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DIVING GASES
(Other Than Hydrogen)
R. W. Harzitox, Jr.

The tundamental diving gas is air. and since its history 1s essentially that of diving
itselt, it is not necessary to develop it separately.

The leading alternative diving gas is helium, The basic paper espousing this gas 18
by Sayers. Yant. and Hildebrand (1925). although they refer to earlier mention of its
potential. The initial rcasoning was the {predicted) benefit tn decompression due to
helium’s lower solubility and higher ditfusivity. It was soon discovered, however, that
nitrogen was the cause of narcosis experienced with deep air diving (Behnke. Thomson,
and Motley, 1935), and that helium was easier to breathe and did not cause narcosis
{Behnke and Yarbrough, 1938). a fact quantified by Shilling and Willgrube (1937).
Helium™s uscfulness in diving was forecast by Noh!l's 420 ft dive in 1938 (End, 1938)
and strinkigly confirmed in the salvage of the Squafus (Behnke and Willmon, [939). The
development of decompression tables for helivm by the EDU was reported by Momsen
in 1942 (in a revision of his original 1939 report (Momsen and Wheland. 1939).

With helium's benefits cume problems with speech. cold. and HPNS .. A represen-
tative approach to helium speech was presented by Gerstman et al. (1966).

The thermal section mentions heat loss due to helium in thermally comfortable
cnvironments. The striking thermal drain of breathing cold helium (actually. any gas will
do it) was demonstrated by Goodman et al. {1971). HPNS and the use of trimix to
counteract it is covered in the sections on Inert Gas Narcosis and Diving Medicine: the
High Pressure Neurologic Syndrome

Other ““helium group™ gases considered for diving are neon and argon. Neon had
been considered as a diving gas for years. There has been a few experiments. but the
group led by Hamilion {Schreiner et al.. 1972) had access to enough unrefined mixture
of ncon and helium (75/25) to fully demonstrate its effectiveness in lab and sea; its high
cost has limited its usc since then. Argon is too narcotic. dense. and soluble to be seriously
considered for a primary diving gas. but its use in welding has caused its propertics to
be of interest. lts narcotic propertics were: first described by {guess who!} Behnke and
Yuarbrough (1939).

Another application of these and other gases is in gas-sequencing to improve de-
compression (Ketler and Buhlmann. 1965). and possible by a multigas ~“cocktail” (Webs-
ter. 19535). Methane, CF,. and other gases have been tried experimentally but are not
used in diving as yet: hydrogen is, and it is covered in another section.

Use of different gases may lead to counterdiffusion problems: the steady state aspect
of this phenomenon was first noted at the EDU by Blenkarn et al. (1971) and was expleined
by Graves and coworkers (1973). Counterdiffusion sickness due to gas switching was
demonstrated tn humans by Harvey and colleagues (D" Aoust ¢t al.. 1977).

One other **gas™ worth mentioning is the non-air mixture of nitrogen and oxygen.
The use of mixtures richer in oxygen than air was developed by the U.S. Navy. but |
have not been able to find an appropriate seminal paper on this subject: the idea most
likely origintated with Behnke, The “"NOAA OPS" concept involving air excursions
from a nitrogen-oxygen habitat atmosphere is covered in the section on saturation diving.
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DIVING GASES
(Other Than Hydrogen)
R. W, HasiLTON, SR,

The articles included in this section are reprinted by permission of their original
publishers, as follows:

Behnke A. R.. Willmon T. L.: USS Squalus. Medical aspects of the rescue and salvage
operations. and the use of oxygen in decp-sea diving. US Nav Med Bull 1939:
37:625-640.

Blenkarn G. D.. Aquadro C.. Hills B. A.. Saltzman H. A. Urticaria following the se-
quential breathing of various inert gases at a constunt ambient pressure of 7 ATA:
a possible manifestation of gas-induced osmosis. Acrosp Med 1971 42:141-146.
Copyright 1971, Aerospace Medical Assoc.

D’Aoust B. G., Smith K. H.. Swanson H. T.. White R.. Harvey C. A., Hunter W_ L.,
Neuman T. S., Goad R. F.: Venous gas bubbles: Production by transient, deep
isobaric counterdiffusion of helium against nitrogen. Science 1977 197(4306): 889—
891. Copyright 1977 American Assoc. for the Advancement of Science.

Gerstman, L. J., Gamertsfelder G. R., Goldberger A.: Breathing mixture and depth as
separate effects on helium speech. J. Acousr Soc Am 1966, 40:1284 (A). Copyright
1966, Acoustical Society of America. (abstract)

Goodman M. W., Smith N. E.. Colston J. W., Rich E. L.: Hyperbaric respiratory heat
loss studv. Final report to the Office of Naval Research under Contract NO0OO14-71-
C-0099. Annapolis. MD, Westinghouse Ocean Res Eng Center, 1971,

Graves, D. I., Idicula J., Lambertsen C. I., Quinn J. A.: Bubble formation in physical
and biological systems: a manifestation of counterdiffusion in composite media.
Science 1973; 179:582-584. Copyright 1973, American Assoc. for the Advancement
of Science.

Momsen C. B.: Report on the use of helium-oxygen mixtures for diving. Res. Rept 2-42.
Washington: US Navy Exptl Diving Unit. 1939, rev. 1942,

Sayers R. R., Yant W. P., Hildebrand J. H.: Possibilities in the use of helium-oxygen
mixtures as a mitigation of caisson disease. Rep Invest US Bur Mines 1925, 2670: 1
15,

Schreiner, H. R., Hamilton, R. W., Jr., Langley T. D.: Neon: An antractive new com-

mercial diving gas. Preprints, paper no. QTC 1561. Dallas, Offshore Tech Conf.,
1972. 16 p. Copyright 1972, Offshore Technology Conference.
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Webster A. P.: Some theoretical agpects of the use of multiple-gas mixtures for deep-
sea diving, in Goff L. G. {ed): Proceedings of the Underwater Phyvsiology Sym-
posium. Washington DC. Natl Acad Sci. Natl Res Council, 1955, pp. 79-83.

The tollowing articles are referenced in this section but appear in the section indicated
in parentheses:
Behnke A. R., Thomson R. M., Motley, E. P.: The psychologic effects from breathing
air at 4 atmospheres pressure. Am J Physiol 1935; 112:554-558. (Inert Gas Narcosis)

Behnke A. R.. Yarbrough O. D.: Physiologic studies of helium. US Neav Med Buil 1938;
36:542-558 (Inhert Gas Narcosis)

Behnke AL R.. Yarbrough O. D.: Respiratory resistance. oil-water sotubility, and mental
effects of argon. compared with helium and nitrogen. Am J Phvsiol 1939; 126:409--
415. (Inert Gas Narcosis}

End E: The use-of new equipment and helium gas in a world record dive. J fnd Hyg
Toxicol 1938; 20:511-520. (Inert Gas Narcosis)

Keller H., Bithlmann A. A.: Deep diving and short decompression by breathing mixed
gases. J Appl Physiol 1965: 20:1267-1270. (Decompression Theory)

Shilling C. W.. Willgrube W. W.: Quantitative study of mental and neuromuscular re-
actions as influenced by increased air pressure. US Nav Med Bull 1937: 35:373—
380. (Inert Gas Narcosis)
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U. S. NAVAL MEDICAL BULLETIN

VOL. XXXVII January 1939 No.

U. 8. 8. SQUALUS

MEDICAL ASPECTS OP THE RESCUE AND SALVAGE OPERATIONS AND THE USE
OF OXYGEN IN DEEP-SEA DIVING' \

By Ll.uhnln& A R. Buhnka. Madical Corps, Unmd States Navy, and I.mutenuu. T. L. Wlllmon. Medical
Corps, United States Navy

. PART I'-—-BESCUE OF THE SQUALUS BURVIVORS

On the moming of May 23, 1939, preliminary preparations were
already under way at the experimental dlvmg unit, Navy Yard, Wash-
ington, D. C., to ¢onduct diving tests in the vmmlty of Portsmouth
N.H, begmmng about June 7.
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630 “SQUALUS” SALVAGE OPERATIONS—BEHNKE AND WILLMON

For a period of 20 months the personnel of the diving unit under
the supervision of Lieutenant Commander Momsen had been con.
ducting laboratory experiments and tests in the pressure tank to
ascertain the value of helium-oxygen mixtures in deep-sea diving.

At about 11:30 a. m., a critical experiment in & series designed to
determine the level of maximum hitrogen elimination from the body
during oxygen breathing was interrupted by the announcement “The
Sgqualus i3 down off Portsmouth; stand by to leave within 2 hours.”

Shortly after 2 p. m. the personnel of the unit, supplied with diving
apparatus and tanks of helium left by airplane from Anacostia field
for Portsmouth. Arriving at Portsmouth in the early evening, prep-
arations were made during a cold, drizzly rain to rescue survivors of,
the disaster.

By means of temporary telephone communication, and then by
tapping signals it was learned that the Sgualus, flooded aft of the con-
trol room, was lying on a fairly even keel at a depth of 240 feet, 18
miles east of Portsmouth. In the control room and forward, 33 men
were alive. The pressure in this part of the boat had built up to 13
pounds per square inch. Aft of the control room in the flooded por-
tion of the ship, the fate of 26 men was unknown.

Diving operations were now contingent upon the arrival of the
U. 8. 8. Faleon from New London. In the meantime, a submersible
decompression chamber was sent to the scene of the disaster aboard
o Coast Guard cutter to provide recompression for possible survivors
escaping from the after end of the boat by means of the Momsen
lllung"l

Aboard the sister submnarine Sculpin, which first sighted smoke
bombs released from the sunken Sgualus, Rear Admiral Cole and
staff officers were making plans for the rescue of survivors.

Early the next morning, May 24, the Falcon, carrying the rescue
chamber, arrived, and by 9:30 a. m. was moored over the sunken
subinarine.

Then occurred & series of remarkable operations, characterized by
calm and faultless execution. All hands, conscious of the momentous
tusk of rescue, worked in perfect unison.

Sibitzky, the first diver down, landed forward on the submarine,
about 8§ fest from the torpedo room hatch, where the downhaul cable
of the diving bell was to be attached. His dive sucecessful, the rescue
chamber was started on its way to the submarine,

In the early afternoon, the first group of survivors was brought to
the surface. These men appeared calm and relaxéd. There was no
ovidence of hysteria. All were cold and some were in a condition of
mild shock. About one-third of the survivors suffered from headache,
undoubtedly the result of increased carbon-dioxide concentration,
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“SQUALUS” SALVAGE OPERATIONS—BEHNKE AND WILLMON 631

The development of bends, although the survivors had been sub-
jected to an excess pressure of 13 pounds for over 30 hours, was
extremely remotd. The recompression chamber, however, was
utilized to supply warmth, and, if necessary, for oxygen therapy.
Medical treatment was directed toward maintaining absolute rest,
and supplying heat and fluids, consisting of coffee and mnlted mllk,
to which liberal amounts of sugar were added.-

Particularly effective were the hot towels placed over the upper
sbdominal and hepatic areas. ‘Within a few hours, the survivors had
recovered sufficiently so that they could be safely transported to
Portsmouth Naval Hospital.

Shortly after midnight, or about 15 hours after theé start of opera-
tions, the fourth and last group of survivors was brought to the
surface. This last ascent of the diving bell was marred by the
jamming of the downhaul cable and for more than 4 hours the sur-
vivors were trapped at a depth of 240 feet, unable to surface,

In the meantime, strands of cable leading from the rescue chamber
to the Falcon began to part. Two divers failed to attach a new cable,
end the task now resolved itself into severing the downhaul cable
leading from the chamber to the submarine.

In successfully cutting the downhaul cable, Squire, the diver, had
to descend to a depth of 220 feet in cold water (39° F.}), enveloped by
complete darkness. Moreover, breathing air at this depth induees in
divers a condition of intoxication so that coordinated activity requires
intense effort.

By the time that the downhaul cable was severed, the rescue
chamber was suspended by a weakened safety cable. For fear of
breaking this controlling wire by hauling with pewer machinery,
officers and men under the direction of Commander McCann- and
Lieutenant Commander Momsen actually pulled the rescue chamber
to the surface. -

Rescue operations ended on the morning of May 25, when Badders
and Mihalowski, descending in the rescue chamber to the after
hatch of the submarine under a pressure of 108 pounds per square
inch, reported that the torpedo room was flooded.

Meanwhile all of the survivors had been sent to the hospital and
with the exception of three, were in good condition. Hospitalization
served not only ‘to prevent complications, particularly the develop-
ment of pneumonia, but also to keep the survivors in & single group
under naval surveillance.

Of conditions in the submarine prior to rescue, Lieutenant Naquin,
the conmanding officer of the Squalus, made the following comments:

Every effort was made to conserve the energy of the men who spent a great
deal of time sleeping. The men were instructed to remain calm as excitemcnt
would increase oxygen eonsumption and carbon dioxide output. The oxygen
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632 “sQUALUS” SALVAGE OPERATIONS—DBEHNKE AND WILLMON

supply and available carbon dioxide absorbent were adequate for about 72 hours

The carbon dioxide concentration probably reached about 3 percent. Oue
tauk of oxygen waa used in #he control ruom’ (containing about one-half of the
survivors) and another tank in the torpedo room. The intermediate battery
compartment was not inhabiled since it was feared that chlorine gas might 1
gencrated as a result of entrance of sea water into the storage batteries. After
a nutnber of houra the odor of chlorine was detected in this compartment, and the
men wore "lung” appliances converted into chlorine protectors enroute from (he
control room to the torpedo room, where escape into the diving bell was effected.

Carbon dioxide absorption was facilitated by spreading absorbent throughout
the compartments. A noticeable improvement in respirahility followed each fresl,
addition.

Except for the men engaged in commubicating with surface vessels by tapping
signals, there was no activity on the part of any of the survivors, who remaincd
in the same positions throughout the period prior to rescue (28 to 40 hours).

With respect to food, the emergency ration of beans was eaten by only a few
and in small quantity. The men particularly relished and ate almoast exclusively
canned pineapple, tomatoes, and peaches, which were available in the commissary
storeroom. [Fluids were derived entirely from the eanned goods, as the fresl,
water supply in the contrel and torpedo rooms, although potable, had an un.
pleasant taste.

The atmosphere in the submarine was dark, cold, and moist. The men suf.
fered acutely from cold, which was only partially relieved by eating.

It is apparent that the survivors while awaiting rescue consumed
A minimum .amount of oxygen. The remarkable discipline present
under trying conditions certainly prevented the early occurrence of
oxygen lack and high carbon-dioxide increase.

The atmospheric conditions in the submarine were, however, nog
conducive to effort. ‘The men existed in & dark atmosphere, saturated
with moisture at & temperature between 45° and 55° ¥. Moreover,
they were under a pressure of 13 pounds per square inch. It was
impossible to keep warm even with blankets as the body heat was
rapidly lost through conduction in the moist atmosphere.

The communicators especinlly were taxed severely in their efforts
to send and to receive messages. In fact, any exertion eaused great
discomfort.

The maintenance of an adequate oxygen concentration and the
limitation of carbon-dioxide content were so well directed by the
commanding officer that life in the compartments could have been
maintained for at least 72 hours.

PART II—SBALVAGE OPERATIONS

The Sgualus disaster provided a crucial test for the preparation em.
bodied in & long period of experimentation and training incident t,

1 An allowancd roughly of 0.5 cuble fuot per bour Is mada for the carbon-diexide cutput and about 0y
cubic foot per hour for oxygen consumption by men st rest. In this type of submarine the available ajf
epace s approximately 460 cubla feat per man. According to the ymanusl of the Bureau of Constructivy
and Repair, the limiting concentration of carbon dioxides is set at 3 percent, and of oxygen at 17 perceny,
Without adding oxygen or absorbent for carbon dloxlde, such llmitiog concentrations wotud be reached iy
from 12 to 15 hours if the men were moderately active or in 24 to 30 hours if the men remalned at rest,
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“SQUALUS” SALVAGE OPERATIONS—BEMNKE AND WILLMON 033

submarine rescue and salvage operations. These developments have
been engineering and medical in scope.-

The engineering accomplishments include the raising of the sub-
marines S-51 and S-4, and the development of the rescue chamber
and the submarine escape appliance (the “lung”).

Coincident with these advances have been physiologic studles and
experiments providing quantitative data as to the effects of pressure
and of gases under pressure on personnel,. These- studies partici-
pated in by naval medical officers at the Harvard school of public,
health and at the experimental diving unit have centered in the intro-
duction of a simple and effective method .of utilizing oxygen in the
decompression of divers, in the application of oxygen therapy for the
treatment of compressed-air illness, and in the employment of helium-
oxygen mixtures for work at depths in excess of 150 feet. '

1t remained, however, to test newly acquired knowledge and re-
cently devéloped methods of procedure by actua] deep-sea diving. A
sunken submarine at a depth of 240 feet unfortunately provided the
test.

Although 6 weeks of engineering and dlvmg effort was nullified
when the bow of the Squalus emerged from the water on July 13, never-
theless the diving operations were satlsfu.ctory For without effectwe '
dwmg the involved engineering feat of placing pontoons, and of
reeving chains under a submarine could not have been accomplished.

The diving record is further unique in that from May 24 to August
1, 372 dives were made without the occurrence of a single case of
bends Several accidents in which divers losing consciousness on the
bottom and blown to the surface, were treated effectively by compres-
sion, and oxygen tﬁernpy

In contmst with previous diving methods, the distinguishing fea-
tures of the dwmg technic were the successful employment of helium-
oxygen mixtures for deep diving in cold water, made necessary by the
failure of the standard method using air, and the effective use of
oxygen permitting the decompression.of divers without injury.

Of the engineering innovationsrelative to diving, several were es-
pecml]y important, namely, the fabrication of fireproof, electrically
heated garments for cold-water diving, improved recirculation of ° gas
through the diver's helmet, and the perfection of telephone communi-
cation,

Dirving on am.—Since helium dwmg was still in the expemmental
stage at the beginning of saivage work, it was- deemed advisable to
follow the accepted method of air diving.

In previous salvage operations on the S-61 at a depth of 132 feet
and on the S—4 at a depth of 104 feet, air diving was effective a.lthough
the incidence of bends was high,
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634 “SQUALUS” SALVAGE OPERATIONS—BEHNKE AND WILLMON

Diving in samidarkness, however, to a depth of 240 feet for thy
purpose of tunneling under the submarine and attaching hoses proved
to be too dangerous when the divers breathed air. Two factors, the
accumulation of carbon dioxide, and nitrogen narcesis impaired
neuromuscular coordination to the extent that simple tasks could be
carried out only with great difficulty.

The responses of the divers were marred by lapses in memory an(
loss of consciousness. On one occasion, the diver losing control of
his air supply was blown to the surface. It was not only dangerous
but futile for divers with impaired faculties to work at a depth of 24¢
feet in a maze of hoses and cables. The confusion of the divers is
apparent from the following statements made by them:

I found the after torpedo room hatch, then went to the starboard rail and for-
ward about 15 feet. At this time thinking beeame difficult. I started to tie the
descending line to the rail and suddenly realized that I was just waving my arms
and not accomplishing anything. Managed to steady down and tied what }
believed to be two half hitches. I had a moment of blankness; when I observed
the knots again, was surprised fo see that I had made several turns with the line
and had tied clove hitches and then half hitches. Heard order to come up.
Went up on descending line ontside of rail and waited to be pulled up. Way
told I was fouled and to get back on submarine. Got back and faintly remember
starting up again and being pulled up.

(Diver lost cable due to incoordination and asked that it be seut down to him
again.) Y waited for the eable to be sent down again; thia time I cut it loose and
made sure it was clear of the desecending line, walked aft along the rail to the
hatch, and put the shackle down against the pin. After feeling for the pin for
some time, lying pretty close to the deck (because of poor visibility) with my ajr
cut a little low, I saw slight moisture on my face plate (early carbon dioxide indi-
cation) and hadn't discovered the location of the pin.

I got on my feet, opened the exhaust another turn, opengd my air, cleared the,
face plate. I looked over the shackle and saw the pin in the shackle, where |
had been told it would be,

After discovering the pin, I laughed out with joy, and mumbled a few words
intended for myself, but loud enough for the topside to hear. I could tell the
way the topside was asking, “Was I all right,” that they were worried about me.
Told topside that I was O. K. and now knew what I was doing.”

I made a normal descent, but as I started to get aboard the submarine I had a
turn around my leg with the descending line. Had to struggle a bit to get it clear,
Got on the submarine, called topside and reported. Did not hear any answer.
I am not sure but I think that I asked them if they heard me, to give me the
telephone signal on my life line. I must have lost consciousness for the next thing
I remember is that I was jerked up off the submarine. I must have had control
of niyself on the way up, for when I regained consciousness I had the control
valve in my hand,

As to the nature of nitrogen narcosis it may be stated that beginniny
at about 4 atmospheres’ pressure (100 feet) and increasing progres-
sively, nitrogen acts as g depressant to produce syniptoms comparabls
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to those manifested in alcoholic intoxication or to those associated
with the excitement stage of anesthesis.? 34 ¢

While we were aware of the symptoms of mtrogen narcosis at-a
lepth of 240 feet, we were surprised at their intensity. For the appli-
cation of pressure in a chamber equivalent to a depth of 240 feet elicits
reactions of considerably lessened severity.- :

Additional diving tests indicated that the difference in reactions
petween chamber and deep-sea diving could be, attributed to the
increase in.carbon dioxide concentration in the diver’s helmet,

The symptoms, however, were not typical of high carbon dioxide
tension in the lungs but rather of air at a depth of 300 feet or more.
Increased depth of respiration, for example, did not precede loss of
COHSCIOUSDESS

Apparently the increase in ca,rbon dioxide a.ugmented the narcotic
iction of nitrogen.

As a possible explanation of this pheaomenon we refer to the dila-
iation of cerebral vessels when the carbon dioxide tension is increased
in the lungs.® Presumably as a result of increased vascularity more
nitrogen will diffuse into brain tissue per unit of time.

It is likewise true that the toxic effects of oxygen at high pressures
are intensified by raising the carbon dioxide tension in the lungs.’
Conversely, lowering the carbon dioxide tension by hyperventilation
lecreases the untoward symptoms.

Hevium-oxveeN piving.—The substitution of helium for nitrogen
in the air minimizes the narcotic symptoms associated with air
breathing under pressure.?*® To divers accustomed to breathing air
under pressure, the use of helium afforded considerable relief. The
lollowing statement from a diver was typical:

This dive (on helium) was the best dive I have ever experienced. I did not

feel deeper than 50 feet at any time; my head was.clear and my mental facultics
were working well at all times.

Tt may be of interest to record that the helium supphed to the
Falcon was shipped from Lakehurst in c¢ylinders containing about 1.5
wbic feat under a pressure of 2,000 pounds. At the Portsmouth Navy
vard, helium and oxygen cylinders were “‘split” and the gases mixed

1 Behnke, A. R., Thomson, R. M., and Motley, E. P., Psychologle effects from breathing air at 4 atmos-
;heres’ pressure, Am 1. Physfol. m 554-558, July 1935,

1 Behnke, A. R., and Yarbrough, O, D., Physiologic studies of helium, U 8. Nav. M Bull. 38: 542-558,
Oct. 1638,

1 Behnke, A. R. and Yarbrough, Q. D,, Respiratory reslstance, oil-water sclubility, end mental effects
targon, compared with helium and nitrogen. Amer. Journ. Physiol, 12§, June 1939.

1End, E., Rapid decompression following inhalation of hellum-oxygen mixtures under pressura. Am.J.
iystol. 120.712—718 Dee. 1937,

1Behnke, A. R., Forbes, . 8., and Motley, E, P, Circulatory and visual effects of oxygen at 3 atmos-
-heres' pressure, Am. J. Physlol. $14r438-442, Jan. 1938

18haw, L. A., Behnke, A. R., and Messer, A. C., Role of carbon dloxide in producing symptoms of oxygen
-isping, Am. J. Physiol. 168s 852-86t, June 1934.

'
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636 “SQUALUS" SALVAGE OPERATIONS—BLHNKE AND WILLMON

to give cylinders containing about 75 percent helium and 25 percent,
oxygen. Analysis of the gas composition was performed in a laboru-
tory set up near the dock.

After allowing several days for complete mixing, the cylinders werce
transported to the Falcon and set up in a manifold from which a hose
led to the diver’s helmaet.

In the diving helmet the gas was recirculated through carbon
dioxide absorbent by means of an aspirator. The aspirator or circu-
lator is an ingenious mechanism working on the same principle as u
water suction pump and consisting of a tiny jet facing into a venturi
tube. The flow of a small volume of gas through the jet at an excess
pressure of 150 pounds aspirates gas from the helmet into the con-
tainer filled with carbon dioxide absorbent. The recirculating system
has o high efficiency, as only about one-fifth of the gas supply is
necessary compared with the open eircuit.

Without an efficient method of recirculation the use of helium js
not practical. On one occasion before adjustments were made in
the helium supply to the helmet, a diver developed asphyxial symp.-
toms at a depth of 240 feet and was blown to the surface. Under
such conditions gas emboli rapidly form in the blood stream and
accumulate in the pulmonary bed to produce a severe asphyxia known
among divers and caisson workers as the chokes. Recovery followed
oxygen administration in the pressure chamber. *

DECOMPRESSION OF DIVERS.—The problem inherent in bringing
divers to the sirface is to provide for the elimination of excess gas
dissolved in the body tissues without bubble formation.

The history of diving, however, is marred by faulty methods of
decompression giving rise to gas embolism and the resulting symp-
toms of pain, asphyxia, and paralysis.

If we could keep a diver under pressure and at the same time effect
the removal of gas from his tissues, and if, in addition, the major part
of decompression could be carried out in a pressure chamber on the
surface, then our problem would be solved.

These objectives were accomplished in the decompression of divers
aboard the Falcon by the administration of oxygen in a recompression
chamber at the 50-foot level following comparatively rapid ascent to
the surface. '

Essentially the substitution of oxygen for air or the helium-oxygcn
mixture in the lungs allows excess nitrogen or helium gas to diffus.
from the body at a maximum pressure head; and the maintenance of
pressure at two and one-half atmospheres (50-foot level) prevent.
bubble formation.

¢ Yarbrough, 0. D., and Behnke, A, R., ''reatment of compressed air iligessutilizing oxygen, Journ. L.
Hyg. and Toxlcology 21z 213-218, June 1930
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A diver, for example, following a 20-minute working period at a
depth of 240 feet, surfaced in 15 minutes, stopping only at the 80,
§0, and 50-foot levels. He was then taken to the recompression
chamber and given oxygen to breathe for a period of 45 minutes
following which it was safe to effect his return to normal atmospheric
pressure.

Bringing & diver rapidly to the surface fm subsequent recompres-
sion, or surface decompression as the practice is usually demgnnted
was forced upon diving personnel in the salvage of the 8§-61 in 1925
hecause cold water and tides rendered decompression in the open sea
impracticable. . The procedure permits the elimination of excess gas
from the body tissues under ideal conditions, that is, with the diver
warm, at rest, and under observation. - The danger of the method
lies in the formation of extensive gas embolism during the interval
between surfacing the diver und his subsequent recompression.

During the 15-minute period in the water, however, the high-pres-
sure head of helium in the blood stream and body fluids is lowered to
the point where it is safe to bring the diver to the sur face provided
recompression is applied within several minutes. - -

Should bubbles begin to form in the interval period, recompression
1o the 50-foot level with the diver breathing oxygen brings about a
wsolution of bubbles and promotes a maximim elimination of gas as
previously determined by laboratory measurements.

