (I/min) at Standard Temper-

ature (0°C, 32°F) and Pressure (14.7 psia, 1 ata), Dry Gas (STPD). These rates of
oxygen consumption are not depth dependent. This means that a fully charged MK
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16 oxygen bottle containing 360 standard liters (3.96 scf) of usable gas will last
225 minutes at an oxygen consumption rate of 1.6 liters per minute at any depth,
provided no gas leaks from the rig.

Minute ventilation, or respiratory minute volume (RMV), is measured at BTPS
(body temperature 37°C/98.6°F, ambient barometric pressure, saturated with water
vapor at body temperature) and varies depending on a person’s activity level, as
shown in Figure 3-6. Surface RMV can be approximated by multiplying the
oxygen consumption rate by 25. Although this 25:1 ratio decreases with increasing
gas density and high inhaled oxygen concentrations, it is a good rule-of-thumb
approximation for computing how long the breathing gas will last.

Unlike oxygen consumption, the amount of gas exhaled by the lungs is depth
dependent. At the surface, a diver swimming at 0.5 knot exhales 20 I/min of gas. A
scuba cylinder containing 71.2 standard cubic feet (scf) of air (approximately
2,000 standard liters) lasts approximately 100 minutes. At 33 fsw, the diver still
exhales 20 I/min at BTPS, but the gas is twice as dense; thus, the exhalation would
be approximately 40 standard I/min and the cylinder would last only half as long,
or 50 minutes. At three atmospheres, the same cylinder would last only one-third
as long as at the surface.

Carbon dioxide production depends only on the level of exertion and can be
assumed to be independent of depth. Carbon dioxide production and RQ are used
to compute ventilation rates for chambers and free-flow diving helmets. These
factors may also be used to determine whether the oxygen supply or the duration
of the CQ absorbent will limit a diver’s time in a closed or semi-closed system.

3-5 RESPIRATORY PROBLEMS IN DIVING

3-5.1

Physiological problems often occur when divers are exposed to the pressures of
depth. However, some of the difficulties related to respiratory processes can occur
at any time because of an inadequate supply of oxygen or inadequate removal of
carbon dioxide from the tissue cells. Depth may modify these problems for the
diver, but the basic difficulties remain the same. Fortunately, the diver has normal
physiological reserves to adapt to environmental changes and is only marginally
aware of small changes. The extra work of breathing reduces the diver’s ability to
do heavy work at depth, but moderate work can be done with adequate equipment
at the maximum depths currently achieved in diving.

Oxygen Deficiency (Hypoxia). Oxygen deficiency, ohypoxig is an abnormal
deficiency of oxygen in the arterial blood that causes the tissue cells to be unable
to receive sufficient oxygen to maintain normal function. Severe hypoxia will stop
the normal function of any tissue cell in the body and will eventually kill it, but the
cells of the brain tissue are by far the most susceptible to its effects.

The partial pressure of oxygen determines whether the amount of oxygen in a
breathing medium is adequate. For example, air contains about 21 percent oxygen
and thus provides an oxygen partial pressure of about 0.21 ata at the surface. This
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Figure 3-6. Oxygen Consumption and RMV at Different Work Rates.

3-12

U.S. Navy Diving Manual—Volume 1




is ample, but a drop to 0.14 ata causes the onset of hypoxic symptoms on the
surface. If the pp@®goes as low as 0.11 ata at the surface, most individuals
become hypoxic to the point of being nearly helpless. Consciousness is usually
lost at about 0.10 ata and at much below this level, permanent brain damage and
death will probably occur. In diving, a lower percentage will suffice as long as the
total pressure is sufficient to maintain an adequate,pp@r example, 5 percent
oxygen would render a ppOof 0.20 ata for a diver at 100 fsw. On ascent,
however, the diver would rapidly experience hypoxia if the oxygen percentage
were not increased.