In sharp contrast to the novel practice of e[factmg .decompression
by brenthmg oxygen at & single, optimum level, is the procadure
followed in previous salvage operations (S-61, S—4) of breathing air
in careiully graded stages during the diver's stay in the pressure
damber. -The a.ssumptmn underlying this method is that the body
jissues can hold gas in supersaturation for an extended period of time
o permit the pressure to be lowered in stages. Diffusion of excess
fissolved gas from the body under these conditions is precarious be-
:uuse of the imminent probability of bubble formation as a result of
Jhe higher pressure head of gas in the body compared with the lungs.

The problem of administering oxygen economically in the recom-
sression. chamber has been solved by adopting the mask developed '
'y Boothby and his coworkers. ‘The divers wero able to wear this
jppliance without discomfort; and the fractional rebr enthmg of oxygen -
sevented n'rltn.tmg dryness of the throat frequently compluumd of .
¢hen oxygen is breathed in an open circuit.

By administering oxygen only to the diver by means of a mask,
Ye fire hazard is minimized. Were it necessary to fill the chamber
ith oxygen under pressure, the fire hazard would preclude oxygen
ierapy from further consideration.

PHE ELECTRICALLY HEATED surr.—The haznrds of decompres:-uon
segreatly increased by exposure in cold water. Especially subject to
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cold are divers breathing and surrounded by a helium atmosphere
in which presumably body heat is more rapidly dissipated througl
conduction than it is in an air atmosphere.

To counteract the harmful effect of cold, predisposing as it does to
bends and preventing efficient manipulation of the hands, a manu-
fucturer, carrying out suggestions from the experimental diving unit,
fabricated a fireproof, electrically heated garment. The heat supply,
controlled from the surface, comes from storage batteries.

Wearing these garments the divers were comfortable not only while
working on the bottom but also while standing on the stage during
decompression.

Voice cHaNGES.—The peculiar nasal quality imparted to the voice
by helivm is not improved at deep depths, indicating that the density
of the helium-oxygen mixture is not responsible for the sound
distortion,

So serious was the impsaired audibility of the diver’s conversation
over the telephone that it became imperative to improve sound
equipment. As a result of efforts to improve communication, sound
reception from the telephone when the diver was at a depth of 24¢
feet was rendered as clear as at the surface.

EquaLizaTioN oF PRESSURE.—For a period of 6 weeks in which over
200 dives were made, divers did not have any difficulty equalizing
pressure on the tympanic membranes. About the middle of July,
liowever, upper respiratory tract infection sealing the auditory tubes
prevented as many as six divers from working in a single day.
Whether air or helium mixture was breathed apparently made little
difference in the ability to equalize pressure.

PART III.—PHYSIOLOGIC BABIS FOR OXYGEN ADMINISTRATION IN DEEP-
SEA DIVING

In view of the increasing scope of oxygen administration, and its
proved value in deep-ses diving, it may be well to review briefly
some of the physiologic studies of oxygen effects at increased pressures,

In theory oxygen would be an ideal gas for deep-sea diving since
bubbles forming in the body after decompression would be quickly
nbsorbed by the tissues,

In practice, however, pure oxygen has been found to be toxic,
producing symptoms referable to the lungs and the nervous system,
At a pressure of one atmosphere after prolonged exposure pulmonary
edema develops in rats, dogs, and rabbits. At a pressure of 4 atmos-
pheres convulsive seizures signalize the most striking phenomenon of
oxygen poisoning? 1°

* Behoke, A. R., Johnson, F. 8., i’oppen, I. R., and Motley, E, P., Effect of oxygen on man &t pressures
from one to four atmospheres, Am. J. FPhysiol. $10: 865-572, Jan, 1935,

19 Schilling, C. W., and Adams, B. H,, Study of convulsive seiznres caused by breathing oxygen at high
pressures, U, 8, Nav, M. Bull, 31z 112-131, April 1933,
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While the exact nature of oxygen poisoning is a matter of conjecture,
of great importance is the time elapsing before toxic symptoms appesr,
On the basis of animal experiments at least 24 hours were required
before pulmonary edema developed, and at a pressure of 4 atmos-
pheres about 45 minutes elupsed before convulsions were manifest.

Although the tolerance of various animals to high oxygen pressures
had been established, the problem in 1932 called for tolerance tests
n man. From these tests conducted by naval medical officers at
the Harvard school of public health, it was found that at atmospheric
yressure healthy men could breathe oxygen for a period of atleast 6
lours without showing symptoms indicative of pulmonary irritation.
At higher pressures the effect of oxygen on the nervous system super-
wded the pulmonary manifestations.

At a pressure of 3 atmospheres, for example, definite and sometimes
larming symptoms occurred during the fourth hour of oxygen in-
mlation.® Preceded by a period of normality and with fairly abrupt
mset, & rise in blood pressure, increase in pulse rate, and contraction
[ visual fields terminating in loss of vision, pointed to the action of
xygen on the nervous system.

Although loss of vision and an epileptic type of seizure pointed to
; severe functional disturbance, complete recovery invariably fol-
wwed these symptoms when air was again breathed.

From these tests developed several facts worthy of emphasis,
wmely, that the harmful effect of oxygen on the nervous system
tegins to manifest itself at a pressure of 3 atmospheres, at which
wvel the oxygen in physical solution is sufficient to take care of tissue
requirements and hemoglobin is not necessary as an oxygen currier;"
hat the nervous symptoms, therefore, are concomitant with the
wilding up of the oxygen tension in venous blood; that 1.8 volumes
sercent of oxygen are dissolved in arterinl blood per atmosphere of
sygen; that the acidity of the venous blood is increased by a pH
hange of 0.03 when pure oxygen is inhaled; and that increasing the
arbon dioxide tension in the lungs greatly enhances the toxicity of
wygen.’

Successive daily exposures to induce convulsions were then carried
at by placing dogs in a chamber and raising the pressure to 5 atmos-
heres. After 30 exposures residual injury could not be detected.
" On the basis of these observations, although the cause of oxygen
oxicity was not determined, it appeared justifiable to use high oxygen
sessures for the treatment and prevention of compressed-air illness.

Oxygen therapy was then evaluated in compressed-air illness. In
series of tests on dogs rapidly decompressed from a pressure of 65
wunds, multiple emboli formed throughout the vascular system,

i1 Behoke, A. R., and others, Studies oo efects of high oxygen préssure; effeet on high oxygen pressure
! o0 carbon dioxide and oxygen content, acidity, and carbon dioxide combining power of bicod, Am. J,
wysiol. 1075 13-28, Jan, 1034,
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blocking bloed flow, and unless treatment supervened, produced
death by asphyxiation, due to nitrogen -bubbles obstructing blood
flow through the pulmonary capiltaries.

The administration of oxygen in a chamber at a pressure of 30
pounds compressed the bubbles and relieved the asphyxia.!

Later, at the experimental diving unit, recompression utilizing
oxygen was employed to treat injured divers. Out of 50 patients
suffering from bends, 49 responded to the initia! treatment without
recourse to additional pressure therapy.®

With respect to the decompression of divers, rational oxygen ad-
ministration depends upon the determination of the pressure level at
which maximum diffusion of nitrogen or helium takes place from the
body following exposure to inereased pressure.

At the present time experiments in which gas measurements were
made in & pressure chamber have progressed sufficiently to indicate
that the most favorable level ranges between 50 and 60 feet.

At pressures equivalent to these depths oxygen is well tolerated,
at least for a period of time sufficient to eliminate excess nitrogen or
helinn regardless of previous depth or exposure.

Taking these facts into consideration, it has been possible in the
decompression of divers to bring them rapidly to the 50-foot level
where they remain breathing oxygen until the excess gas pressure in
the body has decreased, as shown by experimental graphs, to the
point where immediate surfucing is safe. Thus, the complicated and
precarious practice of decompression has evolved into a simple and
effective procedure.
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(2):141-146. 1971.

An eryth 15 maculopapular eruption was observed over
the skin of each of three subjects soon after switching their
breathing mixture from normoxic helium to normexic nitrogen
at the same simulated depth of 200 feet. The lesions and other
symptoms occurred before the subjects had experienced any
decompression; although they appeared very similar to the cu-
tancous reactions frequently termed “skin bends.” They were
not observed upon skin within the head-tent and hence over
those areas exposed to the breathing mixture at all times, The
urticaria has therefore been attributed to some cause arising
from the concentration gradient maintained between cutancous
blood and chamber atmosphere in the affected areas rather than
considered a manifestation of decompression sickness, Gas-
induced osmosis is discussed as a possible initiating mechanism
and is shown to be gquantitatively consistent with the clinical
observations.

IN MARCH, 1970, during a “saturation” dive at a

simulated depth of 200 feet in a gaseous environ-
ment of helium and oxygen, all three experimental sub-
jects developed urticaria during or shortly after breath-
ing a normoxic nitrogen gas mixture. To experienced
observers these cutaneous' symptoms and signs were
similar to those frequently observed following decom-
présion, and therefore considered a manifestation of
decompression sickness.® However, no decompression
preceded the above observations, suggesting an asso-
ciation of the urticaria with some inherent difference
in the inert gases such as a physical property whose
effect upon the tissue is enhanced under hyperbaric
conditions. This communication describes the events
and discusses hypothetical mechanisms that may ex-
plain these observations,

Supported by Grants HE 07896 and HE 5662 frora the Na-
tional Heart Institute, grants from the Link Foundation and
Smithsonian Institute and a contract from the Office of Naval
Research,

PROCEDURE AND RESULTS

The intent of this exercise was to study gas exchange,
the EEG, evoked cortical responses and reaction times
—after a steady respiratory state had been attained
with each of three background inert gases at the sur-
face and at simulated depths of 100 and 200 feet.':
Studies at the surface (March 19) and at 100 feet
{March 23), prior to complete “saturation” with he-
lium, were uneventful,

Following an overnight equilibration at 200 feet with
the atmosphere in the chamber {0, = 0.3 Atm, with
balance of helium containing less than 2 per cent ni-
trogen, March 24), the three experimental subjects
breathed sequentially, via a mouthpiece and through
a low resistance nonrebreathing circuit, normoxic gas
mixtures (Pig, = 0.21 Atm) in which the background
gas was nitrogen, helium or neon. Each breathing gas
mixture was also circulated through a semi-closed head
tent circuit (HT), thereby eliminating any error that
might resuit from breathing other than through the
mouthpiece of the nonrebreathing valve (Figure 1).
The order in which each gas was breathed by each of
the three subjects at 200 feet (7 ATA) and spirometer
temperatures recorded are cutlined in Table I. The
subjects were all recumbent and each study lasted ap-
proximately three hours. The details of each nitrogen
exposure are given in Table II.

The first subject (F) initially breathed a normoxic
gas mixture of 0.21 ATA O, in nitrogen. Within 5 to
10 minutes he noted the onset of a slowly progressive,
pruritic (“prickly”} sensation along the upper extremi-
ties. This sensation continued over the next two hours
during the subsequent episodes of helium and neon
breathing, but stopped shortly after the experiment.
At this time a mild erythematous, maculopapular erup-
tion was observed on the proximal anterior and pos-
terfor aspects of both forearms. This eruption disap-
peared completely during the next 60 minutes. Sub-
ject F also complained of a moderately severe centrally
located headache which began midway through the
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three-hour study and disappeared shortly after taking
1.2 gm acetylsalicylic acid at the end of the experi-

ment. The subject attributed the headache to a tight =

nose-clip.

The second subject (T) breathed -s_equenhaIIy nor-
moxic gas mixtures in which the inert gas was first
neon, then helium, and finally nitrogen. ‘Approximately
15 minutes after terminating the exposure to the nor-
moxic nitrogen gas mixture, and_while breathing the
chamber gas (oxygen plus helium), he became aware
of pruritus of both lower extremities. Soon thereafter
an intensely pruritic erythematous maculopapular erup-
tion involving the skin of the upper extremities, both
the anterior and posterior thorax and abdominal wall
was observed (Figure 2a). No cutaneous manifesta-
tions were observed on the lower extremities. Three
areas of purplish-blue- discoloration with some sur-
rounding skin blanching or mottling were observed on
the right arm and the.anterior-superior aspect of the
right axilla. Later a few scattered petechise over the
upper torso were also observed. The lesions of Sub-
ject T were felt to resemble those of “skin bends” by
experienced observers both within and without the
chamber. As an interim and conservative form of ther-
apy and prophylaxis pending a more definitive diag-
nosis, Subject T was required to breathe intermittently
through a mask a heliuin gas mixture containing 1.5
ATA of oxygen. During the time he breathed this gas

TABLE I. ORDER OF INERT GASES BREATHED DURING
EXPERIMENT' AT 200 FEET (7 ATA) AND SPIROMETER
TEMFERATURES RECORDED (*C)**

Subject F Nitrogen (31.8), Helium (31.0), Neon {34.2)
Subject T Neon (29.1), Helium {32.0), Nitrogen {29.6)
Subject W Nitrogen (27,9), Helium {27.1), Neon [30.5}

*Each gas mixture includes 0.21 Ata oxygen.

**Spirometer temperature fluctuations probably do not fully refect chamber
temperature fluctuations due to a buffering effect of the spirometer water.

. NITROGEN EXPOSURE TIMES AT 200 FEET OF

TABLE II
- SEA WATER (7 ATA)

- . Cardiorespiratory
Subject

Introduction of N1 Measurements EEG Study Total Time
Gas 21 Ata Oz in .21 Ata Or in .25 Ata Oa in
Mixiures - He + Na* Na** Nyhe
F B:47.8:57 B:57 -9:31 9:31 - 04 57 min.
10 min. 34 min. 13 min,
T 14:53 - 15:03 15:03 - 15:33 15:35 - 15:46 53 min.
10 min. 32 min, 11 min,
w 16:21 - 16:30.5 16:30.5 - 17:05 17:05-17:15 54 min.
9.5 min 34.5 min,. 10 min.

*approx, 50-50 He-N:i mix via mouthpiece with .21 Ata Ou/N2 in ‘HT
{For gradual introduction of Nltrmn-oxygen breathing to minimize narcotic
eﬁ’ect)

*via mouthpiece with .21 Ata Oy/Na in HT.

#%%.i2 HT, mouthgiece out (.25 Ata Oz with N2 in HT to prevent undesit-
able reduction in Pioz due 10 oxygen consumption from cirenit).

Fig. 1. The resting subject within the chamber walls (C.W.)
breathed spontaneously through a directional breathing valve
(V) from a Douglas bag containing inspired gas (IG}. Exhaled
gas was collected in another Douglas bag (EG). At the same
time arterial blood (AB) was collected from an indwelling can-
nula (AC). The same inspired gas (IG) also circulates around
the breathing valve and face, within a plastic head tent, affixed
to the upper thorax with plastic sealing tape. The flow and
physical characteristics of the gas circulating about the face
reflect: . the addition of small amounts of gas (5-10 L/min} at
increased pressure through the Venturi jet, the entrainment of
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large volumes of gas (40-60 L/min) through a serubber {5C)
containing a chemical absorbent for removing CO. (necessary
when the head tent is the primary source of the breathing gas},
into a heat exchanger filled with ice, and finally completing a
semiclosed circuit by returning to the head tent. A pressure
relief valve ( PRV} vents gas from within the hoed if the pres-
sure exceeds one cm. HiO above that in the ambient environ-
ment, In the event of leaks within this system outgassing will
occur and the circulating medium within the head tent conforms
reliably to that introduced through the Ventur jet.
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Fig. 2. Urticarial response in
Subject T (a) and Subject W (b)
following inhalation of 02 ATA
0; and 6,79 ATA N: in a helium
environment. The head and neck,
which were enclosed in the head
tent, were free of cutaneous lesions.

he noticed some decrease in severity of the pruritus,
no further progression of the urticarial skin lesions and
total disappearance of the blue discolored areas. There
was no cutaneous emphyserna and derrnographism
could not be ellicited. During the subsequent three
hours at the same depth, the lesion showed no further
progression and perhaps very slight regression.

The third subject (W) breathed, in sequence, nor-
moxic gas mixtures in which the Inert gas was first
nitrogen, then helium, and finally neon. Approximately
five minutes after commencing to breathe the first spe-
cial gas mixture (0.21 ATA of oxygen in nitrogen},
Subject W recalled that his vision had become blurred
for approximately 5-10 minutes. Within a few minutes
normal vision returned spontaneously, but he then no-
ticed pruritus of his back, buttocks, and legs. At this
time, and coincident with the discovery of the pro-
nounced skin lesions of Subject T, an erythematous
maculopapular, urticarial type eruption was observed
on the anterior and posterior aspect of the proximal
portion of the right forearm and superior 1o the site
of the indwelling radial artery cannula, The forearm
was not pruritic, perhaps due to the presence of small
amounts of lidocaine hydrochloride (Xylocaine) in the
solution nsed to flush the arterial cannula.® The pru-
ritus of the other areas was mild and subsided in tweo
hours at which time the experiment was completed.
Not until then was it obhserved that this subject also
had an urticarial type eruption located over much of
his anterior and posterior torso, but which was less
severe than Subject T (Figure 2b). No distinguishable
lesions were observed on the skin of the head and neck,
ie. those areas enclosed in the head tent, of any of the
three experimental subjects.

Shortly after completing the studies en the third sub-
ject {W)}, all three subjects were treated by mask-

*®A normal saline solution used to flush and maintain patency
of arterial cannulae contained lidocaine hydrochladide {Xylo-
caine) 008 gms% and Heparin .04 gms%. Less than 40 ml
was administered to each subject during each three-hour experi-
mental period. The plastic arterial cannula 17 ga., .0391 LD,
2% in. (Bard-Stille Select-A-Flow Cannuola) was inserted in the
radial or brachial artery.

breathing a helium-oxygen mixture containing 1.5 ATA
of oxygen over a 15-minute period, This served 2s an
interim treatment or prophylaxis for all of the subjects
while further diagnosis and disposition was being es-
tablished. Subsequently a slow and gradual decrease
in the size and coloration of the discernible eruptions
was observed in Subjects T and W. Although by this
time Subject F had no complaints or visible eruptions,
he was treated along with Subjects T and W. He felt
that his symptoms and objective manifestations had
been similar to those observed in the past by him when
he had been exposed to rapid decompression in an alti-
tude chamber.

After review of these manifestations in conference
with additional biomedical authorities, it was agreed
that these unexpected urticarial type eruptions were in
all probability a result of the sequential exposure to
different gases at the same ambient pressure and that
they might be analogous to the phenomenon often
called “skin bends.” Since the urticaria might have
been a manifestation of decompression sickness, the
subjects were exposed to a greater simulated depth of
250 feet to evaluate the response. This was undertaken
at 22:30 (10:30 p.m., March 24). Lesions continued
to show minimal improvement during this maneuver.
The operational decision was made to remain over-
night at the 250 foot depth on the helium:oxygen mix-
ture only in the am. At a simulated depth of 250 feet
in the am. of March 25 studies were performed un-
eventfully in 2ll three subjects, while they breathed
only a gaseous mixture of oxygen (0.21 Ata) and he-
lium. No further cutanecus eruptions occurred. The
rash was still noticeable on subjects T and W when
decomptression was started on Wednesday, March 25
and continued to regress over the next several days.

By this time, Subject T had approximately 15 petechiae

scattered over the upper trunk, but his skin was other-
wise clear.

It was elected not to expose the subjects further to
special gas mixtures under these conditions, because
of the unknown risks to health associated with an un-
anticipated phenomenon whose mechanism was not
clearly understood.
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DISCUSSION

The occurrence of pruritus and cutaneous eruptions
related to pronounced pressure changes is well known
"among divers and diving physicians.®. These manifesta-
tions may occur during or immediately following de-
compression and the early manifestations can be re-
versed or ameliorated by prompt recompression or oxy-
gen therapy. The cutanegus manifestations of decom-
pression sickness (“skin bends”) reported to date can
be classified into three categories:

1. Those conditions manifest pfimarily as multifocal
and fransiént pruritus without observable skin changes.
These usually occur during decempression from deep
simulated “bounce” dives as opposed to long or shallow
exposures or to those followed by gradual decompres-

- slon.!

2. A more serious cutaneous manifestation which
may be characterized initially by an intense itching,
localized more frequently about -the shoulder girdle,
arms, thorax, and abdomen, followed by the develop-
ment of a .maculopapular eruption with erythema,
cyanosis and mottling. These cutaneous. changes may
precede or be associateéd with other simultaneous mani-
festations of decompressnon sickness. No crepitus or
cutaneous’ emphysema is observed and the distribution
seems to be unrelated to the peripheral nerves. Prompt
recompression may often be rapidly effective in revers-
ing these cutaneous manifestations, otherwise regres-
sion may extend over two to three days if untreated.®

3. .Skin lesions which are not urticarial but have con-
sisted of extensive marbling and cutaneous emphy-
sema® These have occurred in cases of severe -and
often fatal decompression sickness in association with
extensive systemic inv_ol'vem‘ent.

One can consider several pathophysielogical mech-
anisms for the appearance of the “skin bends” phenom-
enon, Rashbass,’! in studies on the etiology of itching
on decompression, could induce-pruritus in most sub-
jects upon rapid decompression from simulated dives
of 18'minutes at 240 feet. Since pruritus.could be pre-
vented in those areas of skin immersed in water at body
temperature prior to decompression;. he ‘concluded that
such immersion had blocked the percutanecus uptake
of inert gas. Thus he reasoned that gas “which had
diffused inwards from the outside” could augment total
skin gas and so facilitate the formatlon of bubbles in
this tissue and produce. itching upon decompressxon
Kidd and Elliott* feel that the phenomenon which
Rashbass. studied is of no prognostic. value since it is
self-resolving. .Skin lesions do not develop subsequently
and no treatment or change in decompreSSlon is war-
ranted.

It has been postulated that the more severe cutaneous
involvement {2nd category) is due to bubble forma-
tion with associated capillary hemorrhage and direct
stimulation of sensory nerve endings.'® Hesser® has
suggested that low temperature' during decompression
results in reduced cutaneous blood flow and slower
inert gas elimination from the skin. This impression
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was supported by his noting the absence of paresthesia

‘in divers’ arms that had been insujated.

It seems reasonable: that the subdivision of mani-
festations into these three groups is somewhat arbitrary
and, as in other manifestations of decompression sick-
ness, the severity of its presentation may vary within a
wide spectrum.®

Pruritus in association with an evanescent erythe-
matous maculopapular eruption, such as urticaria, is
cormmon 'in dermatologic and general practice and may
arise from a multitude of causes. The original theory
of Sir Thomas Lewis to explain the formation of the
urticarial wheal remains popular; ie. ‘that bistamine
liberation is the last link in the chain of events which
leads to the local leakage of plasma from the- minute
vessels into the connective tissue of the dermis. Many
mediators of histamine release from tissue mast cells
have been implicated.” In addition to certain drugs and
ingestants (allergic urticaria), physical causes have
been demonstrated such as cold (essential cold urti-
caria), sunlight (urticariz solaris), and after minfmal
trauma (fractitious urticaria}.

No report could be found of cutaneous-eruptions re-

7 sulting from breathing the commonly employed inert

£3s mixtures at any pressure prior to decompression.
Factors other than sequential exposure to different inert
gases were considered to be unlikely explanations for
the urticaria of the subjects in this experiment. A cause
of hypersensitivity within the general chamber environ-
ment should have afflicted some or all of the six ex-
posed occupants in a random manner but, in fact, in-
volved only the three experimental subjects.

The saline solution used to maintain patency of the
artérial cannulae in all three. subjects contained very
small amounts of local anesthetic and heparin. "It
seemed unlikely that there was a pharmacologic basis
for the cutaneous eruptions on account of continued
and uneventful use both before and after the cceur-
rence of the cutaneous eruptions. The possible pres-
entce of an allergic factor within the breathing assembly
used by the experimental subjects also seemed unlikely
since the identical assembly was used by the same sub-
jects one day later at 250 feet (8.5 ATA) without any
untoward manifestations while breathing a normoxic
helium mixture. Lastly, none of the subjects had his-
tories of any previous urticarial eruptions,

Urticaria occurred following the introduction of nitro-
gen breathing immediately after breathing helium and
while being immersed in a helium environment under
“saturation” conditions. This chronology of the erup-
tions is suggestive of an etiologic factor related to an
intrinsic difference between inert gases—as manifest
quantitatively by some simple physical parameter.

One of the more obvious differences is the solubility
in tissue, nitrogen forming a more concentrated molar
solution than helium at the same tension. Thus the
total concentration of gas within the cutaneous vascular
bed should increase upon switching to nitrogen in the
breathing mixture as N, replaces He. In an agueous
tissue this replacement would be reciprocal such that
the total tension-of all gases remains constant. How-
ever, for a tissue with an appreciable lipid content such
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as skin, the blood:tissue partition coefficiert is larger
for helium than for nitrogen, indicating a fall in He
tension more rapid than the simultaneous rise in N,
tension if bload perfusion limits the rate of blood:tissue
exchange.* On the other hand, if diffusion makes a
significant contribution in controlling the gas transfer,*
the helium diffusion rate exceeds that of hitragen by a
factor greater than the solubility ratio. Thus whatever
the relative contributions of each process in limiting
blood:tissue gas exchange, the total tension of N, and
He will show 2 transient fall and therefore cannot ex-
ceed the external hydrostatic pressure at any time and
so induce cavitation. Hence the skin lesions observed
upon switching inert gases cannot be attributed to
bubbles.

It would appear particularly significant that dis-
tinguishable lesions were not observed over regions of
the skin within the head tent and thus exposed to the
breathing mixture. Urticaria apparently occurred only
where the outer layer of the epidermis was saturated
with helium while the cutaneous vascular bed was
saturated with nitrogen, ie., in skin across which a gas
concentration differential was being maintained. Re-
cent findings have shown that such steady-state gas
concentration differentials can induce osmosis across
excised sections of such tissues as bladder and peri-
toneum,® If this also applies to skin, then there would
be a flux of water towards the vessels. Any such dis-
placement of cutaneous water is potentially undesir-
able since it may produce significant cellular distortion
and/or rupture which may incite histamine and possibly
serotonin release. Thus the focal edema, and micro-
circulatory alterations observed, may have been created
initially by gas-induced osmosis' and subsequently
augmented by the reledse of vasoactive substances.

The magnitude of the driving force for water move-
ment can be estimated from the expression for the gas-
induced osmotic pressure (AIl) as:

AIL = aP(@r-@h) o eeeecireeee e innn s (1}
where ANl is expressed in the same units as the partial
pressure (P) of each of the inert gases, », und a are
the Bunsen coefficients of nitrogen and helium respec-
tively while ¢ is the reflection coefficient® which has
been estimated to be of the order of 0.0378 for gases.®
Taking values for 37°C of a, = 0.0141 and «, = 0.0095
at 200 feet (P = 5150 mm Hg absolute), equation 1
gives:

All = 0.90 mm Hg

Such a value for the gas-osmotic driving force is ap-
preciable relative to net extravascular presture grad-
ients.

For nitrogen breathing at 100 feet (P = 2880 mm Hg
absolute), equation 1 gives Al = 0.50 mm Hg while
if the inspired gas were neon (z, = 0.0109) at 200 feet
(P = 5150 mm Hg), anm = 0.27 mm Hg. Thus the

*The reflection coefficient is an index of selective permeability.
In practice it must be lower for helium than for nitrogen (o)
on account of its smaller molecular diameter, so that placing
both equal to 7 in equation 1 gives a conservative estimate of
Al

driving force (AIl), and hence skin water flux, would
have been appreciably smaller for inspiration of the
Ne:0, mixture at 200 feet or the N,:0, mixture at 100
feet than for the N,:0, mixture at 200 feet which pro-
voked the urticaria.

Thus the data is quantitatively consistent with a
mechanism based upon gas-induced osmosis as the
force initiating the occurrence of lesions, and is cer-
tainly more compatible with this explanation than with
any relating the symptoms to decompression sickness.

It should be noted that there was considerable varia-
tion of ambient temperatures in the experimental com-
partment as indicated by spirometer temperature mea-
surement (27.1-34.2°C). Subjects and attendants
noticed sensations varying from being uncomfortably
cool to uncomfortably warm. Nevertheless, there were
no significant changes in either oral or rectal tempera-
tures during the experimental exposures. The factors
should be considered as another variable which may
have affected the degree of cutaneous circulation, the
rate of uptake and elimination of inert gases and con-
sequently the rate of change of postulated gas osmotic
gradients (Table I).

One important reason for elucidating this phenom-
enon is the increasing popularity of switching gas mix-
tures during dives. This practice has been stimulated
by the epochal diving experiments of Keller and Buhl-
mann* which indicated that decompression time for
excursion diving could be abbreviated by this tech-
nique. These investigators have never observed any
cutaneous phenomena in many experiments when sub-
jects were changed from helium to nitrogen breathing
at various depths while the chamber environment
usually remained similar in composition to the inspired
gas.

If the cutaneous vascular lesions observed during our
experiment are a manifestation of changing inert gas
concentrations in tissues, then it is conceivable that
cellular disruption and subsequent changes may be oc-
curring in other tissues. However, it is our present
opinion that this cutaneous phenomenon was probably
not a manifestation of a systemic process but was more
likely a reaction caused by local gas concentration dif-
ferentials within the skin.

The importance of this surprising finding of a cu-
taneous eruption, at a constant increased ambient pres-
sure and during sequential exposure to different inert
breathing gases, is very great if the proposed relation-
ship is confirmed and the pathophysioclogy more surely
defined. Sequential breathing of different inert gases
as a means of reducing the risk and duration of de-
compression may have to be approached more cau-
tiously. There is a definite need for further evaluation
and definition of the phenomena observed in this ex-
periment.
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Venous Gas Bubbles: Production by Transient, Deep
Isobaric Counterdiffusion of Helium Against Nitrogen

Abstract. When awake goats were subjecied o isobaric gas switching from saturq-
tion (17 hours) on 4.7 armospheres of nitrogen (0.3 atmosphere of oxygen) to 4.7
atmaspheres of helium (0.3 aimosphere of oxygen), bubbles detected by 5-megahertz
Doppler ultrasound in the posterior vena cava 20 to 60 minutes after the switch con-
tinued for 4 hours. Similar experiments carried cut at 6.7 atmospheres of inert gas
and (.3 aimosphere of oxygen produced more bubbles for as long as 12 hours after
the gas swirch. This is believed to be the first cbjective demonstration of the phenom-
enon of deep isobaric supersaturation under transient operational diving conditions
ai relatively shallow diving depths. Detection of bubbles by Doppler ultrasound con-
firms the potential importance of the phenomenan to shallow saturation diving and
holds promise for better quantification of its effects as well as those of its counter-
part, isobaric undersaturation, which can confer a decompression advantage,

Isobaric supersaturation (I, 2) and the
resulting production of cutaneous and
deep-tissue bubbles by counterdiffusion
at constant pressure of two or more
gases with unequal permeation rates has
been identified in man (/, 2) and demon-
strated in animals (3-5) both in vitro and
in vive {6); it is generally considered to
explain certain abnormalities that can be
encounteréd in relatively deep (greater
than 100 m) saturation diving (6). Two in-
terrelated forms have been distin-
guished: (i} *superficial isobaric counter-
diffusion’” through skin and other tissues
in direct contact with the ambient aimo-
sphere. and (ii) ‘‘deep isobaric counter-
diffusion™ between fissue fluids and ca-
pillary circulation (6). Each is capable of
supersaturating tissue, and the superfi-
cial form has been shown to produce not
only gas lesions in man (7), but also con-
tinuous gas embolism in animals (3-3)
under steady-state conditions. However,
the probability of risk from the phenome-
non in **deep’’ tissues in shallow-water
diving involving transient gas switching
rather than steady-state experimental sit-
uations is not known (8).

We now report the in vivo production
of bubbles detected wath Doppler ul-
trasound (%) in awake goats after a rapid
isobaric switch of the inert gas in the
chamber from nitrogen to helium at 40,2
26 AUGUST w17

m {132 feet) and 60.35 m (198 feet) of sea-
water (7 atm absolute) (all measures are
expressed in terms of meters of scawa-
ter). These are the shallowest depths at
which this phenomenon has been dem-
onstrated. Further, the fact that it was
produced by transient rather than
steadv-state conditions is of both practi-
cal and theoretical importance to the
physiology and medicine of diving, par-
ticularly in reference to projected sub-
marine rescue procedures requiring suc-
cessive exposure to different inert gas at-
mospleres at these pressures.

Use of continuous-wave Doppler u!-
trasound for detection of vascular bub-
bles has become an accepted technique
in hyperbaric physiology; the system and
counter in use in our laboratory are theo-
retically capable of detecting bubbles 1
pm it diameter and have been experi-
mentally demonstrated to detect 10-um
bubbles {9).

Eight adult goats weighing between 40
and 70 kg had Doppler ultrasonic trans-
ducer cuffs surgically implanted around
the posterior vena cava (9). Animals
were exposed in pairs to one of two dif-
ferent regimens. The first consisted of
saturation to 40.2 m of seawater in nor-

_moxic nitrogen. Compression was at the

rate of approximately 4.6 m/min, varied
slightly as required to minimize noise-in-

1I-5-24

duced anxiety in the animals, The ani-
mals were held for 17 hours at 40,2 m at
an O, pressure of 0.3 atm [the remainder
was N; (COy less than 0.09 percent}], af-
ter which it was assumed that saturation
was virtually complete.

Isobaric gas flushing of the N,-0, envi-
ronment with He-0, was accomplished
within 5 minutes at a flow rate of approx-
imately 17 m¥min [600 standard cubic
feet per minute (SCFM))] for the 40.2-m
dives, and 19.8 m¥min (700 SCFM) for
the 60.35-m dives. After the gas ex-
change, the residual chamber N, per-
centage varied from 0.3 10 5 percent as a
maximum. These kinelics allow mathe-
matical treatment of the gas switch as es-
sentially a step function for all but the
fastest tissues.

Ultrasenic Doppler monitoring and re-
cording of bubble signals began 5 min-
utes before switching gases and contin-
ued for the duration of the isobaric phase
of the dive and at regular intervals during
the subsequent decompression. The
earliest bubbles were detected 20 min-
utes afier the first 40.2-m gas switch and
continued 1o be detected in varying num-
bers for 4 hours. Two more £0,2-m dives
were carried out with very few bubbles
detected both in the same two animals
and in another pair {I#). The isobaric
switch from saturation at 60.3% m pro-
duced bubbles in every case, which sug-
gests that a threshold may exist near 40.2
m for isobaric bubble formation. After
the switch from the 60.35-m saturation,
bubbles were detected as early as 30
minutes, lasted several hours. and were
detected for as long as 10 or 1§ hours un-
der isobaric conditions. No serious skin
lesions were observed in this study;
however, it is not possible to exclude
such results because of the greater diffi-
culty in perceiving skin discoloration in
these animals.

Figure | shows a combined plot of
Doppler bubble signal counts after an
isobaric gas switch at 60.35 m and calcu-
Iated curves showing the fractional satu-
ration of N, and He and the total super-
saturation ratio (N, + He} (Fig. 1A) and
the total excess inert gas concentration
after the isobaric switch for three pairs of
N.+ He half-times, comresponding to
13 + 5,93 + 41, and 139 + 63 minutes.
respectively (Fig. 1B) (/). The long pe-
riod over which bubble signals were
heard is striking. This immediately iden-
tifies bubbles with the so-called **slow-
er'” tissues. Although the approximately
unimodal distribution of bubbles with
time (Fig. 1A) may suggest the impor-
tance of a particular half-time (/2). other
experiments show either fairly constant
rates of bubble production or bimodal

889



.

Saturation ratic

Bubble count {per 30 seconds)

.

Excess gas
Concentration [ ul/ml)

- 0000 T2

L 500 8:00

Time-

Fig. 1.{A} Bubble counts (nght-hand ordinate) plonted against ime (in hours :md mmutes} with
calculated gas saturation and total supersaturauon plutted on.the same time scale. Only. i inert
gases He and N, have been lnclnded in the computation; thus the initial fractional saturation is
less than 1.0 (0.956) at time zero. Values for Ny (- 1, He (- - -, and total gas tension (——)
are plotted for the 13 + 5,93 + 41, and 139 + 63 N, + He pairs of half-times. At gvery point in
time, total gas tensmn is the sum of the He and N, fractional saturations. {B) Excess gas con-
centration jthe excess volume of _gas {microliters per mifliliter at standard temperature and
pressure}] dissolved in the tissue as a result of supersaturatlon The mu:mum gas concen-
tration prccedes the maximum supersaturation by apprummately 30 minutes in the 9 + 41
tissue pair; similar results were seen for the other tissue pairs. .

and trimodal counts with time for ap-
proximately the same time period. Spec-
ulation as to the precise tissue half-times
associated with bubbles, therefore, can-
not yel be supported by our results; rath-
er, the time of first appearance and the
total duration of bubble signals under
isobaric conditions are more reliable cri-
teria with which to establish critical su-~
persaturations and critical tissue half-

times. This time ranged between 20 and .

60 minutes for the goat, although an
identical experiment on a pig showed a
much greater latency (/7).

A second consideration refers 1o the
theoretical curves of supersaturation and
gas concentration with time. Because of
the different gas fractions composing the
supersaturation ratios, the maximum ex-
cess gas concentration (calculated from
Henry's law and an assumed average tis-
sue composition of 15 percent fat}. does
not coincide with the time of maximum
supersaturation for the slower tissues;
the greatest discrepancy of this sort is
shown for the tissue pair at 93 + 41 min-
utes {(i2), for which the calculated maxi-
mum excess inert gas concentration oc-
curred 70 minutes after the gas swilch,
and the highest supersaturation ratio oc-
curred after 90 minutes. Also, the most
extreme supersaturation and the greatest
£xcess gas concentration occurs rapidly
but briefly in the fastest tissues, whertas
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the slower tissues exhibit less extreme
values for a longer period.

In interpreting Fig. 1, it is essential to ~

understand the arbitrary nature of tissue
gas-tension calculations. It is accepted
(i4-18) that He saturates and desaturates
the body faster than N;. This result is re-
lated to its more rapid aqueous as well as
gaseous diffusion (79). However, be-
cause the multiexponential parailel-caom-
partment mode! (16, 20) has been used in
our calculations,” we have arbitrarily
paired He and N, half-times that we must
then assume refer to the same actual tis-
sue elements. This assumption itseif con-
tradicts part of the rationale supporting
use of a multiple parallel-compartment
model, since the latter overcomes the
lack of physiological reality by having a
spectrum of half-times known 10 span a
realistic physiological range of rates (/6,
20). With two gases, however, there is
no way to decide which He half-time is
best applied to which N; half-time. On
the other hand, the use of a constant ra-
tio of permeation rates for N, and He for
every half-time is obviously an over-
simplification because He diffuses faster,
is less soluble, and has a lower fat-water

‘partition  coefficient than N, (/8). We

‘have used the pairing shown in Fig. 1 on-
1y because it is consistent, has been used
in our pperational decompression model
(1, 12), and demonstrates the kinds of
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relationships that must be examined in
these situations. Green (7) and Harvey
and Lambertsen (21) have presented the-
oretical treatments conceming expected
maximum supersaturation as a function
of the N, + He diffusion ratios and the
potential problem in operational diving.

. Calculations made from accepted
models for He and N, predict super-
saturation in all perfused or “*deep” tis-
sues produced by isobaric counter-
diffusion, without decompression. (Fig.
1). These predictions are coafirmed by
the presence of gas bubbles detected by
Doppler uvltrasound.. The demonstration
of this phenomenon in large animals sug-
gests its importance to human divers at
relatively shallow depths. Reversing the
direction of the gas switch (that is. from
He and O, to N, and O,) should provide
undersaturation and therefore a decorn-
pression advantage (11, 18).

-An attractive alternative diffusion-de-
pendent model has been described by
Tepper (27), which can account for high-
er supersaturation ratios than the sum-
ming approach described above and used
by Green (7) and Harvey and Lambert-
sen (21). Deciding on the most useful
model will be facilitated by the judicious
use of gases of diverse physical proper-
ties in’ counter studies in vivo, such as
those described above, as well as in vi-
tro. The prediction of the diffusion mode]
of Tepper (23) more accurately corre-
sponded to the actual depths at which
human symptoms havr. been encoun-
tcred

" Two of s (C.AH. and W.L.H.) per-
formed identical gas-switching studies
with human volunteers at 3and 4 atm
absolute; we saw po effects at 3 aim
absolute, but at 4 aim "absolute we
observed and photographed the produc-
tion of urticaria and blotchy subcu-
tanecus skin lesions similar to those re-
ported by Blenkarn et al. (2) and Lam-
bertsen et al. (I} These subjects were

.monitored by ulirasonic Doppler probes

placed over the pulmonary artery. but no
bubbles "were "detected. Qne probable
limb bend was observed and successfully
treated by pressurizing with He and O, at
an additional atm of pressure, This addj-
tional 25 percent increase in pressure.,
while relieving the limb bend (a *‘deep™
tissue incident) exacerbated the urticaria
and subcutaneous lesions. Procedures
therefore should take into account the
sum of the inert gas tensions as well as
the total excess gas preseat; as stressed
by Buhiman (I8}, decompressions can be
either helped by appropriate or hindered
by inappropriate inert gas sequencing.
Maore important, we now have an appro-
priate technique for testing critical con-
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cepts such as deep-tissue half-times (}4).
diffusion versus perfusion limitations,
gas-induced fluid shifis (24), preexisting
gas micronuclei {2/, 22), and appropriate
ascent critegia in a way that is insensitive
to the experimental difficulty inherent in
decompression.
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Abstract of Paper Presented at the 72nd Meeting of the Acoustical
Society of America, November 2-5, 1966

BREATHING MIXTURE AND DEPTH AS SEPARATE EFFECTS ON HELIUM SPEECH

Louis J. Gerstman
New.York University, Bronx, New York

George R. Gamertsfelder and Arnold Goldberger
GPL Division, General Precision, Inc., Pleasantviile, New York

Two divers made tape recordings of standard vocabularies while
breathing several different helium-oxygen mixtures in a decompression
chamber maintained at various simulated depths between sea level and
600 feet. Spectrographic analyses.confirmed previous reports of non-—
linear formant-frequency shifts and changes in relative formant ampli-
tudea, but failed to reveal improvements with time iIn talker intel-
ligibility, especially at the lowest depths, A mathematical model,
incorporating both the effects of helium concentration and of depth,
was found to account successfully for the observed changes in formant
frequencies. The model has alsc been employed in a real-time speech
correction device, the output of which represents a significant im
provement in helium speech intelligibility. (This work was supported
by Ocean Systems, Inc.) -
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ABSTRACT

A multidepth saturation dive was performed as the vehicle for a study of respiratory
heat loss during deep-depth, cold, helium-oxygen breathing. Respiratory heat loss was
computed for each of the 137 combinations of depth and inhaled gas temperature for which
ventilation and exhalation temperature were measured. Skin site temperatures and other
reaspiratory parameters were also monitored, and the diver-subjects were under visual
surveillance, o

Exhalation gas temperature was always less than core temperature, regardless of
the inhalation gas temperature (about 55, 45 and 35°F)., The maximum rate of respiratory
heat loss was observed with hard work (high ventilation rate) in 35°F water at 850 feet; about
400 watts (345 kilogram calories per hour). Respiratory symptoms of copious upper air-
way secretions, chest and back chilling and discomfort, and uncontrollable shaking and
shivering reached peak severity during the 850 foot-35°F swims,

Conclusions having significance to operational diving without supplemental heating of
the inhaled pas were formulated from the computations of respiratory heat loss, observations
of falling core temperatures, and the subjective responses. These are as follows: (1) Dives
to 850 feet for exposure durations in excess of 90 minutes in water of 45°F or colder are
hazardous; (2) Dives to 650 feet or deeper for exposure durations in excess of 90 minutes in
water of 35°F are liable to be characterized by significant task performance degradation.
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SECTION 1

INTRODUCTION

The objective of these studies was to obtain, through immersion experiments with meas-
urement of respiratory heat loss, information which is applicable in the estimation of depth
and temperature operating limits for deep diving missions, The emphasis was upon immer-
sion conditions encountered at a simulated depth of 850 feet, Actual mean temperature of in-
haled gases approximated and was slightly warmer than that of ambient water temperature,

At each experimental depth (450 ft,, 650 ft., 850 ft. and 1,000 ft,) and at each controlled wet-
pot water temperature (55°F, 45°F, 35°F) the divers were equipped with constant-flow hot
water heated wet suits, These data are the first to be generated under cenditions which thus

mimic those of the operaticnal scenario,

At sea level pressure the heat loss through respiration is relatively constant and is af-
fected directly by the ventilatory air flow rate, Carlson, et, al, (9) estimated that this loss
was equal to about 24% of the total body heat ‘generated, Bribbia (4) determined that the heat
loss of vaporization in men exercising in Arctic conditions was 9% of the total heat expended
and that the water vapor loss was proportional to the ventilation rate, Day (14} computed res-

.piratory heat loss (when the respiratory minute volume was 10 liters per minute and relative

humidity was 50%) as follows:

AIR TEMP. SENSIBLE HEAT LATENT HEAT OF TOTAL
{°F) LOSS (BTU/HR.) VAPORIZATION (BTU/HR.) R.H.L. (BTU/HR.)
97 0 31. 31
68 11 49 80
32 25 59 84

Numerous measurements of respiratory heat exchange have been made under comfor-
table, cool or hot conditions: Burch (5) {69, Cole (10) (11), Cramer (13), McCutcheon and
Taylor (20) (21), Seeley (26) and Walker (31), For tabular resumes of the methods employed
by most of the above investigators, as well as others, see the comprehensive review by Carl-
son (8). The following table of respiratory heat loss data is reproduced from his work:

1-1
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Webb reperted, in 1955 (34), that the relationship between ambient air and expired air
temperatures approximates a linear function, as follows: "Starting at ambient temperature
of 25°C, where the expired air temperature is 34°C, for every reduction of 5°C in ambient
temperature there is a corresponding decrease of 1°C in the expired air temperature,” Al-
though this relationship was enunciated for conditions encountered at sea-level barometric
pressure, the concept applied generally indicates that respiratory heat loss will be erroneous-
ly overestimated if the factor A(T exhaled - T inhaled) is computed by assuming equality of
exhaled gas temperature to body temperature, The following table, adapted from Webb's re-
port, compares respiratory heat loss according to his measurements ("B" values) with es-
timated values derived by assuming that exhaled air was at body temperature ("A' values),

Heat loss data is in units of kilogram-calories,

AIR SENSIBLE LATENT HEAT OF TOTAL TOTAL (&)
TEMP. HEAT LOSS VAPORIZA TION R,H,L, HIGHER THAN
(C) ) (B) (A) (B) 4) (B) TOTAL (B) By
20 2.87 2,42 12,27 9,40 15,14 11.81 284
0 6.16  5.39 14,78 8,35 20.94 13,75 52%
-20 9.25 8,37 15,40 6,96 24,65 15.33 617
-40 12,58 11.35 15,43 5.92 28,01 17,26 62%

Armstrong, et, al. (2) also reported on respiratory aspects of breathing very cold
Arctic air at atmospheric pressure and under subatmospheric conditions as encountered dur-
ing high altitude flight without the protection of a cockpit canopy. Exposures to ambient tem-
peratures at 40°F to -80°F for 2 to 6 hours did not cause direct laryngeal injury. In this
regard Rawlins and Tauber (25) have cautioned that, "Much work has been done on the effects
of breathing cold air down to -55°C, but we know of no studies of the effect of prolonged
breathing of cold helium mixtures at great depths, At high rates of ventilation with relatively
dense gas mixtures of high heat capacity there is a very large heat loss effecting a limited
area of the body, the upper respiratory tract, The possibility of laryngeal damage, edema or

functional impairment, should be contemplated, "

Spealman, et, al. (28) also observed subjects breathing cold (to -83°F) air at atmospheric
pressure, These investigators, ih contradistinction to Webb, found that the expired air temp-
perature was approximately 36°C in all cases, They reported the following respiratory heat

losses per 1,000 liters of respired air (assuming 90% water vapor saturation):
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AIR TEMP, SENSIBLE HEAT LATENT HEAT OF , TOTAL

°C)  (°F) LOSS (KCAL.) VAPORIZATION (KCAL.) R,H.L, {KCAL.)
56 133 +6.4 +44,7 +51.1
36 97 0.0 0.0 0.0
16 61 6.4 16.9 23.3
-4 25 12.8 22,6 35.4
24 -1 19,2 24.1 43.3
-44  -47 25.6 24,3 49,9
-64 -83 32.0 24,4 56.4

Note the net gain in respiratory heat for the initial condition (air temperature 133°F), By
assuming that inhaled air is completely dry, however, there is a net respiratory heat loss

in each instance:

AIR TEMP ' TOTAL
C)  (°F) R,H.L. (KCAL,)
56 133 _ 18,0
36 97 - 24,4
16 61 ' 30.8
-4 25 37.2
-24  -11 43,6
-44  -47 50,0
-64  -83 56.4

Data on hyperbaric respiratory heat loss was reported in 1966 by Webb and Annis (37);
Their study included a panel of diver-subjects during immersion experiments with an open-
circuit demand breathing apparatus at simulated depths of 100 feet (4 atm. abs.) and 230
feet (8 atm. abs.). Mean data from their report is as follows:

INHALED TOTAL

NO, OF TEMP, AT R.H.L. HEAT LOSS R.H.L. %
CONDITION EXPERIMENTS (C) -(°F) (°C) (KCAL/MIN) (KCAL/MIN). of TOTAL

Air, 1 atm, 35 20.9  69.6 13.4 0.56 5.5 9.5
Air, 4 atm, 4 17.0 62.6 16.3 0.90 4.8 17.7
§F6, 1 atm,* 37 20,2 68.4 13,7 0.71 5.0 13.5
80%He, 1 atm, 40 22,7 72,9 11.1 0,48 © 5.4 9.0
80%He, 4 atm, 8 - 15,3 59,5 15,4 0.48 3.1 16.3
96%He, 8 atm, 8 16,5 61,7 16,0 0.90 3.8 25,1

* 80% sulfur hexafluoride - 20% oxygen
1-4
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Albano (1), in his presentation of thermoanalysis in diving, states that, ''In the respira-
tory tree, thermolysis takes place as a result of heating and humidification of the ventilated
gas, Because of the effect of heatinyy, air exhaled has a temperature of 37°C, regardless of
the temperature of gas inhaled," Table VI of his monograph presents computed projections
of respiratory heat loss at 15°C (59°FF) and these reflect the influence of his assumption re-

garding exhalation temperature, For example, with air breathing at 25 liters per minute:

DEPTH RESPIRATORY HEAT LOSS
{ATM., ABS.) (KCAL/MIN} (KCAL/HR)
1 0,78 46.6
2 0,93 55.6
4 1,23 73.7
8 1.83 109.8

In his excellent review of body heat loss in undersea gaseous environments Webb (35)
states that, ""The loss of heat in warming cool dry inspired air at 1 Ata is determined by the
heat needed to warm the air and to evaporate moisture from the lining of the upper airway.
As gas density and specific heat increase, the warming of the gas becomes the dominant
element especially since undersea hyperbaric environments are humid, The only unknown
is the temperature of the air as it leaves the oronasal portal in expiration. It is not correct
to assume that gas leaves at body temperature (37°C), since heat absorbed by the inspired
air is returned to the respiratory tract as the warm moist air exits over the previously
cooled tissues,” In other words, to assume that gas is exhaled at body temperature is to

ignore the counter-current heat exchange mechanism of the respiratory passages (19).

U.S. Navy studies (Naval Medical Research Institute - Navy Experimental Diving Unit)
on respiratory heat loss from breathing cold gas at high pressures are in publication at this
time, Preliminary findings have, however, been communicated. The investigators (Hoke,
Jackson, Alexander and Flynn) reported significant problems during bicycle ergometer runs
at 800 feet with inhaled gas at 32-35°F: excessive body heat loss, discomfort, shivering and
acute respiratory difficulties, They measured respiratory heat loss as high as 780 watts
during heavy work (respiratory minute volume = 64 1pm) at 1, 000 feet when inhaled tempera-

ture was 45°F (7°C). Their conclusions noted that, '""These experiments on respiratory heat

1-5
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loss from breathing cold gases at high pressures show conclusively that at depth§ beyond
‘600 feet and water temperatures (i.e, inspired gas temperatures) of 40°F (4.2°C) or less,
the results will be progressive negative thermal balance, The rate of heat loss will increase
as respiratory minute volume increases at higher work rates. The data show that when res-
piratory heat loss exceeds about 350 watts the diver will be in danger sooner or later, de-
pending on _individual characteristics, because of excessive heat loss. In addition, a certain
fraction of divers may exhibit sensitivity to the direct effects of cold gases and produce
copious amounts of mucous which can cause acute respiratory difficulty. . . It is difficult
to estimate how long any particular diver could withstand an RHL of greater than 350 watts.
Therefore, our cor_lclusiou is that for safety, thermal comfort, and maximum efficiency, the

diver's breathing gas should be heated for dives in excess of 500 feet , , ."