3511 Causes of Hypoxia. The causes of hypoxia vary, but all interfere with the normal
oxygen supply to the body. For divers, interference of oxygen delivery can be
caused by:

m  Equipment problems such as low partial pressure of oxygen in the breathing
mix, inadequate gas flow, inadequate purging of breathing bags in a closed
oxygen UBA like the LAR V, or blockage of the fresh gas injection orifice in a
semiclosed-circuit UBA.

m  Blockage of all or part of the pulmonary system air passages by vomitus,
secretions, water, foreign objects, or pneumomediastinum.

m  Pneumothorax or paralysis of the respiratory muscles from spinal cord injury.

m Decreased oxygen exchange at the alveoli/capillary membrane caused by
accumulation of fluid in the tissues (edema), a mismatch of blood flow and
alveolar ventilation, lung damage from near-drowning or smoke inhalation, or
“chokes” or bronchospasm from lung irritation due to showers of bubbles in
the circulation.

m  Physiological problems such as anemia and inadequate blood flow that
interfere with blood transportation of oxygen. Edema can interfere with gas
exchange at the capillary/tissue areas, and carbon monoxide poisoning can
interfere with oxygen utilization at the cellular level.

m  Hyperventilation followed by breathholding, which can lead to severe
hypoxia. Hyperventilation lowers the carbon dioxide level in the body below
normal (a condition known as hypocapnia) and may prevent the control
mechanism that stimulates breathing from responding until oxygen tension has
fallen below the level necessary to maintain consciousness. Extended
breathholding after hyperventilation is not a safe procedure. Refer to
paragraph 3-7 for more information on hyperventilation and its hazards.

3-5.1.2 Symptoms of Hypoxia. ~ Brain tissue is by far the most susceptible to the effects of
hypoxia. Unconsciousness and death can occur from brain hypoxia before the
effects on other tissues become very prominent.

There is no reliable warning of the onset of hypoxia. It can occur unexpectedly,
making it a particularly serious hazard. A diver who loses his air supply is in
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danger of hypoxia, but he immediately knows he is in danger and usually has time
to do something about it. He is much more fortunate than a diver who gradually
uses up the oxygen in a closed-circuit rebreathing rig and has no warning of
impending unconsciousness.

When hypoxia develops, pulse rate and blood pressure increase as the body tries to
offset the hypoxia by circulating more blood. A small increase in breathing may
also occur. A general blueness (cyanosis) of the lips, nail beds and skin may occur
with hypoxia. This may not be noticed by the diver and often is not a reliable indi-
cator of hypoxia, even for the trained observer at the surface. The same signs
could be caused by prolonged exposure to cold water.

If hypoxia develops gradually, symptoms of interference with brain function will
appear. None of these symptoms, however, are sufficient warning and very few
people are able to recognize the mental effects of hypoxia in time to take correc-
tive action.

Symptoms of hypoxia include:

Lack of concentration

Lack of muscle control

Inability to perform delicate or skill-requiring tasks
Drowsiness

Weakness

Agitation

Euphoria

Loss of consciousness

Treating Hypoxia. A diver suffering from severe hypoxia must be rescued
promptly. Hypoxia’s interference with brain functions produces not only uncon-
sciousness but also failure of the breathing control centers. If a victim of hypoxia
is given gas with adequate oxygen content before his breathing stops, he usually
regains consciousness shortly and recovers completely. For scuba divers, this
usually involves bringing the diver to the surface. For surface-supplied mixed-gas
divers, it involves shifting the gas supply to alternative banks and ventilating the
helmet or chamber with the new gas. Details of treatment are covered in volume 3.

Preventing Hypoxia. Because of its insidious nature and potentially fatal
outcome, preventing hypoxia is essential. In open-circuit scuba and helmets,
hypoxia is unlikely unless the supply gas has too low an oxygen content. On
mixed-gas operations, strict attention must be paid to gas analysis, cylinder
lineups and predive checkout procedures. In closed- and semiclosed-circuit
Underwater Breathing Apparatus (UBA), a malfunction can cause hypoxia even
though the proper gases are being used. Electronically controlled, fully closed-
circuit UBA like the MK 16 have oxygen sensors to read out oxygen partial pres-
sure, but divers must be constantly alert to the possibility of hypoxia from UBA
malfunction.Oxygen sensors should be monitored closely throughout the dive

in closed-circuit mixed gas MK 16 UBA. MK 25 UBA breathing bags should
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be purged in accordance with Operating Procedures (OPslRecently surfaced
mixed-gas chambers should not be entered until after they are thoroughly venti-
lated with air.

3-5.2 Carbon Dioxide Toxicity (Hypercapnia).  Carbon dioxide toxicity, onypercapnia,
is an abnormally high level of carbon dioxide in the body tissues.

3521 Causes of Hypercapnia. In diving operations, hypercapnia is generally the result
of a buildup of carbon dioxide in the breathing supply or in the body caused by:

m Inadequate ventilation of surface-supplied helmets

m Excess carbon dioxide in helmet supply gas (failure of, @Dsorbent
canister) in mixed-gas diving

m Failure of carbon dioxide absorbent canisters in closed- or semiclosed-circuit
UBA

= Inadequate lung ventilation in relation to exercise level (caused by controlled
breathing, excessive apparatus breathing resistance, increased oxygen partial
pressure, or increased gas density)

m  Any cause of increased dead space, such as shallow and rapid breathing
through a snorkel

3522 Symptoms of Hypercapnia. Underwater breathing equipment is designed to keep
the carbon dioxide below 1.5 percent during heavy work. The most common cause
of hypercapnia is failure to ventilate helmets adequately. This can occur through
improper breathing techniques or excessive breathing resistance; a diver can
poison himself by inadequately ventilating his lungs. This happens primarily when
a scuba diver tries to conserve his breathing supply by reducing his breathing rate
below a safe level (skip-breathing). Inadequate lung ventilation is more common
in diving than in surface activities for two reasons. First, some divers have a lower
drive to increase lung ventilation in the face of increased blood carbon dioxide
levels. Second, the usually high pp&ncountered in diving takes away some of
the uncomfortable shortness of breath that accompanies inadequate lung
ventilation.

Hypercapnia affects the brain differently than hypoxia does. However, it can result

in similar symptoms such as confusion, inability to concentrate, drowsiness, loss
of consciousness, and convulsions. Such effects become more severe as the degree
of excess increases. A diver breathing a gas with as much as 10 percent carbon
dioxide generally loses consciousness after a few minutes. Breathing 15 percent
carbon dioxide for any length of time causes muscular spasms and rigidity.

A diver who loses consciousness because of excess carbon dioxide in his
breathing medium and does not aspirate water generally revives rapidly when
given fresh air. He usually feels normal within 15 minutes and the aftereffects
rarely include symptoms more serious than headache, nausea, and dizziness.
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Permanent brain damage and death are much less likely than in the case of
hypoxia.

Effects of Increasing Carbon Dioxide Levels. ~ The increasing level of carbon
dioxide in the blood stimulates the respiratory center to increase the breathing rate
and volume, and the heartbeat rate is often increased. Ordinarily, increased
breathing is definite and uncomfortable enough to warn a diver before the, ppCO
becomes very dangerous. However, variables such as work rate, depth, and the
composition of the breathing mixture may produce changes in breathing and blood
mixture that could mask any changes caused by excess carbon dioxide.

This is especially true in closed-circuit UBA (especially 100-percent oxygen
rebreathers) when failure or expenditure of the carbon dioxide absorbent material
allows a carbon dioxide buildup while the amount of oxygen increases. In cases
where the pp@is above 0.5 ata, the shortness of breath usually associated with
excess carbon dioxide may not be excessive and may go unnoticed by the diver,
especially if he is breathing hard because of exertion. In these cases the diver may
become confused and even slightly euphoric before losing consciousness. For this
reason, a diver must be particularly alert for any marked change in his breathing
comfort or cycle (such as shortness of breath or hyperventilation) as a warning of
hypercapnia.

Effects of Excess Carbon Dioxide. =~ Excess carbon dioxide also dilates the arteries

of the brain. This may partially explain the headaches often associated with carbon
dioxide intoxication, though these headaches are more likely to occur following
the exposure than during it. The increase in blood flow through the brain, which
results from dilation of the arteries, is thought to explain why carbon dioxide
excess speeds the onset of oxygen toxicity or possibly convulsions. Excess carbon
dioxide during a dive is also believed to increase the likelihood of decompression
sickness, but the reasons are less clear. Headache, cyanosis, unusual sweating,
fatigue, and a general feeling of discomfort may warn a diver if they occur and are
recognized, but they are not very reliable as warnings.

Hypothermia also can mask the buildup of carbon dioxide because the respiration
rate increases initially on exposure to cold water. Additionally, nitrogen narcosis
can mask the condition because a diver under the effects of narcosis would not
notice any difference in his breathing rate. During surface-supplied air dives
deeper than 100 fsw (30.5 meters), the Diving Supervisor must ensure the divers
maintain sufficient ventilation rates.