1-6
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SECTION 2

METHODS AND PROCEDURES

Hyperbaric Facility

All experiments were conducted with the subjects within the wet pot chamber of the
Westinghouse hyperbaric facility (Figure 1). Monitoring and surveillance were by direct
visual through-port observation and by closed circuit television, Dimensional characteristics

of this three-compartment facility are as follows:

CHAMBER DIMENSIONS (FT) VOLUME (FT31

Entrance Lock dia 6 102

Main Chamber dia 8 396
tength 10.3

Wet Pot dia 8.3 346
length 9.4

Saturation Diving_

These experiments were performed during the course of a thirteen-day long multi-level
saturation dive, May 7- May 18, 1971. itial compression, and time at 450 feet, was about
1 1/2 days, and just under two days were provided for runs at 650 feet, The remaining time,
with excursion diving to 1,000 feet, was at 850 feet depth. The chamber atmosphere com-
position was 0,3 atm, abs, oxygen, 1,2 atm. abs. nitrogen, balance helium, The usual
temperature in the main chamber was 88-90°F, Decompression was in accordance with

the following:

DECOMPRESSION SUMMARY

DEPTH (FEET) TIME (HR. MIN.) ELAPSED (HR. MIN.) CLOCK TIME
850-835 1.30 1.30 1600-1730
835-820 2,00 3.30 1730-1930

820 0.30 4,00 1930-2000

820-796 4,00 8. 00 2000-2400

796 6.00 14,00 2400-0600
2-1
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DECOMPRESSION SUMMARY (CONTINUED)

DEPTH (FEET) TIME (HR. MIN.,} ELAPSED (HR. MIN,) CLOCK TIME

796-748 8.00 22,00 0600-1400
748 2.00 24,00 1400-1600
T48-700 8.00 32.00 1600-2400
700 6.00 38.00 2400-0600
700-652 8.00 46, 00 0600-1400
652 2.00 48,00 1400-1600
652-604 8,00 56,00 1600-2400
604 6.00 62,00 2400-0600
604-556 8.00 70.00 0600-1400
556 2,00 72,00 1400-1600
556-508 8.00 80,00 1600-2400
508 6.00 86.00 2400-0600
508-460 8.00 94,00 0600-1400
460 2.00 96.00 1400-1600
460-412 8,00 104,00 1600-2400
412 6. 00 110.00 2400-0600
412-400 2.00 112,00 0600-0800
400-370 6.00 118,00 0800-1400
370 2,00 120,00 1400-1600
370-330 8,00 128,00 1600-2400
330 6.00 134, 00 2400-0600
330-290 8,00 142, 00 0600-1400
-~ 290 2.00 144, 00 1400-1600
290-250 8.00 152,00 1600-2400
250 6.00 158. 00 2400-0600
250-210 8,00 166,00 0600-1400
210 2,00 168,00 1400-1600
210-170 8.00 176.00 1600-2400
170 6.00 182,00 2400-0600
170-130 8.00 190.00 0600-1400
130 2.00 192.00 1400-1600
130-100 6.00 198.00 1600-2200
100-92 2.00 200,00 2200~2400
92 6,00 206, 00 2400-0600
92-60 8,00 214,00 0600-1400
60 2.00 216,00 1400-1600
60-50 2.30 218,30 1600-1830
50-33 1/2 5,30 224, 00 1830-2400
33 1/2 6.00 230,00 2400-0600
33 1/2-9 1/2 8,00 238,00 0600-1400
9 1/2 2,00 240,00 1400-1600

9 1/2-0 3.10 243.10 1600-1910
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Subjects
The panel of diver-subjects was composed of two former U.S. Navy Sealab aquanauts,
one of whom was a medical deep—sea diving technician, and a Westinghouse life support

group engineer with a background in commerecial diving.

SUBJECT AGE HEIGHT (IN.) - WEIGHT (LB.)
KC ' 39 69 ' : 170
FA 29 70 153
5Z 27 71 208
Procedure

Since the wet-pot water temperature served to control the temperature of inhaled gas,
all swims on a given day at a particular depth were at the same temperature, Each diver-
subject made at least one immersion run per full working day. Studies at 450 feet were
performed first, followed by compression to, respectively, 650 feet and 850 feet. Runs at

. 1,000 feet were conducted as excursion dive maneuvers from a saturation level at 850 feet,

When fully dressed, checked out and ready for entry into the coid water in the wet
pot the subject descended the ladder and then rigged it to function as an ergometer (described,
following). A swim (work) - rést alternation pattern was employed, as follows: dress and
enter water, 30 min.; rest and checkout equipment, 10 min.; resting ventilaiion measure-
ments, 15 min. ; light work, 20 min.; rest, 10 min.; moderate work, 20 min.; rest, 10
min. ; heavy work, 20 minutes. All measured and derived parameters were referenced to
the fina! portions of each of the four {rest and three work periods) activity levels. These
parameters were: inhale‘d gas temperature, exhaled gas (emperature, respiratory minute
volume, tidal volume, respiratory frequency, Inhaiation and exhalation flow rate, exhalation
pressure drop, mixed expired oxygen and carbon dloxide fraction, core temperature, skin

site temperatures, water and equipment cornbonent temperatures.

Water temperatures of exposure were approximately 35°F for runs at 450, 650 and 850
feet, 45 °F for runs at 450, 650, 850 and 1,000 feet, and 55°F for runs at 850 feet only.
Each combination of inhaled temperature-depth-activity level (ventilatory volume) was con-
sidered as a potential data point for respiratory heat loss. 137’ such data points were ob-.

tained during the effort,

2-4
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Breathing Gas Loop

The breathing gas supply was drawn from the main chamber atmosphere at a point about
6 feet from the carbon dioxide canister outflow and one foot above deck level, A positive dis-
placement vane pump (Gast Manufacturing Corporation model 0740-P112A) was employed.
The pump was driven by an explosion-proof, Dayton Manufacturing Company electric motor
{model 6K040) rated at 0,75 horsepower. Both motor and pump were mounted in a sound-
ahsorbing enclosure and the motor was continually flushed with dry helium. The gas stream
was filtered at the pump intake and output (Gast Manufacturing Corporation model B343B and
Wilkerson microalescer model 1206-4 filters, respectively). The filtered gas was pumped
from the main chamber to the wet pot through approximately 6 feet of 1, 5 inch polyethylene

hose.

Underwater in the wet pot the gas passed through a submerged cooling coil consisting of
25 feet of 0.5 inch internal diameter copper tubing, a water trap (Bastian-Blessing Company
model 8824) at the lowest point of the supply loop, three feet of 0.5 inch internal diameter
copper tubing and a 1.5 inch polyvinyl chloride tee-fitting to which a flexible hose and breath-

ing bag was attached.

The breathing bag (see Figure 2) which was inserted in the gas supply line to provide
sufficient demand volume for peak inspirations was an Ohio Chemical and Surgical Equipment
Company 5 liter rubber anesthesia bag (number 211-2800-100), The center of the breathing
bag was at the approximate level of the diver's chest, about two feet below the water surface.
It was secured there with a wire frame and rigid support. A flexible hose (Warren E, Collins,
number P-521, 1,5 inch internal diameter reinforced polyethylene) connected it to the breath-

ing loop and the gas supply.

The gas supply entered into the breathing gas circuit via a 1,5 inch polyvinyl chloride
tee-fitting where it was divided into streams flowing through an exhaust flapper check valve
and through a mushroom-type check valve to the mouthpiece breathing valve. The exhaust
flapper valve was a Sadd valve (Warren E, Colling no. P-303-1) and the mouthpiece check
valves were of the "V" type (Warren E, Collins no. P-315), A rubber mouthpiece (Warren
E. Collins no, P-530) was also fitted to the mouthpiece breathing valve body which had been
machined from a one inch internal diameter polyvinyl chloride tee-fitting, The inhalation-

exhalation thermistor protruded downwards through the vertical aspect of the tee-fitting with
2-5
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the thermistor bead itself exposed at a distance of 0,45 centimeters into the air stream. The
maximum protrusion of the protective guard wires was 0,96 centimeters, The thermistor
was located 2, 2 centimeters from the inhalation and exhalation mushroom check valves and
was at a distance of 5,2 centimeters from the cavity margin of the rubber mouthpiece, A
saliva trap was placed about 10 centimeters downstream from the exhalation check valve.

The mouthpiece breathing valve assembly was weighted with lead to maintain neutral buoyancy.

Suitable lengths of 1.5 inch internal diameter flexible hose conducted the exhalation gas
stream vertically up into the main chambker and through the mixed expired gas sampling de-
vice, the pneumotachograph head and the dry gasometer (see below), Finally, the flow
passed through the above-mentioned exhaust flapper check valve, This latter valve was on
the same rigid mount as the divers' mouthpiece and was s0 placed that its location was at the
divers chest level, Thus, the valve outlet was actually located about 2 feet below the water
surface level and the entire breathing loop was thereby maintained at a slight positive pres-
sure (about 1 pound per square inch pauge). A United States Gauge Company model 19693
pressure gauge at the pump outlet measured this pressure. (Also see Appendix 3).

~Volume, Flow and Pressure Measurements in the Breathing Loop

The dry gasometer was a Parkinson-Cowan type CD-4 which had been modified (Figure
3) so that the inlet and outlet gas flow connections were oriented horizontally instead of ver-
tically. The gasometer was fittec?l with a potentiometer and an electrical cutput correspond-
ing to revolutions cf the ten liter scale were obtai.ped and recorded on a channel of a Elec-
tronic Instrumentation Associates model 1910 recorder. The gasometer was compared to
standards at the Standardizing Laboratory at the Westinghouse Defense and Space Center,
Baltimore, Maryland, using shop air in the range of 5 to 50 standard liters per minute. The
uncertainty of measurement was reported as less than 0,5 standard liters per minute and of

voltage as less than 1 millivolt,

The flow measuring system included a Fleisch pneumotachograph size 3, a Honeywell
Accudata 113 bridge/DC amplifier and a channel on the Electronic Associates model 1910
recorder. The pneumotachograph was heated during operation. Gas temperature was monitored
upstream and downstream of the pneumotachograph head using Yellow Springs Instrument
Company type 421 thermistor probes, A Statham Instruments Inc. PM 97 TC-350 0,05 PSID

pressure transducer was used to sense pressure drop across the pneumotachograph tubules.
{Also see Appendix 4). 2-7
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Figure 3, Interior of Main Chamber, Showing Modified
Parkinson-Cowan Type CD-4 Gasometer,
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One side of a Statham Instrumernts Inc, PM 60 TC-350 0,15 PSID differential pressure
transducer was connected via a flush tap to the central! cavity of the mouthpiece breathing
valve, The other side, referenced to the same location on the external surface of the valve
body, was kept free of water by means of a trickle flow of helium from the same source
which supplied the pump and motor enclosure, This signal was processed with a Honeywell
Accudata 113 bridge/DC amplifier and recorded with the Electronic Associates model 1910

recorder,

Oxygen - Carbon Dioxide Analysis

Mixed expired gas was collected during the final minutes of each of the 139 immersion
tests, The gas sampling system (Fijgure 4) consisted of a 30 liter neoprene latex meteoro-
logical balloon (Warren E. Colling no, P-342-30) mounted inside a five gallon polyethylene
container. The gas sample bag inlet valve (Warren E. Collins no, P-321) was normally open,
allowing the gas stream to bypass the bag., During sampling the gas entering the bag displaced
gas enclosed within the surrounding rigid container into the breathing gas ioop, replacing the
sampled volume. The outlet tee-fitting from the polyethylene container was a 1.5 inch poly-
vinylchioride fitting, The polyethylene container was also modified with a transparent lucite
window for observing the degree of inflation of the enclosed balloon. Gas for analysis was
withdrawn via tygon tubing affixed to the sampling port of the inlet stop~cock valve, through
internal and external hull valves and fittings, A custom-manifold of needle valves, filters
and rotometer flowmeters was used to divide the controilled flow through a Beckman Instru-
ments Co. model E-2 oxygen analyzer and IR-315 carbon dioxide analyzer. Samples of this

mixed expired effluent were also collected for Scholander microgasometric analysis.

Inhalation and Exhalation Temperature Measurement

A micro-bead thermistor (Victory Fngineering Corporation type E31A401C) was used to
measure the temperature of regpired gas. The thermistor bead is about 0,005 inches in
diameter and is mounted on 0,00075 inch diameter wires, Its time constant in still air is
0.12 seconds. The time constant in helium at 30 atmospheres absolute pressure with a2 flow
of 100 feet per minute is 0,0102 seconds. Other characteristics of this thermistor are as
follows: resistance approximately 1600 ohms at 25°C with a temperature coefficient of -3. 2%

per degree C at 25°C; dissipation constant approximately 0,045 MW/°C in still air. The
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Figuré 4, Interior Of Main Chamber, Showing Rigid Container
for Mixed Expired Gas Collection Bag,
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I1-5-49 -



thermistor is mounted on a Victory Engineering Corporation TO-18 type header, and the
thermistor -header was further protected by means of a pair of guard loops of number 24
gauge wire which crossed and surrounded the thermistor at a distance of not less than 16

diameters,

The signal conditioning bridge was designed to produce an output of 0-20 millivolts di-
rect current for a temperature span of 0-40°C, Linearity was £0.4°C over this range and
was attained by means of the equal slope criterion and the linearity equation supplied by the
manufacturer, The maximum self heating error, despite the low dissipation constant of the
thermistor, was 0,1°C, A stabilized mercury cetl (Mallory RM-12R) was used to obtain a

congtant voltage source for the bridge. Variations were legs than +0,1%,

The recorder was a Texas Instruments Company, Servo/Riter IT model FS01N6B, and
provided a 6-inch gpan for 0-20MV DC, The chart was readable to 0,1°C, For a span step
response of 0,4 seconds the recorder accuracy was +0.25% and linearity was +0,1%. Re-

corder input impedance was matched to the load of the bridge,

Calibration of the complete system provided a correction curve which was applied to
the raw data, Based on combined time response accuracies, a total step response of not

less than 99.6% in 0.5 seconds was attained,

Thermistor mounting and location in the mouthpiece is described, preceding (see above),

concurrently with other components of the breathing gas loop.

Appendix 2 provides further engineering decumentation regarding the selection and use

of the inhalation-exhalation thermistor.

Other Temperafure Measurements

Skin site temperatures were obtained using Yellow Springs Instrument Company type

409 thermistors fastened to the divers with Band~Aid clear tape, as follows (Figure 5):

Thermisfor No, Location
1, - Head - on the neck below the hairline and behind
the right ear
2, - Arm - on the lateral surface of the right biceps
3. Czhels'it - just above the right nipple

1-5-30



Figure 5. Subject Being Qutfitted With
Thermistor Harness,
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Thermistor No. Location

4. - Back ~ on the surface of the right scapula

5. - Thigh -~ on the lateral surface of the right thigh

6. - Calf ~ on the lateral surface of the right calf

7. - Finger - on the medial surface of the right second

phalange midway between the tip and the first joint

8. - Toe ~ on the medial surface of the right large toe
midway between the tip and the first joint
10. - Forearm - on the lateral surface of the right
forearm

Mean weighted skin temperature was compited according to the methed of Teichner (25
Tmws = 1,5 (T chest + T back + T thigh +T calf/8 + T head/10 + T arm/14)

Additional temperature recording was done with thermistors placed in the following

locations:
Thermistor No. Location

9. - Rectum - inserted approximately 9 centimeters
beyond the anal verge

11, - in the wet pot water approximately at diver level
and 4 inches from the hull

12, - in the hot water umbitical flow 1 inch from suit
connection

13, - inside the suits, various locations

14, - on the gas pump heusing

15, - on the electric motor housing

16. - in the gas stream immediately prior to the
pneumotachograph

17, - in the gas stream immediately after the

pneumotachograph and prior to the gasometer

18, - in the gas stream immediately after the gasometer

2-13
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The precise location for the wet pot thermistor was found through prior investigation not
to be critical when the chiller pﬁmp was operating and circulating the water, Thermistor 12
was placed in the umbilical rather than switching it among the various suits, The function of
thermistor 13 was to establish an exit temperature for the hot water leaving the suit, Ther-
mistors 14 and 15 were used as safety monitors in the event the pump or motor began to fail

and overheat.

Yellow Springs Iﬁstrument Company series 400 probes weré employed for these meas-
urements, The bridge was designed using linearization criteria and computer data process-
ing in the same manner as the inhalation-exhalation thermistor bridge. Because of the higher
dissipation congtants of these probes an output of 0-40 millivolts DC was provided for a range
of 0-40°C, Probes used to measure skin temperatures, gas temperatures (other than re-
spired gas) and water temperature (YSI type 409) have a time constant of 1,7 seconds in
stirred water. The rectal probe, YS! type 401, has a time constant of 7 seconds in stirred

water.

A Hewlett-Packard model 2900D scanner selected the thermistor to be monitored and
connected it to a digital voltmeter (Hewlett-Packard model 3460D), This provided a visual
output and a signal to a Hewlett-Packard model 5050B digital pr'mtér which printed the tem-

v

perature in 4 digits on a papei' tape.

Calibration for Temperature Measurement

An Anschutz fractional degree, precision grade,. Centigrade thermometer, range -12 to
61°C, certified by the National Bureau of Standards, and accurate to 0, 2°C was used for
calibration checks before and after the dive, Overall steady state accuracy of the thermistor-

recorder gystems after adjustment for calibration was within 0.3°C. .

Ergometer

A spring-and-weight trapeeze ergometer was deploye(i underwater in the wet pot and
provided the means of achieving serially increasing ventilatory volumes in response to the
swimming work efi‘orts thus applied. Since ventilatory volume, rather than simulated speed
at thrust output was'the parameter of interest, the assembled ergometer was not calibrated

in units of work or work eguivalents,
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The variable, which was displayed to the swimming diver (Figure 6) and to topside
(Figure 7) was displacement, A pointer, fastened to the ladder-trapeeze at thediver position,
wag gituated several inches from the prone diver's face and indicated position in inches from
the wall. A light cable directed vertically across a porthole, counter-weighted and with a
pointer displayed the trapeeze position to topside supervigors, The movement of the ladder-
trapeeze, as the diver pressed against the horizontal swim bar, was from a vertical, i‘ree—
hanging position to a small angle where the base of the ladder contacted the chamber hull,
The zero position was thus established at this hard-into-the-hull position, and displacement

was marked in inches from the hull at the swim bar, 29 inches from the pivot,

The weight and spring loadings were applied at a greater distance, 41 inches from the
pivot, thus causing an amplification of (41/29 = 1,41) force to the diver. For this application
5 1bg. of lead divers' weight-belt weights were used in a reverse pull arrangement ({see
Figure 8). A spring (K=1 Ib, /inch) was mounted at the end of the trapeeze to provide an in-
crease in load such that it was the maXimum at maximum displacement from the vertical.
The operating range was thus measured from the hull, beginning with an arbitrary zero in
that position and the load decreased as the distance from the hull increased., The divers
were thus swimming against a force that was a combination of the amplified weight loading
and the horizontal compenent of the gpring, It was felt that the divers could better regulate
their swimming thrust output by working against an increase in load over a short displace-
ment, In operation, the divers swim at a rate to displace the ladder to markings on the

indicator,

Suit Description

The suits worn during all tests were free flooding hot water suits style Diving Unlimited
Mk XAD. The suit is of one piece construction which includes torsc, hood, arms, and legs

sections. Boots and gloves are worn as separate items. The suit is a nominal 1/4 inch

neoprene foam with nylon on each side.

Hot water enters the suit at a manifold block on the right hip, from which it is directed
into six outlet tubes. One tube leads to each of the arms and legs, one to the front of the

body, and one to the back and head (Figure 9), Each tube has exhaust ports which vary in
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Showing Ergometer
splay Device,

Interior Of Wet Pot

And Diver D

Figure 6,
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Figure 7. Interior Of Wet Pot, Showing Ergometer
and Topside Display Method.
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size according to regional body hot water requirements. Soft flexible tubes extend beyond
‘the wrists and ankles, and feed water to the hands and feet. The water exits the suit at the

wrist, ankles, and neck in undetermined proportions.

Approximately 1/2 in_ch of clearance ig required between the suit and the diver's body
for efficient circulation of the hot water, Diver subjects were measured and suits ordered
which would provide adequate clearance after a 5% shrinkage with compression, A nominal
1/8 inch neoprene foam suit consisting of pants and jacket was worn under the free flooding
suit.

The suit manifold block consists of three valves for regulating the amount of umbilical
water flow into the éﬁit, to the front of the body, and to the baqk and head, respectively. Dur-
ing the test swims the valves were maintained in full open position, Hot water flow into the
suit was maintained at 2. 0-2, 25 gallons per minute and inlet temperature to the suit at 105-107"F
for ‘the_ 450 and 650 feet runs a.n{:*l at 110 T f;:!r the 850 and 1600 feet runs. These water flow rates
and temperatures were controlled topside.

Calculation of Respifatory Heat Loss

Heat lost from the respiratory tract due to heating and humidification of the breathing

gas can be calculated using the following equation:

Qp = Vg Pg Cpg (Te-Ti) + Vg Pg hf'g (We-Wi) . (1)

Q, ~ reépiratory heat lf’ss’ Btu/hr.

Vg = Respiratory rate, £t3 /hr,

pyg = gas density, bm/ft3

Cpg = gas specific heat, Btg/lbm °F A
Te = temperature of expired gas, °F

Ti = temperature of inspired gas, °F

hfg = latent heat of vaporization, Btu/lhy,

We = humidity ratio of expired gas, 'lbwflbg
Wi = humidity ratio of inspired gas, 1}:|W/lbg

Ib,, = pounds of water vapor-

lbg = pounds of dry gas
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The first group of terms, Vg pg Cpg {Te-Ti), is the heat required to raise the tempera-
ture of the inspired gas to the expired temperature, and is known as sensible heat, The
second group of terms, Vg pg hfg (We-Wi), is the heat required to vaporize the water which

is added to the gas from the respiratory epithelium and is known as insensibie heat,

The humidity ratio, W, can also be expressed as a ratio of the products of the molecular

weights and partial pressures of the water vapor and dry gas,

My0 Pryo0
W= and, 2
8 g
MH o (PH o - PH 0.)
. 2 2 e 27i
We-Wi = M 3)
E "8
Where
M = molecular weight of water vapor
H20
Mg =  molecular weight of gas
PH 0 = expired vapor pressure, psi
27 e
P =  inspired vapor pressure, psi
H, O,
274
Pg = pressure of dry gas, psi

To utilize the gquick response of the computer system (Univac 1108 and teletype terminals),
and to facilitate computer program writing and debugging basic language), equation (1) was

rewritten into three parts (1) sensible gas, (2) sensible water vapor, and (3) insensible water
vapor: ) 2)
QI‘ = Vg Pg Cpg‘(TE-Ti) + vg Pg Wi Cszo(Te_Ti) +

(3)

V, P, M (P -P, )
by Ve Pg H,0 “Hy,0, ~Hy0
4)
M
g Fg
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The composition of inhaled and exhaled gas was calculated using measured values for

oxygen and carbon dioxide.

The nitrogen component of chamber atmospheric gas was estimated at 1.11 atmospheres
absolute partial pressure. This was based upon an initial pressurization to 15 feet using
air. This resulted in an oxygen partial pressure of 0.3 ‘ata and a corresponding nitpogen
partial pressure of 1,2 atd, During the dive the provisioning lock was pressurized using
helium resulting in a loss of 0.4 ata nitrogen for the volume of gas in the l-ock. Make-up gas
for the chamber was 100% helium., A main chamber atmosphere gas sample obtained on the
fi_rnal'day at 850 feet showed an oxygen plus nitrogen percentage of 5,28%. Since chamber
atmosphere oxXygen composition was 1,12%, the nitrogen compogition was 5 28-1,12=4,16%,

and, at 850 feet, the nitrogen partial pressure therefore was 1, 11 atmospheres absclute,
The density of the expired gas was calculated using:

(P.-P. . )144
¢ "Hy0,

pg = —————— )
Te Re

in which the gubscript e stands for eXpired values, and Re is the exered gas constant which

was calculated as follows:

+
%0, M 0, o2 #CO, Mco co N RN + BHe My H_ RHe
R, = : 6)
%0_M_ + %CO,. M M +%N M +%HeM
2 Mo, 2 Mco, "Nz My, He

The expired gas specific heat is:

o, cr, %COZMCO p +%N, M Cpy +%He M

o, 2N, p He
Cp = < (M
e %0, Moz, +%CO0, MCO2 + %N, Nng +%He M

%02 Cp He

Eguations (6) and (7) convert volume percent to mass fraction,

The latent heat of vaporization was taken as 1045 Btu/1bm, corresponding to a vapori-

zation temperature of 85°F.

Equations (8), (9), and (10) for specific heat of O, Cdz, and H,0 as a function of

temperature were taken from Van Wylen (30). These equations were determined
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for one atmosphere of pressure, and although they will change with pressure the overall
effect on the specific heat of the gas mix is small:

Cp, = —315 11.515 - =2 =+ —15,?0 } (8)
2 JT
3 6
1 6.53+ 10 1,41 - 10
= ——— 2= + 9
CPoo = 7301 (6.2 T 2 )
2 T
CpH 0 = '.E](')TG (19. 86 - 5—97 + :@9- ) (10)
2 e JT

A similar equation was given for nitrogen, but values calculated for low temperatures
did not agree with corresponding values from other sources. Assuming a constant value of
0.247 Btu/1bm°F results in an error of less than 1% for the nitrogen fraction, or 0.04% for
the mixture. The specific heat of helium is essentially constant at 1.24 Btu/1bm°F.

Since expired volume was measured with a dry gasometer a correction was made for

the difference between the gasometer temperature and the expired temperature.

Vapor pressure was calculated using the formula for saturation pressure versus

temperature from Smith, Keyes and Gerry (25):

218,167 _ X [ 3.2437814 +5.86826 10> X +1,1702379.10 X°
log,y 5.~ =T (1)

H,0 1 +2.1878462.107°%

2
where X = (647.27-T), °)K Pisin mt. atm,

The computer could not solve this directly and an iteration procedure was used.

Units of the British Technical System were uged for this calculatjion because of the
abundance of data in engineering texts and refe'rences. Once heat loss is calculated in
Btu/hr multiplying by 0.292833 converts the ‘answer to ﬁ'atts, and mutiplying by 0,253
converts the answer to Kcal/hr, Similar conversions could be applied for density or

specific heat if required.
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The following assumptions were made:

1.

3.

4,

Ideal gas laws apply for individual gases and ideal solutions are formed at every
temperature and pressure. No data wexe found for thermodynamic properties of
helium-oxygen mixtures and especially not for mixtures of helium-oxygen-nitrogen- ~

carbon dioxide-water vapor.

Inspired gas-is saturated at the inspired temperature. The temperature in the
chamber was approximately 90°F and the relative humidity éstim_ated at 50-80%.
The resultant dew point was well above 55°F, the temperature of the warmest

inspired gas,
Expired gas is saturated at the expired temperature.

Expired temperature is the mean expired temperature.

The complete computer program for calculating respiratory heat loss is included in

Appendix 1.
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SECTION 3

RESULTS

Respiratory Heat Loss

The I37 sets of measurements and the computed magnitudes of respiratory heat loss
are listed consecutively, in Table I, in the order in which the data was obtained. Three
sets of data are missing because the exposures were aborted voluntarily by the divers.
The data number indicates the sequential data point in the total experiment and the run
number indicates a diver-subject in the water. The next two columns index the data by
depth in feet of seawater and by nominal water temperature in °F, TI and TE denote
inhalation and exhalation temperature, respectively. Respiratory minute volume (RMV)
is in liters per minute (BTPFS). These values are slightly higher than the measured
volumes exhaled, due to the correction to 37°C. Values of respiratory heat loas (RHL)
were calculated using the respiratory minute volume at exhalation temperature. That
portion of respiratory heat loss due to vaporization of water is shown as insensible heat
loss in Keal/hr, The final three columns are respiratory heat loss in units of Keal /hr,
Btu/hr and Watts,

Table I shows the essential components of the heat loss equation previously explained.
The notable exceptions are the densities and specific heats of the breathing gases. Since
these are relatively constant for a given depth, typical values are included below for the
helium-oxygen-nitrogen-carbon dicxide mixes exhaled:

Depth p Cp P Cp

{feet) (lbm/fts) (Btu/lbm—°F) (Btu/ft —°F)
450 .292 .684 .199
650 .391 .715 .280
850 .491 .731 .358
1000 .565 .135 . 415

Respiratory heat loss in Keal/hr is illustrated as a function of respiratory minute
volume in figures 10, 12, and 14. Yigure 10 shows the calculated values derived from
data acquired during the aswims in 33°F water at depths of 450, 650, and 850 feet. Since
the exhalation temperature did not vary significantly with depth, and the gas mixture was
constant for a given depth, the reiationship between RHL and RMV was expected to be
linear. The magnitude of heat loss for a given RMV will be proportionsal to the density and
gpecific heat of the gas mixture. This can be seen more clearly in Figure 11 which is the
least squares regression for the data at each depth, The difference in heat capacity of the
gas respired at 450 feet and at 650 feet is approximately the same as the heat capacity
difference between the gas at 650 feet and 850 feet. This is seen in the regression co-
efficients for the different depths.
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Figure 12 presents respiratory heat loss:as a function of respiratory minute volume
for data taken during swims in 45°F water. All data runs at 1000 ft were in 45°F water
and these results are included in this figure, As anticipated,- the difference between the
slope of the 1000 ft data regression and the 850 ft data regression is less than slope
differences for the cther pairs of depths. The regression coefficients are shown in
Figure 13. . -

Results at 850 feet are seen in Figure 14, The influence of changes in water (inhaled)
temperature is also shown in Figure 15 (regression coefficients for RHL-at 850 ft).