Treating Hypercapnia. Hypercapnia is treated by relieving the excess partial pres-
sure of carbon dioxide. This is accomplished in surface-supplied diving by
ventilating the helmet with fresh air in an air diving apparatus, bypassing the
carbon dioxide absorbent in a mixed-gas diving apparatus, or ascending. Any
method used to decrease the partial pressure removes the problems encountered
with excess carbon dioxide.

Asphyxia. Asphyxiaindicates the existence of both hypoxia and carbon dioxide
excess in the body. Asphyxia occurs when breathing stops. Breathing stoppage can
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be due to injury to the windpipe (trachea), the lodging of an inhaled object, the
tongue falling back in the throat during unconsciousness, or the inhalation of
water, saliva, or vomitus.

In many situations, hypoxia and carbon dioxide excess occur separately. True
asphyxia occurs when hypoxia is severe or prolonged enough to stop a diver’s
breathing and carbon dioxide toxicity develops rapidly. At this point the diver can
no longer breathe.

3-5.4 Breathing Resistance and Dyspnea.  The ability to perform useful work under-
water depends on the diver’s ability to move enough gas in and out of his lungs to
provide sufficient oxygen to the muscles and to eliminate metabolically produced
carbon dioxide. Increased gas density and breathing apparatus resistance are the
two main factors that impede this ability. Even in a dry hyperbaric chamber
without a breathing apparatus, the increased gas density may cause divers to expe-
rience shortness of breattdly§pneq Dyspnea usually becomes apparent at very
heavy workloads at depths below 120 fsw when a diver is breathing air. If a diver
is breathing helium-oxygen, dyspnea usually becomes a problem at heavy work-
loads in the 850-1,000 fsw range. At great depths (1,600-1,800 fsw), dyspnea may
occur even at rest.

3-5.4.1 Causes of Breathing Resistance.  Flow resistance and static lung load are the two
main causes of the breathing limitations imposed by the underwater breathing
apparatus. Flow resistance is due to a flow of dense gas through tubes, hoses, and
orifices in the diving equipment. As gas density increases, a larger driving pres-
sure must be applied to keep gas flowing at the same rate. The diver has to exert
higher negative pressures to inhale and higher positive pressures to exhale. As
ventilation increases with increasing levels of exercise, the necessary driving pres-
sures increase. Because the respiratory muscles can only exert so much effort to
inhale and exhale, a point is reached when further increases can not occur. At this
point, metabolically produced carbon dioxide is not adequately eliminated and
increases in the blood, causing symptoms of hypercapnia.

Static lung load is the result of breathing gas being supplied at a different pressure
than the hydrostatic pressure surrounding the lungs. For example, when swimming
horizontally with a single-hose regulator, the regulator diaphragm is lower than
the mouth and the regulator supplies gas at a slight positive pressure once the
demand valve has opened. If the diver flips onto his back, the regulator diaphragm
is shallower than his mouth and the regulator supplies gas at a slightly negative
pressure. Inhalation is harder but exhalation is easier because the exhaust ports are
above the mouth and at a slightly lower pressure.

Static lung loading is more apparent in semiclosed- and closed-circuit underwater
breathing apparatus such as the MK 25 and MK 16. When swimming horizontally,

the diaphragm on the diver’s back is shallower than the lungs and the diver feels a
negative pressure at the mouth. Exhalation is easier than inhalation. If the diver
flips onto his back, the diaphragm is below the lungs and the diver feels a positive
pressure at the mouth. Inhalation becomes easier than exhalation. At high work
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rates, excessively high or low static lung loads may cause dyspnea without any
increase in blood carbon dioxide level.

Preventing Dyspnea. The U.S. Navy makes every effort to ensure that UBA meet
adequate breathing standards to minimize flow resistance and static lung loading
problems. However, all UBA have their limitations and divers must have suffi-
cient experience to recognize those limitations. If the UBA does not impede
ventilation, the diver’s own pulmonary system may limit his ability to ventilate.
Whether due to limitations of the equipment or limitations imposed by the diver’s
own respiratory system, the end result may be symptoms of hypercapnia or
dyspnea without increased carbon dioxide blood levels. This is commonly referred
to as “overbreathing the rig.”

Most divers decrease their level of exertion when they begin to experience
dyspnea, but in some cases, depending on the depth and type of UBA, the dyspnea
may continue to increase for a period of time after stopping exercise. When this
occurs, the inexperienced diver may panic and begin to hyperventilate (breathe
faster than is necessary for the exchange of respiratory gases), which increases the
dyspnea. The situation rapidly develops into one of severe dyspnea and uncontrol-
lable hyperventilation. In this situation, if even a small amount of water is inhaled,

it can cause a spasm of the muscles in the larynx (voice box) called a laryn-
gospasm, followed by asphyxia and possible drowning. The proper reaction to the
dyspnea is to stop exercising, ventilate the UBA if possible, take even, controlled
breaths until the dyspnea subsides, evaluate the situation and then proceed care-
fully. Generally, soreness of the respiratory muscles is the only prominent
aftereffect of a dive in which breathing resistance is high.

Carbon Monoxide Poisoning. Carbon monoxide in a diver’'s air supply is
dangerous. Carbon monoxide displaces oxygen from hemoglobin and interferes
with cellular metabolism, rendering the cells hypoxic. Carbon monoxide is not
found in any significant quantity in fresh air; carbon monoxide pollution of a
breathing supply is usually caused by the exhaust of an internal combustion engine
being too close to a compressor intake. Concentrations as low as 0.002 ata can
prove fatal. Carbon monoxide poisoning is particularly treacherous because
conspicuous symptoms may be delayed until the diver begins to ascend.

While at depth, the greater partial pressure of oxygen in the breathing supply
forces more oxygen into solution in the blood plasma. Some of this additional
oxygen reaches the cells and helps to offset the hypoxia. In addition, the increased
partial pressure of oxygen forcibly displaces some carbon monoxide from the
hemoglobin. During ascent, however, as the partial pressure of oxygen diminishes,
the full effect of carbon monoxide poisoning is felt.

Symptoms of Carbon Monoxide Poisoning. The symptoms of carbon monoxide

poisoning are almost identical to those of other types of hypoxia. The greatest
danger is that unconsciousness can occur without reliable warning signs. When
carbon monoxide concentration is high enough to cause rapid onset of poisoning,
the victim may not be aware of weakness, dizziness, or confusion before he
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becomes unconscious. When toxicity develops gradually, tightness across the
forehead, headache and pounding at the temples, or nausea and vomiting may be
warning symptoms.

3-55.2 Treating Carbon Monoxide Poisoning.  The immediate treatment of carbon
monoxide poisoning consists of getting the diver to fresh air and seeking medical
attention. Oxygen, if available, should be administered immediately and while
transporting the patient to a hyperbaric or medical treatment facility. Hyperbaric
oxygen therapy is the definitive treatment of choice and transportation for recom-
pression should not be delayed except to stabilize the serious patient prior to
transport. The air supply of a diver suspected of suffering carbon monoxide
poisoning must be secured to prevent anyone else from breathing it and the air
must be analyzed.

3-5.5.3 Preventing Carbon Monoxide Poisoning.  Carbon monoxide poisoning can be
prevented by locating compressor intakes away from engine exhausts and main-
taining air compressors in the best possible mechanical condition.

3-6 BREATHHOLDING AND UNCONSCIOUSNESS.

Most people can hold their breath approximately 1 minute, but usually not much

longer without training or special preparation. At some time during a breath-

holding attempt, the desire to breathe becomes uncontrollable. This demand is
signaled by the respiratory center responding to the increasing levels of carbon
dioxide and acids in the arterial blood and chemoreceptors responding to the
corresponding rise in arterial carbon dioxide.

3-6.1 Breathhold Diving Restrictions. ~ Breathhold diving shall be confined to tactical

and work situations that cannot be effectively accomplished by the use of under-

water breathing apparatus and applicable diver training situations such as scuba
pool phase and shallow water obstacle/ordnance clearance. Breathhold diving
includes the practice of taking two or three deep breaths prior to the dive. The

diver shall terminate the dive and surface at the first sign of the urge to breath.

Hyperventilation (excessive rate and depth of breathing prior to a dive, as differen-

tiated from two or three deep breaths prior to a dive) shall not be practiced because
of the high possibility of causing unconsciousness under water.