The insensible heat loss due to vaporization of water in the respiratory tract ranged
between 5 and 26 Kcal /hr. This is plotted as percent of total respiratory heat loss
{Figure 16). - The respired gas was saturated at.the inhalation temperature and assumed
to be saturated at the exhalation temperature,; which was considerably less than body core
_ temperature, The variations in insensible heat loss with inhalation temperatures can be
seen in Table I. Because the ranges of the different temperatures overlap considerably, '
the median and extreme values are marked for each depth. - '

Exhalation temperature as a function of inhalation temperature is shown in Figure 17.
The exhalation temperature does not vary appreciably with depth and the total regression
equation is TE = 22 + 0:649 TI, Figure 18 shows the inhalation-exhalation temperatures
at 850 ft. . . .

The mean respiratory minute volume for each diver-subject run was determined by
dividing the total measured exhalation volume by the total elapsed time of the run. Since
mean values of oxygen uptake and mhalatmn-exhalation temperature difference were
required it was necessary to determine weighting factors for each of the four measurement
periods, and for the rest periods during which no measurements were taken, The best
correlation between measured mean RMV and the mean RMV calculated using weighting
factors was found when the mean respiratory volume for the second and third rest pericds
equaled the respiratory volume for the light work period. Table II lists averaged
measurements calculated using this weighting technique The first three columns index
the exposure, according to run number, depth in feet and water temperature in °F and °C,
Average & (TE-TI) is listed in column 5. The next three columns show the thermal
imbalance of the diver's body as indicated by change in temperature, An average total
body temperature is calculated using one third of the mean weighted skin temperature
(T'mws) and two thirds of the rectal (core) temperature (Tr) (Burton, ref. 7 }.- The
change in total body temperature then becomes AT, = 1/3 ATmws + 2/3 ATr. The change
in Tmws is listed in column 6, the change in Tr in column 7, and the change in Ty in
column 8, The last two columns show the mean'respiratory minute volume (L PM, BT PS)
and mean respiratory heat loss in kilogram-calories per hour,

Body Heat Balance

The mean weighted skin temperatures for each diver exposure are presented in
Table III. These were calculated according to the method of Teichner, described earlier.
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TABLE I

Results Of Respiratory Heat Loss Calculations

LDATA RUN DEPTH TW Tl TE KMV  INSEN @Q RHL | RHL HHL
N ND T F c C LPM KCAL/HR KCAL/HR BTU/HKR WATTS
1 1 450 45 Tsl 245 11.2 5 40 159 A
2 | 450 45 6o 2348 2061 9 71 P79 B2
3 | 450 45 Ge7 2445 22.8 11 83 329 96
4 1 450 45 6.5 23.8 35.1 16 124 489 143
S 2 450 45 €e3 23.0 15.8 7 54 214 63
6 2] 450 45 6e3 23.8 23.5 11 85 334 98
7 2 450 45 6.1 23+.8 2645 12 37 382 112
1 2 450 45 6a1 23.8 2B.4 13 103 407 119
g 3 450 45 5.9 257 22.0 12 20 356 104
10 3 450 45 59 276 277 18 125 495 145
i1 3 450 45 5.9 2640 346 19 143 567 166
12 3 A50 45 Se9 2640 4446 25 184 729 213
13 4 450 3as 2.1 22.3 Tel 3 29 114 a3
14 4 450 35 2e3 2348 14.8 g 64 254 75
15 4 450 35 2.3 24.5 29.0 16 130 512 150
16 4 450 35 2e1 2640 4241 26 203 802 23s
17 5 450 35 1e7 2640 1441 9 71 279 #2
18 5 450 35 1«7 27.6 1741 i2 91 361 106
19 5 450 35 1+9 2640 1841 il 89 353 103
20 3 450 as 1.9 26.0 23.9 14 118 467 1374
21 ) 450 35 2el B2le5 24.0 10 93 3£9 108
22 6 450 35 Pel 2048 30.5 12 115 454 133
23 6 450 35 2¢1 20.8 32.5 13 122 463 141
24 6 450 35 1«7 23.8 3643 18 162 641 138
29 7 650 3s 1+9 238 1147 6 70 279 g2
26 T 650 35 et 2445 1945 10 119 468 137
27 7 650 35 1.7 2445 35.5 1y 2z2 B9 258
28 7 650 35 2el 25.3 39.1 22 250 988 269
29 3 650 35 2e3 23+B 1648 8 99 392 115
ao 3 650 3s 3.0 223 20.5 9 108 429 126
31 3 650 as 3.4 21.5 23.1 9 114 452 132
32 8 650 as 3.0 23.0 265 12 146 576 169
33 9 650 35 2.6 26.0 14e1 8 91 361 106
34 g &50 3s 2¢6 26.0 22.8 14 146 585 171
35 g 650 as 2.l 25.3 28.0 i6 178 704 206
36 b 650 35 2.6 2445 34.4 18 207 B1g 239
37 10 650 45 6T 2640 g2 5 50 197 58
g 10 650 45 Tel 25.3 1746 9 89 353 103
39y 10 650 45 Ge3 2640 29.2 16 159 627 164
40 10 650 45 Te¥ 28B40 40.3 25 228 900 263
41 11 &50 45 S«9 2746 136 9 83 327 36
42 11 650 45 6eT 260 18.5 10 100 394 116
43 11 650 45 GaT 260 1941 10 104 410 120
44 11 650 45 6.3 26.0 24.6 13 135 536 157
45 12 650 45 6e7 26435 1840 10 101 400 117
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DATA.
N3
46
a7
445
4y
50
51
52
53
o]
55
56
=¥}
o334
59
€0
&1
62

Y
)

RUN DEPTH
N3 FT
12 650
12 650
12 650
13 850
13 850
13 850
13 850
14 850
14 350
14 850
14 850
15 850
15 50
15 850
15 650
16 850
16 850
16 8BS0
16 550
17§50
17 850
17 850
17 850
15 850
16 850
15 #50
18 850
17 1000
19 1000
19 1000
19 1000
20 1000
20 1000
20 1000
20 1000
21 1000
21 1000
21 1000
21 1000
22 850
22 550
22§50
22 850
23 - B50
23 550

T

F
43
45
45
55
55
35
S5
55
55
55
55
55
55
25
5%
45
45
45
45
45
45
45
45
a5

45
45}

45,
45
a5
45
45
45
45
45
45
a5
45
45
45
35
35
35
35
35

‘3%

TI
e
6+9
6.7
Te7
125
127
13.0
12+5
127
13.0
13.0
13.0
123
1243
127
1247
Ted
Te1
Ted
Telb

[ AT ANAN SN AR RPN I, . R B R
ST OMNNOON = L )= haND

® & 4 % & 5 & ¥ & 8 v ° ® =

TABLE I

TE

c
2746
26.8
2640
254

284

2P a2
29.2
2Hed
27. 6
28+ 4
28. 4
292
28«4
28+ 4
292
2640
276
27+ 6
27« 6
276
268
2648
26.0
28e 4
284
27.6
26.8
26.8
276
264
28«4
264
2640
2648
260
2Beq
27« 6
28+ 4
2B« 4
26.0

‘26.0

26.0

2640 .

26.0
253

RMV
LPM
24.7
30.2
36.4
d«2
1645
277
337
12.5
20.7
221
24+ 4
153
22.2
22«6
2445
11.0
25+ 6
34.38
39.1
167
28.0
318
34.8
19.5
280
35.0
36.0
11.1
18.4
30.3
J4.0
153
25+0
28.8
28«5
19.9
26.8
29.2
36+ 4
Bed
1345
20.7
28. 6
175
0.4

3-4
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INSEN @  RHL RHL
KCAL/HK KCALZHR BTUZHR
15 144 567
17 170 673
19 186 736
5 47 186
9 92 366
16 160 634
20 200 792
7 71 279
10 109 430
12 123 485
13 135 535
g 93 369
12 129 510
12 128 507
14 147 581
6 70 278
15 181 714
21 248 979
23 278 1098
10 120 475
16 193 761
18 219 864
18 234 924
13 147 562
18 213 842
21 248 979
21 254 1004
6 8y 354
11 152 600
20 265 1047
22 290 1146
9 120 475 -
13 191 755
16 2ai 913
15 216 855
13 177 695
16 225 891
19 254 1005
23 316 1250
5 67 263
8 109 432
12 165 654
17 228 901
10 139 550
17 236 933

Results Of Respiratory Heat Loss Calculations (Continued)

RHL
WATTS
166
197
216
55
107
186
232
B2
126
142
157
108
149
143
170
81
209
287
321
139
223
253
271
170
247
267
294
104
176
307
336
139
221
26
250
205
261
274
366
77
127
192
264
161
273



TABLE I

Results Of Respiratory Heat Loss Calculations (Continued)

UATA RUN DEPTH TW TI TE RMV  INSEN @ RHL . RHL RHL
N2 N3 FT F c c LPM KCAL/HR KCAL/HR BTU/HR WATTS
J1 23 550 as 3.0 26.8 41.0 26 341 1347 394
92 23 8ol 35 o +0 «0 Q o 0 0
23 24 850 35 247 7«6 196 i3 172 679 19
24 24 850 33 2.7 26.8 311 19 262 1035 303
92 24 350 35 el Zoel 3Bl 2z 305 1207 353
725 850 35 2.7 26.0 «0 6 Ha 324 25
25 23 850 a5 3«4 253 15.7 9 121 477 140
99 25 850 35 3+2 2640 23.0 13 183 722 211
190 25 850 35 2e6 26.0 29.0 17 237 935 274
101 26 850 35 247 25.3 21.0 iz 165 652 121
122 26 8350 35 3.0 25.3 24.5 14 190 752 220
103 26 850 35 32 253 32.7 18 252 996 292
104 26 850 35 3.2 2%.3 36.5 20 z61 il 325
10s 27 850 35 2e7T 2T7¢6 2248 15 200 788 231
106 27 850 35 Je2 27«86 35He4 23 303 1197 350
7 27 850 35 3«4 2683 4147 26 341 1349 395
10 27 850 35 0 -0 T«7 Q 8] 0 0
109 28 550 35 Jel3 2640 133 4 60 237 6Y-
1o 28 850 35 3.0 25.2 «0 7 104 411 120
i1 2% 850 35 Je2 26.0 2146 13 172 679 199
e 2% 850 35 3:0 2640 3445 20 276 1032 320
113 2y %50 35 3.4 260 24.4 14 191 755 221
114 23 310 3% 3.2 25.3 24.3 14 187 739 216
ity 29 850 35 32 2543 317 15 243 959 281
116 29 850 as 26 2445 377 20 286 1130 331
117 3¢ 850 35 3«2 2648 13.3 & 110 433 127
t1g 30 8350 35 3.0 R26€.0 24.6 14 197 778 228
119 30 8350 35 3.0 26.8 28.7 18 239 44 297
120 30 850 35 30 2604 3JTe7 23 307 1212 355
i21 31 850 45 T+9 2746 47 3 a3 132 32
122 31 850 45 Te9 268 11.9 1 80 315 92
123 31 850 45 Ted 26«3 18.8 10 125 495 145
124 31 850 45 Ted 26ed 2144 12 145 575 1é8
i2zs 32 850 45 Te3 2B8Be4 93 6 75 295 K6
126 32 850 45 Tel 2648 194 11 138 544 159
127 32 $50 45 Tel 26e88 2407 14 172 879 199
125 32 330 45 Ted 27e& 299 18 213 841 246
129 33 850 35 3e0 2543 Be5 S &6 262 17
130 33 550 35 3.0 2543 17.2 10 133 5246 154
131 33 850 35 3.0 26.0 25.8 15 207 819 240
132 33 850 35 3.0 2640 30.7 18 246 973 2865
133 34 850 35 3«2 2640 150 9 120 474 132
134 34 850 35 3:2 253 25.0 14 192 758 222
135 34 550 35 3+2 2543 21.+5 12 165 653 191
3-5
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TABLE I

Results of Respiratory Heat Loss Calculations (Continued}

DATA RUN DEPTM Tw  TI  TE  RMV INSEN-Q  KHL RHL  RHL

N3 ND FT F G c -LPM KCAL/HR KCAL/HR BTU/HR- WwWATTS
136 34 850 3% 3.2 25.3 28.l 15 217 856 251

137 35 50 . 35 2.6 27.6 16s1 1 141 559 164

135 35 850 35 340 26,0 266 16 213 g4z 247

139 35 850 35 3.2 26,0 35.6 21 282 1115 327

140 35 850 35 3.0 25.3 42.7 25 342 1350 395

NaW AT 130 ]
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Figure 10. Water Temperature 35°F: Respiratory Heat
Loss As A Function Of Ventilation During Data
Runs At 450, 650, and 850 Feet.
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Figure 1l. - Water Temperature 35°F: Regression Lines For
Respiratory Heat Loss As A Function Of Ventilation
During Data Runs At 450, 650, and 850 Feet.
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Water Temperature 45°F: Regression Lines
For Respiratory Heat Loss As A Function Of
Ventilation During Data Runs At 450, 650, 850
and 1, 000 Feet.
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Figure 14.

Depth 850 Feet: Respiratory Heat Loss As A
Function Of Ventilation During Data Runs At
Nominal Water Temperatures of 35°F, 45°F and
56°F.
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Figure 15, Depth 850 Feet: Regression Lines For Respiratory
Heat Loss As A Function Of Ventilation During Data
Runs At Nominal Water Temperatures of 35°F, 45° F
and 55°F. '
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TABLE II

Averaged Parameters Of Respiratory Heat Loss

And Thermal Balance For Each Immersion Exposure.

Depth
Ft

450
450
450
450
450
450
650
650
650
650
650
650
850
850
B50
850
850
850
1000
1000
100¢
B50
B850
850
850
850
850
850
850
850
850
850
850
850
850

T Water

°C

7.2
7.2
7.2
1.7
1.7
.7
1.7
17
1.7
7.2
7.2
7.2
12.8
12.8
12.8

7.2 .

7.2
7.2
7.2
7.2
1.2
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
7.2
7.2
1.7
1.7
1.7

RMV-AVG RHL AVG

TE-TI AT AT AT
AVG°C MWS°C BRectal °C Body*C LPM ' Keal/hr
17.3 40,27 xx xx 22.4 80
17.5 -0.38 -0.44 - .42 '+ 23.9 a8
20.7 -1.29 =-1.66 =1.53 31.2 136
21,9 -2,02 -0.32  -0.88 22.1 102
24.9 =1.56 —0‘. 81 -1.04 18.1 93
19.5  -2.20 -1.61  -L80 31.0 123
22,4  -3,22 -0.73 -1.55 25.4 161
19.5  -2.51 -0.49 - .90 21.6 116
23,0  -1,57 -1.44  -1.48 24.5 158
1.0 - .73 =0.31 -6.45 23.0 127
19.8  -2.20 ~0.53 ~1.00 18.8 105
20,0 ~2.14 =1.21 ~1.52 26.;5 151
6.0 -1.22 -3.50  ~0.74 20,7 122
15.1 =2.01 =-{.81 -1.21 20,2 111
16.2 =0.85 -0, 80 -0.82 21.6. 127
19,7 -3.29  ~0.47 -1.48  , 27.3 198
19.5  -1.83  -0.89 =120 2.7 185
20,9 -1.82 -0.93 -1.23  28.9 219
20,5 =-2.24 -0.46 —1.05‘ 22,5 195
9.1 -1.48 -0.94 -112 24,5 194
21,1 -1.87 -0.94 -1.25 27.4 243
22.9 +0,84 =0.46 -0.59 17.1 139
22.6 =-1.66 -0,71 -1.03 29.9 246
23,7 -0.87 -1,52 -1.23  29.8 254
22.6 -1.35 -0.62 =-(.86 18.8 i52
22.3 2,11 -1.00 -1.37  27.5 218
24,0  -1.96  -1.12 -1.40  33.4 291
22.5 -{.80 =-0.91 -0,87 18.3 143
22,1  -l.44  =0.65 -0,91  27.9 220
23.3 -0.33 -1.21 -1.90 25.7 215
19.1 -0,61  -0.59 -0.60 14,0 96
20,0 -1.16 =0.70 -0.85 20,9 151
22,6 -2.41 -1.14 -1.56 20.0 162
22,2 -1,52 -0.82 -1.05  22.8 180
23.1  -2.46 -1.55 -1.85  29.7 243
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RUN DEPTH
NOQ. FT
1 450
2 450
3 450
4 450
5 450
6 450
7 650
B €50
9 650
10 €50
11 €50
12 650
13 850
14 850
15 850
16 £50
17 650
i8 650
19 1000
20 1000
21 1000
2e 850
23 850
24 850
25 850
26 8s0
27 850
28 850
29 850
30 850
31 850
3z 850
33 850
34 850
NOF AT 540
15: 51
HADY

45
45
55
55
55
45
45
45
45
as
45
as
3s
as
35
3s
35
as
35
3s
45
45
as
35

TABLE III

Time Sequence For Mean Weighted Skin Temperature

LIGHT MEDI M HARD
REST WORK REST WORK REST WORK
1 2 3 4 5 € 7

B8+l 90.2 B7.9 89.0 B8.9 8B.1 B8.6
3.9 95.7 919 92.7 92.0 91.2 93.2
Ofedd 923 9leb 91e3 9243 917 9241
93.5 93.5 90.3 90.7 B89.9 89.7 B9.8
G4el 9548 93e4 939 91e3 91.5 91.3
938 93.1 91ed4 918 90e2 915 B9.9
93.7 91.0 B9.0 91.5 89.2 90.0 87.9
GEeS 94e6 92:7 93:8 93e3 946 917
96sl 9649 95.5 9&:T7T 4.9 95.6 93.2
93:.7 938 9led 92.2 92.5 93.6 92.4
Q4.2 94T 924 9340 9148 93.1 903
5.8 95.3 92.4 925 98.3 94.3 92.0
Q4.0 94al 93.3 94«2 92.7T 3.3 9G1.8
939 92.3 90.1 91.0 90.8 9l.1 90.2
9T7+0 992 9666 9846 96¢9 9845 9544
96l 92u5 Q0«7 9142 B89.5 91+2 90.5
Q2.8 90.6 89«3 92.0 HBlsl 92.2 B9«¢
94¢3 955 9246 95.1 91.2 93.5 91.0
9941 9840 95:8 974 95.7 9€ 4 95.1
FE.,0 95.8 9342 94e 6 92.9 94,0 9244
95,6 98.8 95.2 95.2 92.9 94.1 92.2
92«1 9403 92+ 6 9342 95.0 9548 93.6
94.5 92.4 93+6 915

91.9 92s3 BB.2 B89+2 90.3

93.9 92.5 93.4 92.1 92.8 92.9 9l.5
93«6 Y9621 93.0 95.4 9346 91e3 BHI9.8
93.9 94.2 90.9 91.8 90.3

94-8 9505 93. 6 930? 93'2 92- 3 93-“
93e3 914 908 9G0e¢e3 9046 906 907
94el 9643 94:2 948 925 945 935
953 968 9425 GE«T 95«1 9546 942
976 9943 97«9 1003 GE«&f 98.5 95. €
976 9702 950 952 94s2 94e 6 933
93.8 9148 Gla5 91+s0 952 9ls1 91l

RAN 0 MINS 0.75 S5ECS
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MEAN
™WS
F C
8843 31.3
93.5 34.2
93«2 34.0
91.7 33.2
92«7 337
91.8 33.2
90.7 32+ ¢
94.1 34 5
9447 J4.8
93.1 33.9
92.2 3A3.4
93.9 34.4
92.9 33.8
92.1 334
F6el 35e€
93+4 3441
91.2 32.9
92.7 33.7
97.1 36€.2
93.7 3443
G3.9 3444
92.8 33.8
93.0 33.9
9l.1 32.8
2.7 33.7
Fle7 332
98.1 33. 4
4.1 34.95
92.0 3343
93.8 34.3
4.7 34.8
96+ & 359
95.4 35.2
92«3 33+5



Oxygen consumption and carbon dloxide production were computed from the inhaled

" and exhaled gas-composition and the exhalation volume, Oxygen consumption (ST PD)is

shown as a function of respiratory minute volume (BT PS) in Figures 19-22. -The reasons
for the scatter of this data at 850 feet are not evident. Carbon dioxide production (STPD})
as a function of respiratory minute volume (BT PS) is plotted in Figures 23-28, The data
at 850 feet, Figure 26, is again completely random, Without the 850 feet data there is a
trend; VCO, = .045 RMV (Fig. 28). Figures 29-33 are plots of oxygen consumption-
carbon dlo:d%e production, The 850 feet data (Fig. 32) which was scattered for both VCO
and VO_ appear to correlate along a line of VCO, = 0.9V0_. This correlation liné also
appears to be the best representation of the tot312 data shown in Figure 29,

QOther Ventilatory Data

Tidal volumes, resplratoryfrequency, inhalation and exhalation pressure drop and
exhalation peak flow rate as well as VOZ, VCOZ, and respiratory exchange ratio are
presented in Table IV. NeIther pressure drop, flow, nor respiratory resistance during
exhalation appear to vary consistently as functions of depth (density) or inhalation temper-
ature, The applicability of pneumotachography to diving research is the subject of .
Appendix 3. '

'Subjective Effects of Breathing Cold Hyperbaric Gas

The following paragraphs and Table V, are from the test subjects’ reports, and are,
in fact, directly quoted (author: subject S5Z). :

"The respiratory heat loss effects reported here are those noted by one test subject,
myself, and partly those reported or observed from the other two test subjects. The data
summarized in Table V are from 850 feet, 35°F water dives of May 12, 14, 15, 16, and
18, 1971. Factors which affected the heating and cooling of each test subject were the
ability of the inner-and outer wet suits to heat the subject and the level of muscular activity
of the subject, These factors are discussed below. Both the sequence of appearance of the
effects of respiratory heat loss and the magnitude of these effects were consistent in
several of the experiments, despxte variations in heating from the wet suits and in work
rates used. :

"Early in the experiments, loosely fltting inner wet suits caused cold skin areas on
all the test subjects and inadequate hot water circulation from the outer wet suit caused
cold skin areas on two subjects, FA and KC, throughout the experiments. Table V shows

- a correlation of cold skin areas with early onset of shivering, usually within the first few
minutes of the first rest period. The third subject, myseif, noted fewer cold skin areas
and had a later onset of shivering. These data indicate that the onset of heat loss effects
is somewhat dependent on external heating.
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"Another effect of the inadequate circulation of the wet suits was that the feet and
hands hecame cold if they were not in at least intermittent movement. Thus, the rest
periods were actually periods of activity of about 30-50% of work rate 3 (lightest effort).

"Where heating from the wet suits was sufficient, the onset of chest muscle shivering
occurred during either work rate 3 or the second rest period, Work rate 3 was a very
light work rate, requiring only a slow, easy kick with the fins. This work rate was
sufficient to increase the subjects! heart rate and breathing rate and to create some
warmth from exercise.

"All test subjects had chest muscle shivering during the second rest period, indicating
that the warmth lost from cessation of exercise, or the continued exposure caused the
onset of shivering.

A decrease in shivering in both limbs and torso occurred with the increased activity
of the moderate and the heavy work rates, indicating that the warmth produced by exercise
somewhat affects the heat lost to the large volumes of cold gas that are breathed at these
work rates.

"The first respiratory symptom was a flow of saliva, starting within the first minute
of exposure and increasing to a steady rate within a few minutes at each work rate. These
steady rates seemed to be proportional to the volumes of gas breathed. The total flow was
ahout four to eight ounces of saliva per subject per dive, estimated from the drainage from
the water trap and transparent hose for all three subjects.

"The second symptom was nasal drainage, beginning in the first work period and con-
tinuing at a slow, steady rate throughout each dive. The total flow was about 0.5to 1
ounce per subject per dive., This flow is estimated from observations of all three subjects.

"Another symptom was shivering in the torso, beginning in the skeletal chest muscles.
The following estimates of frequency and magnitude of shivering are only for one test sub-
ject, myself, The initial frequency of shivering was about once every three breaths, or
approximately every 9 to 12 seconds, for a duration of about two seconds. The frequency
would decrease to once every four o1 five breaths during heavy work with about the same
duration,

" Shivering would usually spread over the skeletal muscles of the chest and abdomen,
then over the back muscles from shoulders to thighs. This shivering was involuntary and
uncountrollable,

"The fourth symptom was shivering of the muscies of the limbs, starting with the up-
per arms and thighs. This symptom usually began in the second rest period, decreased
or stopped during the second work period, recurred in the third rest period, and usually
stopped during heavy work., Thus, warmth from exercise apparently decreased this shiver-

ing.

"The shivering of the upper limbs gpread to the hands and feet during two of the five
dives, during the second and third rest periods. The rate of shivering was approximately
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once every three breaths, for a duration of about two seconds. This shivering was involun-
tary and uncontrollable. The amplitude at the fingers wasa about one-quarter inch, estima-

ted by holding the trapeze firmly and watching the work rate indicator. This symptom also

Includes shivering of the jaw and neck muscles, which caused difficulty retaining the mouth-
picce, Shivering of the hands never became severe enough to prevent holding any object.

"Other symptoms, such as chest pain, headache, coughing, visual disturbance and
breathing difficulty occured ocecasionally, with no appreciable repeatability or consistency
amamg all three subjects."
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SECTION 4

DISCUSSION

Temperature of Exhaled Gas

Unless there are reiia.ble measurements of the remperamre of the gas as it is exhaled,
projections of the heat loss through respiration remain speculative. With respect to the
mathematical expressions for respiratory heat loss, one can define the magnitudes of the
gas properties, density and specific heat, and assign sample values to inhaled gas temper-
ature and pulmonary ventilatory rate, but, as Webb (35 has stated, "the only unknown is the
temperatire of the air as it leaves the oronasal portal in expiratiori. "' The effect of pre~
suming that the exhaled air is at core temperature has already been reviewed (see
Intreduction). Thus, the most important quantitative ‘information acquired during this study
is the temperature data for exhaled gas. The extensive engineering efforts in support of
this data acquisition have been documented in Appendix 2.

The resulis listed herein for respiratory heat 1oss will be approximately 60 - 80% of
theoretical values calculated assuming exhalation temperature equais core temperature,
Also, these results are based upon a gas saturated at inhalation temperature and saturated
at exhalation teinperature, not dore temperature. This will produce a lower value of in-
sensible heat loss of 30 to 60% depending upon the=water temperature.