3-6.2 Hazards of Breathhold Diving.  One of the greatest hazards of breathhold diving is
the possible loss of consciousness during ascent. Air in the lungs during descent is
compressed, raising the oxygen partial pressure. The increasgdegaglly satis-
fies the body’s oxygen demand during descent and while on the bottom, even
though a portion is being consumed by the body. During ascent, the partial pres-
sure of the remaining oxygen is reduced rapidly as the hydrostatic pressure on the
body lessens. If the ppQalls below 11 percent (83.6 mmHg), unconsciousness
may result with its attendant danger. This danger is further heightened when
hyperventilation has eliminated normal body warning signs of carbon dioxide
accumulation.
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3-7 HYPERVENTILATION

Hyperventilation is the term applied to breathing more than is necessary to keep
the body’s carbon dioxide tensions at proper level. Hyperventilation (whether
voluntary or involuntary) has little effect on the body’s oxygen levels, but abnor-
mally lowers the partial pressure of carbon dioxide in the blood and delays the
normal urge to breathe. If the carbon dioxide stores are ventilated below the stim-
ulus level, there will be little urge to breathe until late in the breathhold. The
oxygen partial pressure falls progressively as oxygen is consumed continuously.
Exertion causes oxygen to be consumed faster, and decreases sensitivity of the
carbon dioxide breakpoint mechanism. This permits the oxygen level to go lower
than it would otherwise. When the diver ascends, the drop in oxygen partial pres-
sure in the lungs may be sufficient to stop further uptake of oxygen completely. At
the same time, the partial pressure of carbon dioxide in the lungs also drops,
giving the diver the false impression that he need not breathe. Low levels of
oxygen do not cause a powerful demand to resume breathing; thus, the level of
oxygen in the blood may reach the point at which the diver loses consciousness
before he feels a demand to breathe.

WARNING  Hyperventilation is dan gerous and can lead to unconsciousness and
death.

3-7.1 Unintentional Hyperventilation.  Unintentional hyperventilation can be triggered
by fear experienced during stressful situations. It can be partly initiated by the
slight “smothering sensation” that accompanies an increase in dead space,
abnormal static loading, and increased breathing resistance. Cold water exposure
can add to the sensation of needing to breathe faster and deeper. Divers using
scuba equipment for the first few times are likely to hyperventilate to some extent
because of anxiety.

3-7.2 Voluntary Hyperventilation.  Voluntary hyperventilation (taking a number of deep
breaths in a short period of time) can produce symptoms of abnormally low carbon
dioxide tension (hypocapnia). Under these circumstances, one may develop a
lightheadedness and tingling sensations. Hyperventilating over a long period,
produces additional symptoms such as weakness, headaches, numbness, faintness,
and blurring of vision. The anxiety caused by the sensation of suffocation that
often initiates hyperventilation and continues in spite of adequate ventilation, may
lead to a further increase in breathing and a vicious cycle develops. Severe hypoc-
apnia with muscular spasms, loss of consciousness and shock may be the end
result. The diver must pay attention to his breathing rate and, in the event of fear-
induced hyperventilation, take steps to remain calm and control his breathing.

3-8 EFFECTS OF BAROTRAUMA AND PRESSURE ON THE HUMAN BODY
The tissues of the body can withstand tremendous pressure. Divers have made
open-sea dives in excess of 1,000 fsw (445 psi) and, in experimental situations,

have been exposed to a depth of 2,250 fsw (1001.3 psi). Despite these pressures, it
is somewhat ironic that divers make the greatest number of medical complaints
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during the shallowest part of a dive. The causarstrauma which is the damage
done to tissues when there is a change in ambient pressure. Barotrauma on descent
is calledsqueezeBarotrauma on ascent is callederse squeeze

3-8.1 Conditions Leading to Barotrauma.  Barotrauma does not normally occur in
divers who have normal anatomy and physiology, and who are using properly
functioning equipment and correct diving procedures. Barotrauma can occur in
body areas subject to all five of the following conditions:

m  There must be a gas-filled space. Any gas-filled space within the body (such
as a sinus cavity) or next to the body (such as a face mask) can damage the
body tissues when the gas volume changes because of increased pressure.

m  The space must have rigid walls. When the walls are elastic like a balloon,
there is no damage done by gas compression or expansion until the volume
change surpasses the elasticity of the walls or vessels.

m  The space must be enclosed. If any substance (with the exception of blood in
the vessels lining the space) were allowed to enter or leave the space as the gas
volume changes, no damage would occur.

m  The space must have vascular penetration (arteries and veins) and a membrane
lining the space. This allows the blood to be forced into the space and exceed
the elasticity of the vessels to compensate for the change in pressure.

m  There must be a change in ambient pressure.

3-8.2 General Symptoms of Barotrauma.  The predominant symptom of barotrauma is
pain. Other symptoms such as vertigo, numbness, or facial paralysis may be
produced depending on the specific anatomy. Pulmonary Overinflation Syndrome
is a potentially serious form of barotrauma and is discussed in detail later in this
chapter. In all diving situations, arterial gas embolism and decompression sickness
must be ruled out before the diagnosis of squeeze can be accepted.

3-8.3 Middle Ear Squeeze. Middle ear squeeze is the most common type of barotrauma.
The anatomy of the ear is illustrated in Figure 3-7. The eardrum completely seals
off the outer ear canal from the middle ear space. As a diver descends, water pres-
sure increases on the external surface of the drum. To counterbalance this pressure,
the air pressure must reach the inner surface of the eardrum. This is accomplished
by the passage of air through the narrow eustachian tube that leads from the nasal
passages to the middle ear space. When the eustachian tube is blocked by mucous,
the middle ear meets four of the requirements for barotrauma to occur (gas filled
space, rigid walls, enclosed space, penetrating blood vessels).

As the diver continues his descent, the fifth requirement (change in ambient pres-
sure) is attained. As the pressure increases, the eardrum bows inward and initially
equalizes the pressure by compressing the middle ear gas. There is a limit to this
stretching capability and soon the middle ear pressure becomes lower than the
external water pressure, creating a relative vacuum in the middle ear space. This
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Figure 3-7. Gross Anatomy of the Ear in Frontal Section.

negative pressure causes the blood vessels of the eardrum and lining of the middle
ear to first expand, then leak and finally burst. If descent continues, either the
eardrum ruptures, allowing air or water to enter the middle ear and equalize the
pressure, or blood vessels rupture and cause sufficient bleeding into the middle ear
to equalize the pressure. The latter usually happens.

The hallmark of middle ear squeeze is sharp pain caused by stretching of the
eardrum. The pain produced before rupture of the eardrum often becomes intense
enough to prevent further descent. Simply stopping the descent and ascending a
few feet usually brings about immediate relief.

If descent continues in spite of the pain, the eardrum may rupture. Unless the diver
is in hard hat diving dress, the middle ear cavity may be exposed to water when
the ear drum ruptures. This exposes the diver to a possible middle ear infection
and, in any case, prevents the diver from diving until the damage is healed. At the
time of the rupture, the diver may experience the sudden onset of a brief but
violent episode of vertigo (a sensation of spinning). This can completely disorient
the diver and cause nausea and vomiting. This vertigo is caused by violent distur-
bance of the malleus, incus, and stapes, or by cold water stimulating the balance
mechanism of the inner ear. The latter situation is referred to as caloric vertigo and
may occur from simply having cold or warm water enter one ear and not the other.
The eardrum does not have to rupture for caloric vertigo to occur. It can occur as
the result of having water enter one ear canal when swimming or diving in cold
water. Fortunately, these symptoms quickly pass when the water reaching the
middle ear is warmed by the body.
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3-8.3.1 Preventing Middle Ear Squeeze. Diving with a partially blocked eustachian tube
increases the likelihood of middle ear squeeze. Divers who cannot clear their ears
on the surface should not dive. Divers who have trouble clearing their ears shall be
examined by medical personnel before diving.

The possibility of barotrauma can be virtually eliminated if certain precautions are
taken. While descending, stay ahead of the pressure. To avoid collapse of the
eustachian tube and to clear the ears, frequent adjustments of middle ear pressure
must be made by adding gas through the eustachian tubes from the back of the
nose. If too large a pressure difference develops between the middle ear pressure
and the external pressure, the eustachian tube collapses as it becomes swollen and
blocked. For some divers, the eustachian tube is open all the time so no conscious
effort is necessary to clear their ears. For the majority, however, the eustachian
tube is normally closed and some action must be taken to clear the ears. Many
divers can clear by yawning, swallowing, or moving the jaw around.

Some divers must gently force gas up the eustachian tube by closing their mouth,
pinching their nose and exhaling. This is called a Valsalva maneuver. If too large a
relative vacuum exists in the middle ear, the eustachian tube collapses and no
amount of forceful clearing will open it. If a squeeze is noticed during descent, the

diver shall stop, ascend a few feet and gently perform a Valsalva maneuver. If
clearing cannot be accomplished as described above, abort the dive.