Diver-Subject Heat Balance

The energy generated by metabolism is thermally stored in the body or lost to the en~
vironment by work and thermal conduction, convection, evaporation, and radiation heat
transfer. The rates of energy flow are given in the energy flow equation for 2 body, as

shown by Nevins (23)

M=8+W+EK+C+E+R

4-1
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where:

M is rate of metabolic energy produced within the body. It varies with the level of

physical activity and is calculated using the measured oxygen consumption.

8 is rate of heat stored into the body. It is calculated by the technique of Burton

K

C=

E-=

R

described earlier

S=m_ Cp 2/3 AT +1/3 AT )

mb is mass of the body

Cpb =, 83 Btu/1b - *F (0. 83 Kcal/Kgm *C) is the most acceptable
mean value of apecific heat of the body (17).

ATr is change in rectal temperature
AmeSis change in mean weighted skin temperature
In this study the temperatures decrease so we have a negative

value of stored heat, 8, or a positive value of (-S).

is rate of work done by the body on the environment. For the swimmer
working against the ergometer described herein, his body motion work energy
is converted into ambient water kinetic energy and finally dissipated in the

ambient water as viscous energy loss,
is rate of heat loss conducted into a solid surface touching the skin,

Cg +Cy is rate of heat conducted and convected away from the body by a gas or
a liquid medium touching the skin, Cg, or breathing gas in the respiratory

tract, Cr.

Eg +Ey is rate of heat loss by evaporation from the skin, Eg, and from the

respiratory tract, Er.

is net rate of heat radiated from the skin,

The total heat loss through the skin (QS) is

Q =+K +C_+E +R
s 8 8 8

4~2
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and, the heat loss from the respiratory tract (Qr) is

= +
. Qr Cr Er
C, and E,. are calculated from cliax_lges in temperature and composition of the breathing

gas, utilizing the equation shown m Section 2 and Appendix 1,

In the case of a fully submerged diver wearing a free flooding hot water suit the radi-
ation term, R, and skin evaporation term, Eg, are assumed to be zero, and the energy flow

equation for the diver subjects of this study becomes

M=S+W+Q +
M=S+W Qs Qr.
The heat balance, thus computed on a run basis, is shown in Table VI,

A rough estimate of the diver-subjects mean work rate is W = 0.1 hp or 64 Kcal/hr.
This value was obtained assuming a maximum work rate of 0.4 hp and scaling the work rates
according to the diver-subjects reported effort levels. The reference for this estimate is
the Bioastronautics Data Book (36) which summarizes the sustainable work levels on a time

and subject fithess basis. This value is used to calculate Qs in Table VI,

Metabolic rates of the diver subjects were calculated from measured compositions of
mixed exhaled-gas. To obtain an average value for each diver-subject run the values of
oxygen uptake were averaged using the technique described earlier for respiratory minute
volume, These values were then converted to units of ehergy (1 liter per minute 02 uptake
= 1158 Btu/hr or 293 Kcal/hr) and are listed in column 2 of Table Vi. The wide range in
metabolic rates for the individual data points resulted in average metabolic rates which did
not allow a heat balance analysis of any consistency. Therefore two assumptions were
made: (1) that the average respiratory quotient for all data was 0,9; (2) that 002 productlon
was 0,045 liters CO2 produced per liter exhaled gas, Oxygen consumption was then esti-
mated by assuming that 0. 05 liters of 0 were produced per liter of gas exhs.led The

metabolic rates thua calculated (Mc) are listed in column 3 of Table VL.

Columns 4 and 5 of Table VI list respiratory heat loss and body heat storage respec-
tively. The storage term is negative indicating that the body is in negative thermal
balance. The magnitude of the storage term indicates the rate that the energy leaving the
body exceeds the metabolic rate.
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TABLE VI

HEAT BALANCE ANALYSIS

H-5-100

Adjusted Heat Transfer
Metabolic | Metabolic 8 Coefflcient
Run | Rate M Rate Mc RHL (Qr) | Storage | Qr/Mc | Qg H W
No. | Keal/hr | Keal/hr | Keal/hr | Keal/hr| % Kealsor M2 | Keal/hr
1 180 328 79 - 24 - - 64
2 262 350 €6 -21 25 221 42, 2% 64
3 721 457 135 -48 30 306 50.6* 64
4 238 324 101 -37 31 196 25,3 64
5 265 265 93 -53 35 161 21.5 64
6 276 454 122 -64 27 332 49.0% 64
7 547 372 160 -65 43 213 25.3 64
8 421 316 116 -60 a7 196 31,7 64
9 597 359 157 -53 44 191 49, 0* 64
10 694 337 128 -19 37 166 26.5 64
11 158 275 106 -54 38 160 18.7 64
12 270 390 151 -54 39 228 48.4* 84
13 374 303 122 -31 40 148 23.3 64
14 208 295 111 -61 38 182 22.4 64
15 223 316 127 =25 40 154 - 64
16 436 400 197 -62 49 201 35.1 64
17 558 406 185 -60 48 207 22.5 64
18 448 423 218 -44 51 185 29.1 64
19 404 330 194 —44 59 116 53.6* 64
20 548 359 193 -56 54 158 26.0 64
21 482 401 242 -54 60 150 27.0 64
22 301 250 139 -11 55 9.2 64
23 334 438 245 -75 56 204 27.2 64
24 510 437 254 -G8 58 186 25,0 64
25 293 275 152 -36 55 95 13.4 64
26 376 403 218 -68 54 189 24,4 64
4-4




-TABLE VI ({Continued)

Heat Transfer
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Adjusted
Metabolic Meatabolic S Coefficlent
Run |Rate M Rate Mc '| RHL (Qr) | Storage | Qr/Mec | Q Hg W
No, |Keal/ar | Keal/ar | Keal/hr | Kealhr | % Kcal/hr M2C Keal/hr
27 367 490 290 -73 5% 208 20.9 64
28 264 . 268 147 -3 55 175 39,6 64
29 469 408 219 -45 54 172 21.6 64
30 444 e 214 -68 57 166 - 33.8 64
a1 206 205 - 9¢ “25 47 70 16.3 64
32 372 .. 306 159 -31 49 123 75, 0% 64
33 313 293 161 -85 55 133 38.8 84
34 397 334 179 -52 - b4 143 . 19.4 64
35 548 435 © 24z =66 56 195 158.5% 64




The percentage of metabolic heat lost through respiratory heat loss is shown in
column 6. In all cases but two at 850 feet and deeper this value exceeds 50%, including each

ecase that was diver aborted.

Theoretically, reducing the regpiratory heat loss by an amount equal to or greater than
the value of negative thermal storage would restore thermal balance. Unpublished results
of prior dives in 35°F water at 650 ft. with the diver subject wearing the identical hot water
suit described herein showed divers in thermal balance over a four-hour period. The
breathing apparatus worn by the diver was semi-closed circuit and featured a hot-water-
heated CO2 absorbent canister. These divers also used full face masks with inner oro-nasal
masks. At that time the inhalation temperature (not measured) was estimated to be water
temperature, Subsequent unpublished tests with this breathing apparatus and face mask
indicate that actual inhalation temperature was much higher, possibly 65°F. This, of
course, has a considerable influence on the magnitude of respiratory heat loss, and evidently
allowed thermal balance,

The remaining factor in the hest balance expression is the heat lost through the skin.
Heat lost through the skin of the diver-subjects depended on mean temperatures, and on
charaocteristics of the diver, the water heated suit, and the ambient wet pot water, Figure
34 shows a schematic cross section of diver's skin, suit, and wet pot water with a hypothe~
tical mean temperature profile and mean heat flows, The complex shape of the human body
and the unknown distribution of Lot water within the suit make it difficult to directly calculate
this heat loss, However, since the other components of the heat balance are measured, the
energy loss through the skin can be calculated indirectly. The results of solving the
equation, Qs = M-S-W-Qr, are shown in column 8 of Table V1. The amount of heat lost by
the body at the skin surface must equal the heat flowing to the skin from the deep body

tissues. This heat flow can be expressed as follows:
Qs = hs Ab (Tr - mes)

where
hS = mean heat transfer coefficient for the skin and body tissues, and

= body surface area according to the method of Dubois (15):
a - E). 103] [Wo.425] [Ho.'zsz ’
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Figure 34, Hypothetical Mean Temperature Profile Across
A Diver's Skin And Water Heated Suit.
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with weight (W) in pounds and height (H) in inches.

The values for BSA as computed for our subjects are as follows:

Subject  Body Surface Area (Mz) Datz Runs
SZ 2,14 2, 5, 8, 11, 14, 17, 20, 23, 26, 29, 34
KC 1.93 1, 4, 7, 10, 13, 16, 19, 22, 25, 28, 31, 33
FA 1.84 3, 6, 9,12, 15, 18, 21, 24, 27, 30, 32, 35

This equation can be rearranged, and the unknown term hS calculated using

- N _ _M-S-E-W
s Ab (Tr-mes} Ab (Tr_mes)

Results of this equation are given in Table VI for all runs except the first, for which a

h

value of mean corrected heat flow out of the skin was not obtainable,

Calculated values of heat transfer coefficient, hs’ show 24 of the 33 values are grouped
between 11ﬁ = 9.2 and 38.6 Keal/hr mz“C. The remaining values seemed higher than
possible. Nine of the calculated values of hS are much greater than the approximate range
of skin heat transfer coefficients found in the literature, For example, an approximate
range of skin conductance is given as 9-30 Keal/hr m2°C by Webb (36). References (%) (24)
indicate that heat transfer coefficients are greatest for high work rates, high skin tempera-
tures, and thin subjects. These sources report variation in hs between 2. 2 and 33 Kcal/hr
m2°C, for immersed subjects, The variation in skin heat transfer coefficient is mainly due
to differences in fat skin fold thicknesses and the variation in vasoconstriction of the
peripheral blood vessels, It is not surprising therefore that six of the nine high values of

hs were for runs by the thinnest diver, F.A.

The divers mean weighted skin temperatures were in the range normally considered to
be comfortable (38) (39). This indicates that the peripheral vessels were not constricted,

and that the heat transfer ccefficient. was high.

The measured mean weighted skin temperatures and their correlation with reported
comfort Zones are contradictory to the divers subjective reports. The method of Teichner,

which was selected for calculating mean weighted skin temperatures to allow direct
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comparisons with earlier results (3), does not include extremity temperatures. Some
sample calculations were made with the DuBois formula which includes extremity tempera-
tures, and the results for mean weighted aki.n-were about 0.8°C (1.4°F) lower. Also it is
characteristic of this hot water suit that the extremities are m.a.intained wérmer than they

are under conditions of thermal comfort in air. A 1°C lower skin temperature is not sig-
nificant since all the measurements éxcept one indicate that skin temperature is in the
comfort range, Also the drop in skin temperatures is much less than would be expected
from either the subjective responses or the fall in rectal temperature. . Two of the exceptions

are runs 23 and 27, which were aborted by the divers.

~

One explanation for.the discrepancy between reported comfort levels and that indicated
by the skin temperatures is that the extreme local discomfort of breathing the cold gas
interferes with appreciation of warin skin areas.  Another may be that sections of the
diver's suits trapped and held water, causing cold skin temperatures in areas not under
thermistor monitoring. This would cause the measured mean skin temperature to be
greater than actual skin temperature, thus producing unreasonably high calculated values of
hs' Cold water within the suit could be dﬁe to wet pot water flushing in and out, or to low

flow of heating water as a result of flow restrictions.

To determine the effectiveness of the water heated diving suit, the heat flow, Qs’
through the diver's skin for a typical run is compared to the theoretical heat flow, Q'S; if the
diver had been wearing a hypothetical suit with a uniform flow of heating water in it. The
hypothetical suit is assumed to have rectangular shape with a length of L, a brgadt.h of B,
and a heating water gap of Dl' The heated water is assumed to have a uniform velocity and .,
a constant temperature at each distance, x, of the total flow length, L. The typical run
chosen for the comparison is run 29, The value of hs for this run is 21.6 Kcal/hr m2°C.
which is about the mean value of the grouped values of hs. The heat flow out through the
skin, calculated from test data is 681 Kcal/hr as compared to the heat flow into the skin
from the hypothetical suit, 43 Kcal/hr. The heat flow into the hypothetical suit is found from -

Q.= 3 1 A (T_-T,)=-170 Btu/hr (43 Koal/hr)
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where

D1 = thickness of inner suit

2
Km = thermal conductivity of immer suit material, Btu/hr ft *F
Tw = mean water temperature inside the suit
The heat transfer coefficient of the skin, hs =4.4 Btu/hr ft2°F, for run 29 is con~
siderably less than the heat transfer coefficient of the inner guit material, Kmel =

.1/.00833 = 12 Btu/hr ft2°F. This indicates that the inner suit material does not significantly
contribute to the thermal insulation,

The mean water temperature ('I‘w) used to calculate the heat flow through the skin of the
diver with the hypothetical suit is 101°F. This was calculated by assuming heat flow only
across the outer suit material. Such a simplification results in little error because the heat
flow across the outer suit material is much greater than the heat flow across the inner suit

material. Heat flow across an incremental length, dx, of the outer suit material would be
in which aQ, =K (T- Twp) de/DO
Twp =wet pot water temperature,

Heat flow from an incremental length of water in the suit would be

sz =Cpp V dT

Equating the heat flows,

Km B dT
K (T—Twp) B dx/D0 ==Cpp V dT —BZTpp—V dx = =F
wp
Integrating across the water flow length, L,
L K B fth
dx = - dT
f D2 CppV T-TW
o T, P
in
4-10
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~ Since _
pV =w, i.e,, density multiplied by volume flow equals mass flow,

K T -T
i Ui e
2 pw in wp

Using (area) A = BL (breadth - length) and rearranging in exponential form, results in the

equation of outlet water temperature:
K A
- m

- D, C
=T T T Do pw

T .
out in “wp

Evaluating Tout :

.1 {23.0)
.00833 (L.0) 1044

T, = 35+(110-35)e

=92.5°F

The temperature distribution is a function of water flow path length and surface area,

resulting in a mean water temperature in the suit of

A
=L
Tw_Af TdA
<]

For the case of even distribution, T _ can be approximatedby T =(T, + T
w w in “ou

t)/2 . For the

example just described TW = 101°F.

The mean skin temperature for the diver wearing the hypothetical suit is about 100°F
and the suit is adding heat to the diver's body. This was not the case during this study since
the skin temperatures were always below core temperature, and the thermal gradient
indicates heat flow from the body. This is corroborated by the correlation between values
of h_ derived from the heat balance and those reported in the literature, The suits there-
fore did not heat the body, but by maintaining a warm skin temperature did decrease the
magnitude of heat flow from the hody core.
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Respiratory Effects

It must not be thought that the subjects were able, uniformly, to swim and endure their
exposures in 35°F water at 850 feet to completion, In three guch instances the diver elected
to discontinue the run, and thus we present 137 sets of data rather than 140, Often it was
necessary for the divers to interrupt the swimming tasks because the accumulating fluids
within the breathing valve and their mouths inhibited respiration gas flow. Of course, in
the simulation scenario of a wet pot, in contradistinction to a real operation in the water, the
diver is never more than a few feet away from a refuge. And the applied stresses of these
experiments repeatedly forced them to utilize it, even in the runs which they swam to

completion,

Diver reports {also refer to Table V) filed subsequent to the aborted runs are of par-

ticular interest in this context. Following are brief exerpts:

(1) "By the end of work no. 2 it was constant moderate to severe shaking, During the
rest period it remained sarne, Right after start of work number 1 I started constant
severe shaking with difficulty in holding work lead. When I quit I was unable to
even come close to holding work load and was experiencing difficulty in taking
breaths, "

(2) "At the time I aborted foday’s dive I was in bad shape. Due to neck and jaw hurting

I was having a very hard time holding the mouthpiece. Experiencing severe shakes

with ice cold back and chest, "

(3) "Torso shivering on work oumber 3§ and rest period, stopped as I started work
rate 2, Began shivering while cleaning thermistor, waited for a couple of minutes
while shivering, decided the situation was unhealthy at least and possibly dangerous,

and bailed out. I really thcught I was in jeopardy.”

Miscellaneous Discussion

The chamber atmosphere oxygen partial pressure was increased to 0.5 atm. abs, just
prior to the excursion dive to 1, 000 feet. The length of the swimming-work periods and
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interspersed rests wae reduced to 15 and S-minutes; respectively, so that all three subject
immersion exposures cduld be completed within the allotted four hour span of the excursion.
Subsequent decompression to 850 feet waé gradual, .over a period of 10 hours, and was un-
eventfql. There were, likewise, no incidents of decompression siclcnéss duriﬁg the f)'.nalk

ascent from 850 feet to the surface,
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SECTION 5

CONCLUSIONS

Computed magnitudes of respiratory heat loss, observations of progressively decreasing
core (rectal) temperatures, and subjective responses (diver reports and observations of their
behavior) have been used in formulating the following conelusions which relate to operational
diving:

(1) Dives to 850 feet for exposure durations in excess of 90 minutes in water of 45°F

(or colder), i.e., with 215 kilogram-calories /hour (250 watts) respiratory heat loss are,
in this context, hazardous without supplemental heating of the inhaled gas;

(2) Dives to 650 feet, or deeper, for exposure durations in excess of 90 minutes in water
of 35°F, i.e., with 150 kilogram~calories /hour (about 175 watts) respiratory heat loss
are, in this context, liable to be discomforting to the point of distraction and task per-
formance degradation.
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1973.

Bubble Formation in Physical and Biological Systems:

A Manifestation of Counterdiffusion in Composite Media

Abstract. The counterdiffusion of gases across a composite layer can lead io0
supersaturation and development of bubbles within the layer. A physicochemical
model has been derived to predict the extent of such supersaturation; experiments
with inert liquid layers confirm predictions. These findings explain the evolution
of cutaneous lesions observed in man dwring simnlated deep-sea dives and the
cutaneous lesions and intravascular bubbles experimentally induced in pigs by
exchanging certain inert pases across the skin. The phenomena associated with
cotinterdiffusion have widespread physical and biological implications.

[n an sttempt to explain several
puzzling physiological phenomena ob-
served during simulated diving experi-
ments, we have performed studies of
gas counterdiffusion in  composite
layers. The theoretical analysis and
experimental work which followed this
line of inquiry have uncovered a variety
of cffects concerning gas exchange

Py

Gav 1

Partial pressure

Position

Layer A /

Fig. 1. Gas partin? presae profiles res
salting from steady  conmterdidiavion  of
two incit gises throeph a two-laver com-
posite of oaicaialy having atilfoent per-
mwcabilitics for e two gases (see tes)

Gas 1

0
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with potential applications in diverse
fields, including hyperbaric and under-
water physiology, anesthesiology, and
membrane biophysics, and in stodies of
membrane scparations and nucleation
phenomena,

The initial obscrvations were made
during a series of experiments carried
out at the Institute for Eavironmental
Medicine, University of Pennsylvania
(Predictive Studies UIT} (). Subjects in
a helium-oxygen environment at a
constant clevatcd pressure developed
intense itching, gross, confluent mac-
ulopapular skin lesions (2); and an
incapacitating ~vestibular derangement
including vertigo, nausea, and nystag-
mus {3) within an hour afler beginning
to breathe a nitrogen-oxygen of neon-
oxygen mixture through a mask or
mouthpicce. Itching and skin lesions
in man under related circumstances
had bcen reported by investigators at
Duke University (4). The skin manifes-
tations could be prevented by covering
exposed skin arcas with a relatively
impermeable suit ventilated with the

same gas mixture that was being
breathed,
The investigators at  Duke  had

postulated osmotie geadients and the
water flux produced by these gradients
(5) as a causative mechanism for the
skin lesions. We examined the counter-
diffusion of two gascous species through
a two-layer structure amd concluded
(6) that, under the proper conditions,
supersaturation  with  the  atrendant
possihility  of  bubble  devefopiment
wauld ceist in some region within the
two-layer system (that is, the sum
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of the two gas pantinl pressures would
exceed the ambicnt pressure, which is
cqutivalent 1o the stitement that the
amoint of gas dissolved woald exceed
that corresponding to equilibrium at
the ambicnt pressure).

The counterdilfusion supersaturation
phenonicnon is most readily ilustrated
by assuming constant diffusivitics and
ideal solubility relalionships for the
gases. These restrictions are not nheces-
sary, but they simplify the analysis and
lead 10 the possibility of developing
quantitative conclusions and criteria
through a mathematical model, Figure
1 illustrates the lincar partial pressure
prefiles which are calculated to result
during gas counterdiffusion under the
conditions described. The properties of
the layers and permecants have been
chosen in such.a way that the resistance

to transport is low in the first layer

that a permeant traverses and high in
the second layer. The sum of the partial
pressures is shown as a broken line
which in this case-is always above the
ambient pressure and is a maximum at
the interface of the two layers, More
specific information can be gained by
starting with a flux equation based on
a ¢combination of Fick's law for diffusive
flux and Henry's law for the gas solu-
bilities {7)

AP

A%, 1)

Ju= — K
where 7y, is the flux of species |
through tayer A, X, is the permeability
coefficient of 1 in A (the product of
diffusivity and solubility), AP, is the
partial pressure difference of 1 across
layer A, and AX, is the thickness of A.
By writing the four equations of this
type for the two permeants and the
two layers and invoking restrictions
such as the continuity of fluxes, one
can find an expression for the sum of
the partial pressures at the interface
between the two layers (P). For pure
permeants 1 and 2 at equal pressure P
on opposite sides of layers A and B,
the following result is obtained:

P, AXuKu

P T AXWKo o+ AX.Ki
' AX, K

The first term in Eq. 2 is the relative
partial pressure of component 1 and
the second term that of component 2.

Two consequences of this model are
patticularly interesting. The first is that
the two layers do not have to exhibit
opposite semipermeabilities for the two
gases to produce supersaturation (Py/P

2)
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Fig. 2. Conlirmation of Eq. 2 (solid curve)
with an cthyl cellulose—silicone copolymer
two-membrane system {(data points). The
ordinate represents the steady-state pres-
sure buildup (between the membranes)
over ambient pressure (oulside the mem-
branes) as a funclion of the thickness
ratio of ethyl ccllulose to silicone. The
sobid curve was calculated from measured
permeabilities by using Eq. 2; the data
points were measured in a dual-membrane
cell. Note that the pressure goes through
a maximum as predicted by Eq. 3,

> 1). A necessary and sufficient condi-
tion is simply that the layers exhibit
different semipermeabilities and  that
they be arranged in the proper sequence.
Specifically, the condition is given by

K
K

The second consequence is that, for a
particular pair of permeants and of
materials, a maximum supersaturation
is obtained at a certain ratio of layer
thicknesses:

K

% 3

AX, _ {Ku x_)'« @

AXYs ~ \Kn Ku

The absolute thicknesses are immaterial
at steady state. If at least one of the
layers is liquid and if suitable nuclei are
present, bubbles will form and grow
continuously, With poorly adherent
solid layers, blebs or pross separation
could result. If mechanical - restraints
arc imposed which prevent layer sepa-
ration, an increase in pressure in the
gas phase within the layers will be seen.
Although this analysis has been pre-
sented for dissolved gaseous permcants,
it is by no means limited to them. For
example, in the case of two solutes
which participate in a ¢common chemi-
cal reaction, the preduct of chemical
activities. {or, in the ideal case, con-
centrations} may be of primary impor-
tance rather than the sum of partial
pressures. Coustcrdiffusion in this in-

“stance might drastically alter the veloe-

ity of a chemical reaction, Specifically,
consider & case where two different re-
actants are maintained at equal con-
centrations in scparaie ¢ompariments
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{for example,. intraceliular and exira-
celtular) and that a reaction involviog
them l:l!;’cs place between two scquen-
Hal membrancs separaling the compart.
ments, If cach membrane is perfectly
permeable o the reactant in contact
with it and impermeable to the second
reactant, the conceatrations within the
intramembrane space would be the same
as in cach external compartment. If
we prepare a sccond system having two
identical membrancs with some finite
permeability, however, Lhe intramem-
brane concentrations would be half
those in the two compartments, For a
reaction which is first order in each
reactant, the rates in those two cases
would differ by a factor of 4, This illus-
trates hdw reaction rates in a multimem-
brane system such as a cell might be
quite different from those anticipated.
The prediction of counterdiffusion
supersaturation leading to bubble forma-
tion has been confirhed through a
series of related experimental studies,

. both in model physical systems (6) and

in vivo with young pigs {8). With the
physical model we have ‘demonstrated
bubble evolution in an oil-water system
seeded with crushed glass for nuclei

- with counterdiffusing nitrogen and he-

lium (helium on the water side) (6). We
aiso used two solid membranes as the.
layers [General Electric XDl silicone
copolymer_ (9), and ethyl cellulose or
polyethylene] with the same counterdif-
fusing gases (nitrogen. on the silicone
side). A small gas space was provided
between the two membranes with an
outlet so that flow into the space or
pressure buildup could be monitored.
Even with a relatively crude apparatus,
we measured both a continual flow of
gas into the space and a pressure build-
up to 25 torr (3.4 X 10 dyne/cm?)
when the outlet was closed off in the
silicone-polyethylene system. A very
satisfactory confirmation of Eq. 2 was
obtained in the siliconc—ethyl cellulose
system (sce Fig. 2). A substantial pres-
sure of 336 torr ‘was measured in one
case. In the physiological studies, young
pigs ancsthetized with  pentobarbital
breathed a mixture of one inert gas
such .as nitrogen or nitrous oxide with
oxygen at its normal 0.21-atm pressure
while they were surrounded by a sec-
ond inert gas, helium {8). In this in vivo
situation the specific inert gas atmo-
sphere sufrounding the skin of the pig
(source 1) contained a gas which dif-
fused through the skin to the blood
capillary (sink 1}. The blood itself con-
tained the highest tension of a second
inert gas (source 2} which diffused out-



wird through the skin to the atmosphere
{sink 2). These exposures led to forma-
tion of gas bubbles in the skin and in
cutaneous blood vessels.

In the physiological studics (£), more
than 50 such animals were exposcd to
counterdiffusion conditions for periods
of at.least & hours. In 43 cases where
the pig was surrounded by helium and
the normoxic (0.21 atm) breathing mix-
ture contained nitrous oxide at atmo-
spheric pressure, or argon or nitrogen
at pressures ranging from 1 to 10 at-
mospheres absolute, skin lesions oc-
curred after an average exposure time
of 80 minutes. In the animals where
conditions were reversed {argon or ni-
trous oxide surrounded the pig while
the inspired gas was a helium-oxygen
mixture), no lesions were observed in
any animal throughout the 6-hour dura-
tion of the experiment. In the “reversal™
experiments we selected those conditions
of gas and pressure which had pro-
duced the most severe lesions, but re-
versed the direction of the gas gra-
dients, The- most pronounced effects
were seen with a nitrous oxide—oxygen
mixture for the breathing gas at atmo-
spheric pressure and with an argon-
oxygen mixture at 10 atm pressure.
Details of the in vivo studies, including
implications for gaseous anesthesia, will
be described elsewhere {(8).

The tissue layers involved in the de-
velopment of lesions were found to
include the adipose subcutaneous tissue,
the capillary plexus, and the keratinized
outermost layers of the skin, each of
which is traversed by the permeating
gases (&), Constituents of such struc-
tures include lipids, Lpoprotein mem-
branes, and agqucous sclutions, and we
have demonstrated bubble formalion in
a lipid-aqueous system. Finally, the in
vive cxperiments with pigs were found
to obey the condition demanded by Eq.
), namely, lestons form when the gases
counterdiffuse in one direction but do
not form when the gases are reversed.

The consequences for physiology and
anesthesiology of bubble formation in
tissues and vessels are apparcnt, less
obvious, pcthaps, is how membrane
transport phenomena might be afTecied
by factors such as the increased reac-
tion rates suggested above. These bricf
examples should alert specialists in vari-
ous disciplines to a few of 1he unusual
propertics of countertranspont in com-
posites, We sugpest three potential ap-
plications. The study of aucleation
phienomena shoutd profit from the ep-
portunity now  presented  to achieve
known  steady-state  supenaturation

i

levels in specific regions of a system.
The conversion of free encrgy of mix-
ing to work has alrcady been achieved
in our crude two-membrane device and
remains to be further exploited. By
operating the two-membrane device
“backward" (that is, supplying & gas
mixture to the intramembrane space
and removing two relatively purified
product streams from cither side of the
membranes), a separation device with
interesting properties can be constructed.
' D. J. GRAVES
Sclool of Chemical Engincering,
University of Pennsylvania, Philadelphia
J. Iptcuta, C. J. LAMBERTSEN
Institute for Environmental Medicine,
University of Peansylvania
Medical Center
J. A. QuUINN
School of Chemical Engineering,
University of Pennsylvania
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GENERAL DISCUSSION OF THE DEVELOPMENT OF THE PROJECT

Lieutenant Commander C. B. Momsen, USN.

The diving suit of the present day is essentially the
gsame as the one that Sieke, an Englishman invented in 1837. It
is a closed dress made of heavy water proof canvas. This is
attached to a breast plate which is a saddle shaped metal plate
which fits around the neck and rests on the shoulders. The
helmet is attached to the breast plate by an interrupted screw
thread. BAir supply hose and telephone cable and life line com-
bined are attached to the helmet, being passed around under
the left arm so that the left hand can manipulate the air supply
through the contreol valve. On the helmet at the point where the
supply air enters, an automatic non-return valve is installed so
that if the air hose is ruptured air will not escape from the
helmet. O©On the right side of the helmet an exhaust valve is pro-
vided. This has a spring loaded valve in it, the action of which
is to allow the pressure in the helmet to be slightly greater
than the surrounding water pressure so as to keep the suit parti-
ally inflated and thus keep the weight of the helmet and breast
plate off of the diver's body. The exhaust valve opening can be
adjusted for the amount of air that is desired to have excape
in order to insure proper ventilation. About 41/2 cubic feet of
air per minute per atmosphere is considered sufficient for work-
ing conditions. The main purpose of having this ventilation is
to keep the carbon dioxide and moisture content in the helmet at
a low level. While it is also essential to provide make up oxy-
gen, this can be accomplished with a very much smaller supply.

While some divers do not use gloves, it is the usual prac-
tice in the U.S. Navy to have canvas gloves cemented to the
sleeves. These gloves are a split mitten, two fingers in each
partition., A heavy leather belt with lead weights fastened to it
is placed around the waist outside of the suit. There are straps
over each shoulder to take the weight and a jock strap through
the crotch to held the suit down and close to the body. The legs
are tightly laced so that they will not fill with air and upset
the distribution of buoyancy. On the feet heavy lead soled shoes
are worn. The entire equipment weighs about two hundred pounds.

From the earliest days of diving, man has dreaded the
disease of divers known as bends. History is filled with cases
where men have come up frrom the depths paralyzed, blind, cramped
with pain, or even totally unconsciocus. For years they 4id not
understand the reasons for bends. They prayed for relief, tock
hot baths, and even partook of magic in one form or another. The
problem has been studied by many prominent physicians and physi-
ologists. The application of the laws of physics and the method
of trial and error have gone a long way toward the solution.
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Haldane, a prominent Engllsh phy51ologlst, in association
with Boycott and Damant, made the greatest contribution to the
art: of diving when he introduced the stage method of decompress-—
ing after a dive. It was he, too, who classified the various
tissues of the body according to the -time that it takes the
blood stream to fill them with gas. He published tables up. to
a depth of 204 feet which were generally safe. These tables
have been extended by others, but since Haldane ‘did not publish
his exact method of calculating his tables, the extension has
‘been made the hard way, e.qg., by trial and error.

Nitrogen is a very stubborn gas with a great afflnlty
for fat and a hundred successful dives might be made using the
same decompression table without the slightest symptom and yet.
the one hundred and first dive on the same schedule may develop
a serious case of bends. .

Experts have been casting curious eyes in the direction
of helium as a substitute for this nitrogen for vears, in fact
ever since it was flrst suggested by (Sayers, Hildebrant and
Yant) in 1921.

The U. §. Navy took steps to investigate Helium, starting
in 1925. It was found that mixed with the proper amounts of
oxyden it was absolutely harmless at.atmospheric pressures and .
that under pressure it seemed to be better than air, They found
also, that a diver can get bends from helium just as badly if not
worse than from air. The studies were interrupted for a number
of reasons and the proklem lay more or less dormant until- 1937,
In the past year considerable progress has been made. Divers
have reached a depth of 500 feet in tanks and 400 feet in the
open sea. Promise of even greater depths has been indicated.

Older divers and pioneers in the diving art simply cannot
believe that such depths are within the grasp of man. The
unravelling of the mysteries of the theory of decompression from
a helium dive has been quite complicated and at time disappoint-
ing, but at no time without interest. New equipment must, of
course, go hand in hand with the development of the theory.

Both have led the investigators up many blind alleys.

For instance, it was found that a man suffers more from
cold when breathing helium than when breathing air. Electrically
heated under clothing was provided and it was found that about
twice the heat was required to keep a diver warm 'in cold water
when breathing helium as compared with when breathing air. .
Temperatures at great depths in the sea are Very low, in fact
they may be well below free21ng
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Substances which are not ordinarily combustible under
atmospheric conditions might become highly combustible when
exposed to high oxygen. Conseguently the ordinary insulation
of diving underwear which might be considered safe in every-
day life would become dangerous to a diver when he is exposed
.to high oxygen pressures. To meet this condition steps have
been taken to have the wires used in the heating elements in
the diving underwear insulated with glass thread and the wire
pads enclosed with glass cloth.

Another problem which develops when divers go to great
depths is the matter of handling his hose, life line and tele-
phone cable. Aslight current on a long scope of these lines
might very well pull the diver off of his descending line.

Stronger hoses and fittings than heretofore used have
to be developed. Several changes in the standard diving dress
have had to be made.

To use synthetic mixtures at the rate of 4 1/2 cubic feet
per atmosphere, per minute, would reguire very large storages
~ of gas aboard ship. In order to reduce the amount used in the
suit, it was necessary to develop an apparatus that would first,
remove the excess carbon dioxide, second, remove the excess
moisture and third, provide make up oxygen for that consumed
by the body. The first consideration was the oxygen, for in
addition to making certain that the diver has enocugh oxygen to
sustain life, it was highly desirable to keep up the oxygen
partial pressure so as to prevent the increase of partial
pressure of the helium that contrecls the decompression require-
ments, It was calculated that a half a cubic foot (14 liters)
of gas containing not less than 15% oxygen would provide about
2.1 liters of make up oxygen per minute, which is enough to sus-
tain life in a man doing fairly hard work. A closed circuit which
would return the exhaust gas to the surface for revitilization
would be impracticable. It was first thought that it would be
necessary to provide the diver with supplementary equipment some-
what resembling the rescue breathing apparatus, including a com-
pressed supply of oxygen-helium mixture. This idea was, however,
abandoned., The gas contained in the diver's dress must be revital-
ized by forcing it through a chemical absorbent. In the rescue
breathing-apparatus a mouthpiece is employed whereby the lung
pressure is used to accomplish the circulation. 1In order to
avoid the-use of a mouthpiece and yet maintain a forced circu-
lation it was suggested by the late Dr. J. A. Hawkins of the
Experimental Diving Unit that the oxygen-helium supply which
provides the make up oxygen to be used as a driving agent in an
aspirator to force the diver's gas through the absorbent with-
out effort or attention on his part.
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It has been found that the standard hose and fittings
should be retained. A small hose is led from the regular hose
on the supply soudrce or surface side of the control valve.
With this arrangement the driving gas is led to the jet desc-
ribed below, with the control valve closed, yet should the
diver require a sudden additional supply of gas, as for
instance when descending, he has merely to open his control
valve. :

The aspirator, or circulator as it is called by the
divers, is a venturi tube, into the throat of.which a jet is
fitted, having an orifice so proportioned that with 50 pounds
per square inch differential pressure, a volume of gas, which
contains oxygen, is introduced in any given time, which is ’
sufficient to replace the oxygen consumed by respiration. and,
at the same time, the venturi tube forces a total volume. from
the helmet through a cannister containing moisture and COsp
absorbent, and back into the helmet, which is equal to the
volume exhaled by the diver in the same time interval. The
excess gas that tends to accumulate escapes through the
exhaust valve. By means of this cireculator, :the diver is
given sufficient ventilation and uses only’about one fifth
the amount of gas that would be requlred u51ng normal venti-
lation. :

In the beginning of the work, soda lrime was used as the
absorbent, but it was found that it did not azbsorb the moisture
and the excess moisture not only fogged the face plates of the
helmet, but dampened the 'soda lime which reduced the effective-
ness, allow1ng the carbon dioxide to build up.

Shell Natron, a caustic. potash mixture, is now used and
is gquite satisfactory. It has a tremendous affinity for mois- -
ture and even when exposed to the air will deteriorate rapidly
for this reason. This chemical was at first purchased in 50
pound drums, but it was found that in opening the drum from
day to day, moist air entered the drum with the result that

the last part of the material was spoiled. "It is now supplied
in three pound cartons and one pounds is used in the cannister
for each dive. One pound has been found teo last three hours

provided the diver does no hard work, and 30 minutes deoing
hard work.

The method of attaching the breast plate to. the suit
of standard dress is accomplished by bolting. Twelve equally
spaced holes moulded in the rubber collar of the suit fit over
twelve studs in the breast plate. Four strips of metal, two
in front and two.behind, fit over the studs to hold the collar
securely. Wing nuts clamp the strips into place.
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While the standard method of attaching the breast plate
to the dress is satisfactory when diving on air, it has unde-
sirable features when using helium-oxygen mixtures. In the
first place the old attachment is not always gas tight and it
is more important to keep the suit tight when using helium
because a small amount of gas is used. In the second place,
it is desirable to have the suit so built that the diver can
be gquig¢kly undressed by one man for reasons that will be
explained elsewhere. A mean of attaching the breast plate
to the suit by gquick operating wire cables invented by Mr.
William Scrimgeour, was developed by the Navy Yard, Washington,
D.C. and suits without the moulded holes in the rubber cocllars
were obtained. The new method of attachment makes the suit
tight and does not detract from the comfort of the diver. By
suspending the weight of the helmet and breast plate from
overhéad one man may remcve them as a single unit from the
diver quite easily.

When decompressing a diver after an exposure to helium-
oxygen mixtures many hours time can be saved by using oxygen
instead of continuing on the same helium—oxygen mixtures. It
is however, feasible to decompress on air or on the helium-
oxygen mixtures. It was found that the body cannot stand a direct
change from helium to nitrogen at depths bevond six atmospheres
without discomfort. The adverse effects may be caused by the
sudden increase of weight of the nitrogen, because nitrogen is
seven times the weight of helium. If, however, the air is
supplied gradually, at the approximate rate of 3% increase per
minute, the diver is unaffected, except for the usual sense
of depth caused by the nitrogen. In actual practice gradual
shift from helium to air is accomplished through use of the
circulator for the first 20 minutes decompression time, After
this air may be ventilated through the helmet in the usual
manner. Using air for decompression is more econonical than
using oxygen or helium-oxygen. It is much slower and not as
reliable as oxygen. Since pure oxygen should not be used at
depths greater than 60 feet, the decompression must be made
on helium-oxygen mixtures up to that point. It is desirable
when doing this to keep the oxygen tension as near to 2 5
atmospheres effective as practicable.

It is not desirable to have the diver suspended over the
side of the ship for long periods waiting for decompression.
In the first place it entails more lines in the water and more
tenders on deck, thus. adding confusicn to a job when it is
desired to have work on the bottom proceed by using relief
divers, in the second place it is uncomfortable for the diver,
and finally it places the ship and the diver in a precarious
.position should it become necessary to move because of stress of
weather.
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For these redsons a submersible decompression chamber
has ‘been built somewhat similar to the rescue chamber which has
been in use for many years. This chamber, containing one opera-
tor, is lowered in the water, being guided down the descending
line by a large ring bolt welded to its side. A telephone and
other essential equipment are inside. Upon reaching the depth
of the diver's first stop, the pressure in the chamber is built
up to an amount equal to surrounding sea pressure by admitting
compressed air. The hatch at the bottom is opened and the
descending line is fished into the hatch opening. The diver
coming up enters the hatch opening by ascending a ladder
attached to the bottom of the chamber. The operator passes
a safety line around the diver, fastens ancother line to the
helmet and then unfastens the breastplate wire. This permits
the diver to duck out of his helmet and breast plate. The
diver then puts on a breathing mask and decompression begins.
The operator, after covering the breast plate with a canvas
cover drops the entire apparatus out of the bottom of the
chamber so that it can be hauled to the surface. He then. closes
the hatch and undresses the diver as necessary. The chamber
can now be hoisted clear of the water and placed out of the
way on deck. Decompression is controlled from this point on
by the operator by means of regulating the air pressure inside
the chamber. ' ‘

It is contemplated having a means of locking the diver
and operator from the submersible chamber to the main decom-~
pression chamber so as to render the submersible chamber
available for the next diver.

When a diver is exposed to an increased pressure and is
breathing air, the pressure is immediately transmitted through-
out the entire body. Since the body is largely liquid and is
for all practical consideration incompressible there is no
sense of pressure as a physical force, except in certain small
passages. The eustachian tubes and sinus canals are such
small air passages which might be blocked by slight infection
or by muccus. When this occurs the pressure tendlng to collapse
these spaces may produce pain.

The body of a normal healthy man, such as a diver has to
be, consists of about 80% water, about 15% fat, and the rest
solids. It is a well known -fact that fat and water will holéd
in solution definite amounts of gas., The amounts vary with
the solubilities of the different gases and also vary directly
as the pressure to which the liquids are exposed. While the
amounts do also vary with temperature changes, the body's
temperature is nearly constant and need not be considered.
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Consequently when the body is exposed to increased pressures
these physical laws cause the body liquids to have a greater
absorption capacity for the gases. The process of increasing
the saturation of the body is accomplished in the main through
the blood stream. The increased pressure is first introduced
into the lungs by breathing. The blood is distributed through
tiny vessels, capillaries, over a tremendous area, approximately
1000 square feet, in the many folds and irregular surfaces in
the lungs. These small vessels have very thin walls and the
gasaes taken into the lungs diffuse through the walls into the
blood. The capillaries flow into a larger vessel and the
blood is assembled into a large artery where it starts on its
journey through the body. When it leaves the lungs it is
saturated with the gases which were present in the lungs to an
amount corresponding to the solubilities of the various gases,
the percentages of each gas present and the pressure to which
the gases are exposed. The term partial pressure is used so
much and can be so confusing that a definition of its meaning
is in order. The partial pressure of a gas is the actual
pressure multiplied by its percent of the total. Thus if air
is 79% nitrogen, at a pressure of 100 pounds the partial press-
ure of nitrogen would be 79 pounds. It is customary to express
the partial pressure (pp) in terms of feet depth of salt water
when using the term in diving. An atmosphere of pressure (14.7
pounds per sgquare inch) is very close to the pressure exerted
by a column of sea water 33 feet high. Thus for rough calculating
it is a close approximation to assume that each hundred feet
of salt water will result in 3 atmospheres of excess pressure,
To return to the blood stream which is saturated with gases
from the lungs, the circulatory system now distributes the
blood to every part of the body and when the blood is again
spread out by means of capillaries these gases are exposed to
the tissues and the partial pressure of gas builds up in the
tissues while the partial pressure in the blood is lowered
a corresponding amount. OQf course, one of the main purposes
of the blood circulation system is to supply the oxygen to
and remove the carbon dicoxide from the tissues. When the
blood leaves the capillaries the gas pressure in the bloed
of each capillary is in & state of equilibrium with the tissues
which it supplied. The blecod is collected in veins and finally
returns to the lungs. When the blood is returned to the lungs
it has ldst some of its partial pressure as a result of its
distribution throughout the bedy and a new load of gas is
picked up in the lungs. This process is continuous and when
all of the tissues are saturated with the gases which are
being breathed, the body is said to be in a state of saturation
corresponding to this pressure. With every change in barometer
and every change in altitude a readjustment of the amount of
gas in the body follows.
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An average persons' body contains about one liter of
nitrogen in solution. This amount increases if the barometer
increases and of course, decreases when it is lowered. The
ability of the body to thus accommodate itself to changes of
pressure causes the complicated problems of deep sea diving,
for when a man has become saturated with gas at a great
pressure, the process of elimination of this gas is slow and
the lowering of the pressure must be slow so as to prevent
the gas from forming as bubbles before the blood stream can
carry it off through the lungs. It is hardly necessary to
say that the formation of gas bubbles in the blood stream
might be extremely dangerous if not fatal, for this condi-
tion is bends.

Gingerale is.prepared with carbon dioxide gas in
solution at a pressure of a few pounds more than atmospheric
pressure, It has this gas in solution and the gas is, there-
fore, not visible. 1If, however, the bottle is uncapped the
excess pressure is imediately removed and the liguid cannot
hold as much gas in solution. Bubbles form and the gas
escapes. ({If the bottle were opened very slowly no bubbles
would excape into the air). After several hours the ginger-
ale would cease to bubble, that is to say the partial pressure
of the gas in the liquid would be ‘in equilibrium with the
surrounding ‘atmosphere and no more gas will come off. Liguids
will hold a greater amount of gas than the solubility laws
permit, without bubbling. The excess will begin to diffuse
out, however, when a small pressure decrease is made. When a
liquid contains in solution an excess of gas and yet this
amount is insufficient to cause it to bubble it is considered
to be super-saturated. This condition 15 utilized in provid~—
ing decompression for dlvers.

To return to the example of the gingerale. If the bottle
is uncapped and allowed to stand the bubbles will form and
escape. At the moment that bubbles cease to come off the ginger-
ale is super-saturated to its maximum. That it is super-saturated
may be demeonstrated by stirring the gingerale or shaking the
bottle. The gas in super-saturation being in an unstable con-
dition will agaln start to bubble. If the gingerale is super-
saturated and the bottle is re-capped, the pressure will build
up above the fluid in the bottle to an amount equal to the
super-saturation pressure.

It has been found fhat the pressure on the body of a

diver may be reduced a“certain percentage of the total without
causing bubbles to form., The relation of the total partial
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pressures of the gases in the body to the pressure to which it
can be reduced with safety is called the safe ascent ratio. It
naturally follows that the greater this ratio the more rapid
will be the elimination of excess gas from the tissues.

When a man takes a kreath of ordinary air it contains
about 78% nitrogen, about 20.9% oxygen, .03% carbon-dioxide,
various amounts of water vapor, .94% argon and minute quantities
of the several rare gases. All of these are nearly constant
except the water vapor and when the air is adjusted to the body
temperatures in the lungs the water vapor percentage 1s constant
and corresponds to the vapor pressure at 98.6°F. It is usually
expressed as 47 millimeters of mercury partial pressure and in
a standard atmosphere of 760 millimeters of mercury will be
47/760 or 6.2% of the total. This 6.2% of water vapor reduces
the effective percentages of the gases breathed. Thus dry air
contains about 79% nitrocen but after it enters the lungs it
is reduced to about 79 over 106.2 x 100, or to about 74%. In
the lungs the carbon dioxide which is being deposited by the
blood is about 5.3%. As breathing proceeds fresh air is taken
into the lungs and is mixed with the air in the lungs. Upon
exhalation the mixture is released and this will contain some-
what less than 5.3% carbon dioxide. With each breath the
carbon dioxide is washed out of the lungs so that the amount
left is always about 40 mm partial pressure. Through automatic
features in what is called the respiratory center through which
the blocd flows the depth of the breath and the number of
breaths per minute are regulated so as to maintain the partial
pressure of the CO; in the blood and the partial pressure in
the lungs nearly constant.

Should the body be exposed to two atmospheres of external
pressure, that is, one aimosphere excess, the partial pressure
of both water vapor and carbon dioxide would remain the same
but the actual percentage of the gas present would be halved.
The importance of this fact may be seen when we consider breath-
ing mixtures of gases which contain carbon dioxide. For
instance, if air containing 4% C0» were breathed at atmospheric
pressure it is easy to see that a great increase in lung venti-
lation is necessary in order to keep the C0O3 in the lungs at
5.3%. Also, if we breathe air containing more than 5% C0O2 we
would soon find that no amount of ventilation would keep the
lung COz down to 5.3% and this would result in severe panting
followed by collapse.

Likewise at two atmospheres absolute pressure if we
breathe more than 3% CC2 in air-we would encounter distress.
Thus if a man is breathing air in a confined space at one atmo-
sphere and the CO2 builds up to cone or two per cent he may not
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notice the change in breathing. If however, this space were
suddenly compressed to several atmospheres as in the case of

a submarine compartment when flooding for excape,.or in a diving
bell when lowering in the water, the CO» effect would increase
in direct proportion to the increased pressure and the same per-
centage that was hardly noticeable before would now become
intolerable.

To much emphasis cannot be placed upon the importance of
keeping the gases breathed free from CO2 when working at
higher pressures. :

Every one is familiar with the fact that we breathe air
in order to obtain oxygen which in turn. supports life. While
oxygen is no exception to the gas laws, its action in the blood
is somewhat different from the other gases. It does go into
solution in the blood much the same as does nitrogen, but almost
immediately thereafter it combines locsely with the blood
haemoglobin in a chemical combination and leaves but a small
amount remaining in physical solution. It is chemically con-
bined oxygen which supplies the tissues and for all practical
purposes we do not have to consider oxygen as a gas in solu-
tion, even though it does exert its influence upon the per-
centage of the other gases, that actually enter into solution
in the lungs. In effect this action of the oxygen produces
a partial pressure vacancy. This vacancy must be filled by
the other gases present when going from higher pressure to a
lower pressure before a state of super-saturation can exist.

For example, consider the body exposed to two atmospheres,
pressure 66 feet absolute and the gas breathed to be air.
Suppose the nitrogen partial pressure is 79% x 66 or 52 feet
absolute. Neglecting the influence of the other gases which
will be discussed later and considering only the partial
pressure vacancy created by the oxygen action we should be able
to drop the pressure to 52 feet absolute without incurring
any super-saturation on the part of rnitrogen. We know that in
addition to the drop in pressure that we can tolerate a certain
amount of drop by reason of super-saturation. The degree of
super-saturation that the tissues in the bedy can stand has
been determined experimentally and is expressed as the ratio
of the partial pressure to the absolute pressure of the depth.
This ratio is about 1.7 to 1.0. In the case discussed above
if the body is saturated at fwo atmospheres and the partial
pressure of the nitrogen is 52 feet the pressure may be dropped
by reason of taking advantage of super-saturation.to a point
obtained by dividing 52 by 1.7 which is 30.5 feet absolute,

II-5-127



13

Since 33 feet absolute is atmospheric pressure it would be
safe to surface after saturation at 2 atmospheres or 33 feet
gauge., Again suppose a diver remains at 100 feet gauge long
enough to become fully saturated. This would be 133 feet
absolute and by the same calculations he would have a nitregen
partial pressure of 79 x 133 or 105 feet. The absolute

depth of the point at which he would have to stop would be

105 feet absolute divided by 1.7 or 62 feet absclute which
would be 62 minus 33 equals 29 feet gauge,

Haldane, in his studies of pressure problems, inferred
that all parts of the body do not saturate at the same rate
.because of different rate of blood supply and because of
differenct capacities of the different types of tissues. His
conception of time tissues are classified in accordance with the
time that it takes them %o become fully saturated. The process
of saturation, as explained earlier is one of continuous '
equalization between the blood stream and the tissues. The
curve formed by plotting per cent saturation against time is
exponential in form and the values have been computed and
made up into a table for convenient use. Figure 1. The
designation given to a tissue is that time, expressed in minutes
which it takes the tissue to half saturate. Thus a 20 minute
tissue is one which will become 50% saturated in 20 minutes,
75% saturated in 40 minutes, 871/2% saturated in 60 minutes and
half of each remaining amount for each additional 20 minute
period, or for each additional time unit.

0f course, there are a great number of different time
tissues and the tissues belonging to each are widely scattered.
For convenience Haldane selected certain times for classifying
the tissues. These are 5,10,20,40 and 75 minute tissues.

The writer prefers to plot all tissues in a continuous
curve s50 as to obtain a clearer view of the state of saturation
at each stage of the exposure to pressure. Such a series of
curves which represent the saturation and desaturation of the
body is given in Figure 2. While this hypothesis has been
satisfactory in its application to diving on air, the use of
helium as a substitute for nitrogen as a diluent of oxygen
in breathing mixtures, has led to the belief that diffusion
from one tissue to another, especially in the faster tissuesg
has considerable influence on gas elimination. Lieut. A. R.
Behnke, Medical Corps, U. §. Navy, a member of the staff of
the Experimental Diving Unit, Navy Yard, Washington, D.C.
believes that diffusion plays an important part in the problem;
so much that he prefers to consider that the body saturates
and desaturates as a single unit rather than as separate time
units.
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There is experimental evidence to support both theories
and it is quite likely that both thecries play an equally
important part when using a gas as highly diffusible as helium.

~ EBarlier investigators of the use of helium in diving
made fundamental errors in their methods of calculation. These
errors led to discouragement and prevented advancement of the
problem. For instance, it was believed that if a mixture of
half nitrogen and half helium were used that each of the two
gases.would act:independently toward bubbling and that decompress-
ion needed would be only half because of breathing this mixture.
This error led the British to report unfavorably on the
possible use of helium and led our experimenters into serious
trouble resulting in many cases of bends. :

There can be no doubt that the peculiar mental effect
that is experienced when exposed to high air pressure is
caused by the nitrogen. This effect becomes so serious when
divers reach depths beyond about 200 feet that many of them are
unable to perform even the simplest tasks. Some even become .
unconscious at depths around 300 feet. A number of writers
have claimed that the effect was caused by excess oxyden
"burning up the tissues", "oxygen jag", or "oxygen poisoning".
That this is not the case has, fortunately, been clearly
demonstrated by Behnke in his work at Harvard - and by o
repeated exposures to high oxygen pressures by men of the
Experimental Diving Unit, Navy Yard, Washington, D.C.

The groggy feeling or sense of depth is not experienced
when men are breathing helium mixtures even to pressures corre-
sponding to 500 feet, 16 atmospheres. Some forty divers have
breathed the helium oxygen mixtures at various depths and the
concensus of opinion seems to be that they sense a depth of
about 1/4 of the actual depth to which they are exposed.

Since helium is about 1/6 the weight of air it was natural to
conclude that the groggy effect of air-was caused by the
weight of the gas in solution in the blood and possibly
certain tissues. In order to develop-this-theory, a quantity
of argon gas was obtained., Argon having a molecular weight of
about 40 as compared to nitrogen 28 and helium 4, should cause
the divers to feel deeper than when breathing air.

All divers who breathed argon-oxyden mixtures reported
that they felt about 50% deeper than their actual depth, each.
was given a different depth and the information as to the
actual depth was withheld from them. At a depth of three
hundred feet breathing was very difficult, vision was impaired

"and a feeling of extreme giddiness was experienced.