WARNING Never do a forceful Valsalva maneuver durin g descent or ascent. Durin ¢
descent, this action can result in alternobaric verti go or a round or oval
window rupture. Durin g ascent, this action can result in a pulmonary
overinflation syndrome.

3-8.3.2 Treating Middle Ear Squeeze. Upon surfacing after a middle ear squeeze, the
diver may complain of pain, fullness in the ear, hearing loss or even mild vertigo.
Occasionally, blood may be in the nostrils as the result of blood being forced
through the eustachian tube by expanding air in the middle ear. The diver shall
report this to the diving supervisor and seek medical attention. Treatment consists
of taking decongestants and cessation of diving until the damage is healed.

3-8.4 Sinus Squeeze. Sinuses are located within hollow spaces of the skull bones and
are lined with a mucous membrane continuous with that of the nasal cavity (Figure
3-8). The sinuses are small air pockets connected to the nasal cavity by narrow
passages. If pressure is applied to the body and the passages to any of these sinuses
are blocked by mucous or tissue growths, pain will soon be experienced in the
affected area. The situation is very much like that described for the middle ear.

3-8.4.1 Causes of Sinus Squeeze. When the air pressure in these sinuses is less than the
pressure applied to the tissues surrounding these incompressible spaces, the same
relative effect is produced as if a vacuum were created within the sinuses: the
lining membranes swell and, if severe enough, hemorrhage into the sinus spaces.
This process represents nature’s effort to balance the relative negative air pressure
by filling the space with swollen tissue, fluid, and blood. The sinus is actually
squeezed. The pain produced may be intense enough to halt the diver's descent.
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Figure 3-8. Location of the Sinuses in the Human Skull.
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Unless damage has already occurred, a return to normal pressure will bring about
immediate relief. If such difficulty has been encountered during a dive, the diver
may often notice a small amount of bloody nasal discharge on reaching the
surface.

Preventing Sinus Squeeze. Divers should not dive if any signs of nasal conges-
tion or a head cold are evident. The effects of squeeze can be limited during a dive
by halting the descent and ascending a few feet to restore the pressure balance. If
the space cannot be equalized by swallowing or blowing against a pinched-off
nose, the dive must be aborted.

Tooth Squeeze (Barodontalgia). Tooth squeeze occurs when a small pocket of
gas, generated by decay, is lodged under a poorly fitted or cracked filling. If this
pocket of gas is completely isolated, the pulp of the tooth or the tissues in the tooth
socket can be sucked into the space causing pain. If additional gas enters the tooth
during descent and does not vent during ascent, it can cause the tooth to crack or
the filling to be dislodged. Prior to any dental work, personnel shall identify them-
selves as divers to the dentist.

External Ear Squeeze. A diver who wears ear plugs, has an infected external ear
(external otitis), has a wax-impacted ear canal, or wears a tight-fitting wet suit
hood, can develop an external ear squeeze. The squeeze occurs when gas trapped
in the external ear canal remains at atmospheric pressure while the external water
pressure increases during descent. In this case, the eardrum bows outward (oppo-
site of middle ear squeeze) in an attempt to equalize the pressure difference and
may rupture. The skin of the canal swells and hemorrhages, causing considerable
pain.
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Ear plugs must never be worn while diving. In addition to creating the squeeze,
they may be forced deep into the ear canal. When a hooded suit must be worn, air
(or water in some types) must be allowed to enter the hood to equalize pressure in
the ear canal.

3-8.7 Thoracic (Lung) Squeeze. When making a breathhold dive, it is possible to reach
a depth at which the air held in the lungs is compressed to a volume somewhat
smaller than the normal residual volume of the lungs. At this volume, the chest
wall becomes stiff and incompressible. If the diver descends further, the additional
pressure is unable to compress the chest walls, force additional blood into the
blood vessels in the chest, or elevate the diaphragm further. The pressure in the
lung becomes negative with respect to the external water pressure. Injury takes the
form of squeeze. Blood and tissue fluids are forced into the lung alveoli and air
passages where the air is under less pressure than the blood in the surrounding
vessels. This amounts to an attempt to relieve the negative pressure within the
lungs by partially filling the air space with swollen tissue, fluid, and blood.
Considerable lung damage results and, if severe enough, may prove fata