..
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An interesting experiment was carried out using the
yeoman attached to the unit, L. B, Poush as a subject. Being
an expert typist, it was felt that he could best demonstrate
the efficiency of continued mental and physical coordination.
He was placed in the recompression chamber with his type-
writer suitably arranged so that he could breathe through a
mask and at the same time copy a standard typing exercise.
The pressure being raised to a point corresponding to 200 feet
depth, first breathing air and next breathing a helium oxygen
mixture, Poush copied from the exercise book for five minute
periods. Upon completion of the tests he stated that he felt
that he had done better when breathing air. Actually he had
made nearly three times as many errors, even to the point of
skipping whole lines, while breathing air. Yet, his sense
of well being scmetimes described as intoxication, caused
him to believe that he had done well while he was guite con-
scious of having made some errors while breathing helium-
oxygen.,

It thus appeared very convincing that the weight of
the carrier gas has a decided influence upon the mental
condition of the diver.

From the standpoint of mental effect alone it seems
that divers should be able to go to a depth of one thousand
feet and perform useful work while breathing helium-oxygen
mixtures.

The guestion naturally arises as to why use helium, or
nitrogen or any other gas than oxygen. If it were possible
to use pure oxygen, it would certainly provide an ideal
solution, for no decompraession would be necessary, since
the tissues would use up the oxygen as fast as the blood
could deliver it. A man at rest uses about 250 cc of
oxygen per minute and performing very hard work about 4
liters per minute. The blood stream can carry in a rough
figure about 800 cc of oxygen. There seems to be a limiting
figure on the amount of oxygen that the body can stand in
physical solution. Within the safe ranges of oxygen pressures,
the amount of oxygen held in physical solution is reduced by
the action of the bloed haemoglobin combining chemically
with this oxygen. This action creates the partial pressure
vacancy which in turn causes the carbon dioxide to enter
into solution to be carried off from the tissues. It seems
to follow that if this partial pressure vacancy is destroyed
by the fact that the oxygen in solution becomes greater than
the amount that the haemoglobin has lost and can absorb,
that the elimination of €0, will be delayed with subse-
guent harmful effects.

11-5-130



16

When symptoms are produced by breathing excess oxygen
they are almost immediately and completely removed by lowering
the partial pressure of the oxygen breathed.

The effects appear as ringing in the ears, sudden drowsi-
ness, twitching of the muscles or emotional feelings such as
irritability. The symptoms may develop rapidly into serious
convulsions. For this reason there should be no delay in
removing the cause.

It is a distinct advantage to use as high an oxygen per-
centage as is safe so as to keep the partial pressure of the
helium at as low a level as possible. For instance if two
and one half atmospheres is safe to-breathe and it is desired
to dive at 100 foot depth we would use a mixture of 62.5%
oxygen and 37.5% helium. This is obtained as fellows: 100
feet is 3 atmospheres gauge or 4 atmospheres absolute, which
divided into.21/2 atmospheres, the limit of oxygen desiread,
gives 62.5%. The helium partial pressure would be 37.5%
of (100 plus 33) or 50 feet. Since the body may be satu-
.rated to 1.7 x 33 or 56 feet partial pressure without requir-
ing decompression, it follows that the time that a person
can remain at 100 feet gauge, without decompression, is
unlimited if two and a half atmospheres of oxygen is used.

On the other hand if a percentage mixture eguivalent to air
were used the partial pressure would bhe 80% of 133 feet or
106 feet and the -diver would have to stop for decompression
at 106/1.7 equals 62.5 minus 33 or 29.5 feet gauge. The
length of this and subsequent stops wculd depend upon the
length of the exposure ¢n the bottom.

Thus the partial pressure vacancy created by oxygen is
used to its maximum advantage. The principle is also used
for decompression and pure oxygen is used for stages at and
below sixty feet.

As previously stated the gas comes out of the tissues
into the blood stream during decompression. The rate of
elimination depends upon the difference in partial pressure
between that of the tissues and that of the blood. Consequently,
if the partial pressure of the helium in the blood is reduced
to zero by breathing oxygen the maximum flow of the helium
into the blood stream will be effected and decompression will
take place in & minimum of time.

Following a helium dive, decompression may be given with
helium, air or oxygen. The method of computing this decompress-
ion is the same in general for -all cases. If the maximum
partial pressure of oxygen is desired, the percent ocxygen
is obtained as previcusly stated, that is 2.5 divided by the
depth expressed in atmospheres absolute. '
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The consensus of opinion of all writers on this subject
seems to be that no matter what respirable gas is being
breathed the carbon dioxide in the alveolar air of the lungs
will be about 5.3% and the water vapor about 6.2%., These
percentages will vary inversely with the pressure.

The alveolar oxygen percentage will be less than that
breathed by the amount of the carbon dioxide and alsc by a
proportional amount of the water vapor percentage for the
pressure.

Thus at one atmosphere 20% oxygen will be reduced {irst
to 20 minus 5.3 or 14.7% for the carbon dioxide and then
to 14.7 over 106.2 times 100 or 13.9% by reason of the water
vapor. Thus we should expect to find about 14% oxygen in
the arterial blood.

In the venous blood it has been determined that there
is about 5.3% oxygen after the haemoglobin has partially
restored itself by taking up the excess in solution.

The carbon dioxide being about 5.3% in the alveolar
air will also be that amount in the arterial blocod, but
will increase to something over 6% in the venous blood.

To summarize the blood will contain the following
gases:

Arterial Venous

Nitrogen - - = - - T4.5  —em 74.5
Water vapor - - - - 6.2 -—— 6.2
Carbon dioxide- - - 5.3 ~=-— 6.0
Oxygen -= - - = = - 14.0 --- 5.3
TOTAL - 100.0 - - - 92,0

The difference between these two totals, 8% represents
the partial pressure vacancy.

Similarly at two atmospheres the amounts will be as
follows:

Arterial Venous

Nitrogen - - - - - 76.8 - - - 76.8

Water vapor =--- =-- 3.1 - - - 3.1

Oxygen - = = -~ - = 17.4 - - - 3.7

Carbon Dioxide - - 2.7 - - - . 3.0
TOTAL - 100.0 - - - 86.6

The partial pressure vacancy will be 13.4%.

While the oxygen percentage does increase a small arount of
this is the percentage of one atmosphere and at pressures in
excess of one atmosphere the figure must be divided by the
pressure expressed in atmospheres to obtain the true percentage

of the total.
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The following table shows.the partial pressure vacancy.
for each atmosphere up to ten: ,
Partial Pressure
Atmosphere’ Vacancy (percent)

I == -"=---"8.0
2 - - -=---- 13.4
3 - - mm - - 15.3
4 -~ = - - - - = 16.2
5 - - - - - - - 16.9
R 17.5
7--=--=--- 18.0
8 — - = = = = - 18.3
9 - - - - === 18.6
10 - = - - - -- 18.9

These values are for a mixture of gas containing 20%
oxygen and they will vary for different mixtures.

It is convenient for plotting the curve of saturation
to take time units in ten minute increments up to 60 minute
tissues. The time units of each tissue are obtained by
dividing the time of the exposure by each time unit. -While
"it is not accurate, it is customary to include the time
going to the bottom in the exposure. Actually only half
of this time should be included. With the time units ob-
tained, the per cents ¢f saturation are obtained from the
table given in Figure 1. These percentages are multiplied
by the partial pressure of the gauge depth to give the
increased partial pressure of each tissue. Since the body
is in a state of full saturation for one atmosphere, each
of the partial pressure increases must be added to 27 which'
is the partial pressure of 1 atmosphere. The next: step
is the very important one of determining the first stop for
decompression. It has been stated previously that when -
the body is fully saturated the ratio of the partial pressure
to the absolute depth to which a diver may ascend is as 1.7
is to 1. While at shallow depths for short exposures it
seems that the faster tissues can stand a greater ratio
than 1.7 to 1, it appears to be guite safe and is not very
wasteful in time to consider .this 1.7 to 1 ratio for all
tissues and all conditions, for it seems that helium is
released in the tissues faster than the blood stream can
carry it off and that a substantial stop at a position
calculated in this manner is necessary. The.partial press-
ure of the five minute tissue is divided by 1.7 for a trial
first stop. This figure is .absolute. depth and 33 feet must
‘be subtracted from it to obtain the gauge depth. The partial
pressure corresponding to this depth is then calculated and
using this figure and the partial pressure on the bottom the
average partial pressure in going to the first stop is obtained.
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The time of ascent to this stop is taken from the table of
Rates of Ascent. This time is then divided by 5 to obtain

the time units. From the table Figure 1 the percentage is
taken. This is the percentage of the differential pressure
that the five minute tissue will lose. The difference in
pressure is cobtained by subtracting the average partial press-
ure coming to the stop from the partial pressure of that tissue
on the bottom. By subtracting the amount lost from the amount
on the bottom we get the partial pressure upon arrival at

that 'stop. Again dividing by 1.7 a new first stop is obtained.
This process may be repeated until the minimum first stop is
obtained. It is advisable to work out the ten minute tissue

as well for it sometimes happens that it controls the first
stop. For sake of convenience stops are always made at even
ten foot marks, and when the first stop is finally selected

it should bhe the 10 foot mark next deeper than the calculated
figure, unless this happens to come to a figure exactly divi-
sible by 10.

The time at all first stops should be 7 minutes for it
has been found by experience that this amount of time is
required to eliminate the initial outrush of released helium.
This time comes in handy for the diver to get on his stage
or to enter the submersible decompression chamber.

The next step is to calculate the loss or gain of all of
the other tissues in coming to the first stop. This is
accomplished in the same manner as above. The gain or loss
in all tissues for the stay at the first stop is next calcu-
lated. The partial pressure corresponding to the first stop
is the percentage of all other gases times the absolute depth.
The elgebraic sum of the partial pressure of the stop gives
the differences in pressure. The signs are minus or plus as
the tissues are losing or gaining. The time level minutes is
divided by each time tissue giving the corresponding time
units. From Table I, the corresponding percentages are
obtained. These percentages are multiplied by their corre-
sponding differences in pressure which gives the loss or gain
in partial pressure during this part of the decompression.
The next stop is determined by dividing the maximum partial
pressure of the gases by the ratio 1.7 and subtracting 33.
The partial pressure of this stop is obtained and the differ-
ences in pressure are determined. From this point, a little
different procedure is followed. The absolute pressure of
the next stop is multiplied by 1.7 in order to obtain the
maximum allowable partial pressure for the next stop. This
figure is subtracted from the partial pressure of the tissues
which are greater in order to find the amount to lose. The
amount to lose divided by the corresponding difference in
pressure gives the percent to lose for each tissue. From
Table I, the corresponding time units are obtained. These
time units are multiplied by their tissue times. The results

1I-5-134



20

give the times that it will take the various tissues to lose a
sufficient amount to enable the diver to ascend to his next
stop. The maximum time obtained from the variocus tissues is,
cof course, selected as the time of the stop. The amount

that each tissue gains or loses is then calculated and applied.

This process is repeated until the diver is ready to sur-
face. If oxygen is used after arrival at 60 feet the partial
pressure of the stop is very much reduced and the stops may
be figured the same as above except that it is not necessary
to hurry the stops after 50 feet is reached because nearly
maximum deccempression will take place even though surfacing
from the 50 foot stop. It has been found that when surfac-
ing from 50 feet while breathing oxygen it is good safe prac-
tice 1o use the last five minutes of the time to come up to
the surface at the rate of 10 feet per minute.

RATE OF ASCENT

In computing the rate of ascent to the first stop we have
attempted to prevent a state of super-saturation in the wvenous
blood. Since the blcood in the veins has a partial pressure
vacancy which nearly corresponds to the oxygen percentage be-
ing breathed, the pressure may be reduced by that amount with-
out creating a state of super saturation. During the ascent
to the first stop, after an exposure to excess pressure, it
is extremely important to avoid the starting of bubble for-
mation in the blood stream, for if it is once started, gas
diffuzes into the bubbles and the size of the hubhles in-
creases. The danger, like a snowball rolling downhill, in-
creagses as the pressuvre is lowered and it is very doubtful
that a blockage of 'blood vessels can be avoided. Consequently
the rate of ascent should be regulated upon the basis of per
cent change in. pressure as well as the per cent of oxygen
being breathed. If we can assume that the venous bloed clears
itself through the lungs in forty seconds, the rate of ascent
can be calculated. This assumption is probably correct
for since using this method of ascending to the first stop,
no cases of bhends have been encountered that could be traced
to this part of the decompression.

Further evidence of the correctness of this theory was
reported by Lieutenant W. A. New, U.S. Navy, Officer in
Charge of the Diving School. When breathing air and ascend-
ing to the first stop at the usual fifty feet per minute many
of the divers developed pronounced itch on the surface of their
bodies. He reduced the rate of ascent to 25 feet per minute
and no further symptoms were encountered. It is well known
that this itch is a form of bends and that it indicates that
a dangerous border line is being approached in the decompression
procadure.,
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As an example cof calculation of the correct rate of
ascent we will take two cases, one 20% oxygen, the other 15%.
Owing to the influence of water vapor an €02 in the lungs
the oxygen tension in the lungs for the first atmosphere is
20% minus 6% CO3 over 1.062 for water vapor, or about 13.2%.
For the second atmosphere it will be 20 plus 13.2 divided by
2 or about 16.6% etc.

The following table shows these approximate amounts:

Atmospheres Oxygen Per Cent {15) Oxygen Per Cent (20)
1 - =-=-=-=-=-=-=-- 8.5 - - - - - - ~13.2 '
2 - === - - - - 11.8 = = = = = = = 16.6
3 - - === - - 12.8 = = = = = = =~ 17.7
4 = = = = = = = = - 13.4 == = = = - - 18.3
5 - = = =~ = = =~ =-13,7 - = - - - - - 18.6
6 - - - - - - - - -13.9 - - - - - - - 18.8
7 - - - ===~ = ~14.1 - - ---- - 19.0

Consider coming up from 200 feet to 167 feet a rise of
33 feet. The per cent change in pressure 'is from 7 to 6
atmospheres or 14.3%. When breathing 20% oxygen, the actual
per cent at 7 atmospheres taken from the table above is 19.
The time of ascent should be 14.3/19 or .75 times the time
interval which it takes for the blood to clear (.67 minutes}
or .5 minutes. The rate per minute will be 33 over .5 equals
66 feet per minute. The c¢hange in going from 100 to 67 feet
would be 25%. The time (25 divided by 18.3) x .67 equals 91
and the rate 33/.91 about 36 feet per minute. Likewise the
rate when coming from 66 feet to 33 feet would be about 26
feet per minute and from 33 to the surface 17 feet per minute.

In view of the large number of cases where men have
greatly exceeded these rates of ascent without apparent symp-
toms it would seem that they are greatly exaggerated. However,
when the time involved is such time as would be otherwise used
for decompression, it is felt that it would be an added comfort
to be able to feel that the probability of starting bubbles
in this manner is eliminated.

If 15% oxygen is breathed the rate of as-ent from 200
to 167 feet would be 49 feet per minute.
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The rates-would compare as follows: :

Ascent 20% Oxygen 15% Oxygen

200 to 167 66 ft. per min. 49 ft. per min.
167 to 133 56 ft.._ per min. 41 ft. per min.
133 to 100 46 ft. per min. " 34 ft. per min.
100 to 67 36 ft. per min. 27 ft. per min.
67 to 33 26 ft. per min. ~ 19 ft. per min.
33 to 0 ] 17 ft. per min. 12 ft. per min,

It is recognized that there is a small amount of exygen
carried in the venous blood (5 to 13.5% of an atmosphere) and
that this reduces the partial pressure vacancy. This has not
been used in the above discussion but has been 1ncorporated
in the table of rates of ascent.

This has been applied by computing the oxygen percent or
an atmosphere in the venous blood for each atmosphere of press-
ure. The oxygen varies from 5.3% when breathing 20% at one
atmosphere or 1/5 of an.atmosphere effective to 13.5% when
breathing three atmospheres effective oxygen. The per cent of
an atmosphere is then divided by the number of atmospheres of
pressure to get the actual per cent for that pressure. This
per cent is subtracted from the: per cent of alveolar oxygen
to obtain the true partial pressure vacancy in the venous blood.

It is evident from the following table of Rates of Ascent
that as the oxygen percentages are reduced for the purpose of
preventing high® tensions of oxygen on deep dives, care must be
taken to not exceed the proper rate of ascent.
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OF RATES OF ASCENT FEET PER MINUTE

Depth at
Point as-

OXYGEN PER CENT ~ DRY SAMPLE

cent begins:10 :15 :20 :25 :30 :35 :40 :45 :50 :55 :60 :54 :70 :
600 :56 1132 : : : s : : s : : : :
550 :51 :118:157: : : : : : : : :
500 <46 :106:143: : : : : : : : : : :
450 42 3 97:132: : : : : : : s : :
400 :37 : 87:118:150: H : : : : : : : :
350 132 ¢ 76:103:135:159: : : : : : : : :
300 :+27 1 65: 89:114:137:161: : : : : 3 : :
250 122 2 B2: 72: 94:115:137:159: : H : H H H
200 16 : 41: 58: 75: 92:109:126:143:160: ' : : :
I50 212 230 : 437577 71: B85: 99:113:127:141:155: : :
100 : 7 : 21: 30: 40: 50: 60: 70: 80: 90:100:110:120:130:
50 : 3 3 10: 17: 23: 29: 35: 41: 47: 53: 60: 67: 74: 80:

Since it is not practical to use

such odd figqures when

bringing a diver up to his first stop this table will be re-

arranged.

greater rate than 75 feet per minute.

TABLE OF RATES OF ASCENT FEET PER MINUTE

It is never practical to bring a diver up at a

Depth at

Point as- OXYGEN PER CENT - DRY SAMPLE

cent begins:10 15: 20: 25: 30: 35: 40: 45: 50: 55: 60:
600 150 : : : : : : : ' t :
550 :50 : : : : : : : : : :
500 : 40 :ALL:QOTHERS + 75:FEET PER MINUTE: :
450 :40 : : : : : : : : : :
400 30 : : : : :
350 130 : : : : : :
300 :20 50 : : : : : :

250 120 :50 : T H : * H : :
200 :10 :40 :50 : : : : :

150 10 :30 :40 :50 : : H

100 :10 120 :30 :40 :50 : ! H :

50 :10 10 :20 =20 :£30 :30 :40 :50 : :
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BL EXAMPLE OF. COMPUTATION OF A DECGMPRESSION
“TABLE FOR USE WLITH HELIUM-
“OXYGEN DIVING

This example differs from the actual computations as
follows:

{a) The minimum tissue sued is 60 minute where as in
the tables submitted the 70 minute tissue was used,

(b} The time of exXposure was a "rest"™ time while the
tables submitted are for "work"™ time, which Is twice "“rest"
time. ) -

(c) All tables are calculated considering the mixture
used during decompression to be 16% oxygen in order to he on
the safe side. In the example, 25% is used.

An example of computing a deeompression table follows
and the curves of this decompression are shown in Figure 2,

Suppose the depth selected is 300 feet, the time on
the bottom 30 minutes, and that the gas breathed is helium
and 25% oxygen.

Example of computation of Decompression Table:

Depth - 300 feet.

Time on bottom - 30 minutes.

Gas used - 25% oxygen - 75% helium.

Effective oxygen 25 minus 2 equals 23% (Allowing for
a small amount of oxygen in venous blood and loss in
helmet).

Absolute depth of dive is 300 plus 33 equals 333 feet
PP of all other gases 77 (100 - 23% 02) times 333 equals
256.4.

PP increase saturation effect 77 tlmes 300 equals 231.
All calculations are made to the nearest foot

Tissue saturation is obtained as follows:

1l ) 2 3 4 : : 5
Tissue Time Units %Saturation PP increase - Total
5 6 98.5 228 255
10 3 87.5 202 229
20 1.5 64.6 149 176
30 1 50 1lle 143
40 .75 40.5 - 94 121
50 .6 34 79 ' lo6
60 .5 - 29:.3 68 95

- Tissues selected to plot curve.

- Time of exposure divided by tissue time.
From Table I.

Percentage {column 3} times 231.

27 feet plus increase {column 4).

U b o o
4
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Trial first stop 255 divided by 1.7 equals 150 feet,
117 feet gauge. '
Using next higher 10 foot mark, the stop is 120 feet.
-From the table of Rates of Ascent when using 23% oxygen,
we may come from 300 feet to 250 feet at 104 feet per minute,
250 feet to 200 feet at 75 feet per minute,
200 feet to- 150 feet at 63 feet per minute,
150 feet to 120 feet at 50 feet per minute.
.For practical purposes the diver should not be brought
up at a rate greater that 75 feet per minute. The time of
ascent to 120 feet would be 3 minutes. Using the average
partial pressure in coming to the first stop is accurate enough
for determining the change of partial pressure in the various
tissues and the figure is determined by adding the bottom
pressure to the pressure of the stop and dividing by:itwo:
256 plus (153 times 77) over 2 equals 187 feet.

Check first stop. -
1 2 3 4 5 6 7 8 9 10
Tissue PP Av.PP DP Time TU % Loss PP at lst Stop
5 255 187, 68 3M .6 34 23 232 136
10 229 187 42 3M .3 18.7 8 221
Stop will be 136 - 33 eguals 103 feet and 110 will be used.
1 - Tissues to be considered.

2 - From saturation and calculation.
3 - Calculated above.
4 - Column 2 less column 3.
5 - Time of- ascent.
6 - Column 5 divided by column 1.
7 - Taken from Table 1.
8 - Column 4 times column 7.
9 - Column 2 less column 8.
10 - Maximum amount in column 9 divided by 1.7.

The average pp when coming to 110 feet gauge or 143 feet
absolute will be 256 plus (143 times 77) over 2 or 183 feet.

There will be no change in the time of ascent.
The change in pp of all tissues when coming to 110 feet
gauge is computed as follows:

1 2 3 4 5 6 7 8
Tissue PP Av,.PP DP TU % Gain or Loss- PP
5 255 183 -72 .6 34 -24 231

10 229 183 ~46 .3 18.7 -9 220

20 176 183 + 7 .15 9.8 + 1 177

30 143 183 +40 .1 6.6 + 2 145

40 121 183 +62 .075 5.0 + 3 124

50 106 183 +77 .06 4.0 + 3 109

60 95 183 +88 .05 3.4 + 3 98
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Change in partial pressure as a result of remaining
at first stop for 7 minutes

- Tissues.-
~ pp saturation.

- Computed above.
"Column 3 minus column 2. )
- Time units for 3 minutes; 3 divided by c¢olumn 1.
- Percentages for TU in column 5, Table ‘1.
- Column 4 times column 6.
-~ Column 2 plus or minus column 7.

26

1 2 3 4 5 6 7 8
Tissue PP PPofStop DP TU % Change PP
5 231 110 -121 1.4 2.1 -75 156
10- 220 110 -110 .7 38,4 -42 178
20 177 110 -67 .35 21.5 - -14 163
30 145 110 -35 .233 14.9 -5 140
40 124 110 ~14 175 11.4 -2 122
50 109 110 +1 .14 9.2 0 109
60 98 110 +12 .12 8 +1 59
- Tissues,

- Table

OO~ O Ul () B
1

It will be noted
of saturation will be
minute tissue will be
divided by 1.7 equals

One minute should be allowed for bringing the diver

1.

- pp.at arrival at 110 feet.
-~ (110 plus 33) times 77 equals 110.
- Column 2 less column 3.
7 minutes div

- Column 4 times column 6.
- Column 2 plus or minus column 7.

ided by column 1.

that the highest point on the curve
near the 10 minute tissue and the 10
used for computing the next stop.
105 minus 33 equals 72.

178 -

to the next stop and the 10 minute tissue will lose about 5
feet in this time so the next stop will be 70 feet.

or 95

The average pp will be 110 plus

(103 times 77 over 2

The change during the ascent will be as follows:

Av.PP

Tissue PP DP TU % Change PP
5 ise 95 -61 .2 12.9 -8 148
10 178 95 ~-83 .1 6.6 -5 172
20 163 95 ~-68 .05 3.4 2 161
30 140 95 -45  .033 2.2 -1 139
40 122 95 -27 .025 1.7 0 122
50 109 g5 -i4 .02 1.3 0 109
60 99 95 -4 .017 .9 0 99

At 70 feet it will

be necessary
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maximum tissue reaches the absolute pressure of the next stop
60 feet times 1.7 or (60 plus 33) times 1.7 or 158.

The highest tissue, 10 minute, has 172 feet and must
lose 172 minus 158 or 14 feet. The difference in pressure will
be 178 minus pp of stop (103 times 77) or 99. 14 feet is 14/99
or 14,1% and from Table I this is .22 time units. The time
that it will take the 10 minute tissue to lose 14 feet will be
10 times .22 or 2.2 minutes. S8ince it is more convenient to
use even mintite .intervals the stop will be taken as 3 minutes.

The change will be as follows:

Tissue PP Av.PP DP TU 2 Change PP
5 148 79 69 .6 34 -23 125

10 172 79 93 .3 18.7 -17 155
20 el 79 82 .15 9.8 -8 153
30 139 79 60 .1 6.6 -4 135
40 122 79 43 .075 5.0 -2 120
50 109 79 30 .06 4.0 -1 108
60 98 79 20 .05 3.4 -1 98

The'l decompression from this point may be effected by
using pure oxygen or by continuing with the same mixture. Both
methods will be computed for comparison. The time for ascend-
ing ten feet is not computed separately but is part of the
time of the next stop. While the 10 minute tissue is actually
highest, it will hose more than the 20 minute tissue and the
20 minute tissue will control.

The 20 minute tissue has 153 feet and has to be reduced to
{50 plus 33) times 1.7 equals 141, before coming to 50 feet.
It must, therefore, lose 12 feet.

The difference in pressure will be 153 minus 72 (93 times
77} equals 8l. The per cent to lose will be 12/81 eguals 14.8
and from Table I the TU will be .23. Time will be 20 times
.23 or 4.6 minutes. The time will be taken as 5 minutes.

Change while at 60 feet will be as follows:

Tissue PP Av.PP DP TU % Change PP
5 125 72 53 1 50 -27 98
10 155 72 83 .5 29.3 -24 131
20 153 72 81 .25 15.8 -13 140
30 135 72 63 .167 10.8 - 7 128
40 120 72 48 125 8.3 - 4 116
50 108 72 36 1 6.6 -2 loe
60 98 72 26 .083 5.5 -1 97
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It is not necessary to continue the 5 and 10 minute
tissues. . : -

At 50 feet the 20 minute tissue must be reduced to 124 in
order to proceed to the 42 foot level and must lose 16 feet.
This is 16776 or 21% which-is .34 TU. Time is .34 times 20
equals 6.8 -minutes. Time will be 7 minutes.

Change while at 50 feet:

Tisswe PP Av.PP  DP TY % Change PP
20 140 64 76 .35 21.5  -l6 124
30 18 64 64 .233 14.9  -10 118
40 116 64 52 .175 11.4 -6 110
50 106 64 42 .14 9.2 . 4 102
60 9 64 33 .12 8 -3 94

The 30 minute tissue will now controcl and at 40 feet it
will have to be reduced to 63 times 1.7 equals 107 before it
will be safe to come to 30 feet. It must lose 11 feet or
11/62 equal 1 .8%. This is 28 TU times 30 equals 8.4
min. and the stop will be 9 min.

Tissue PP Av.PP  DP TU g Change PP

30 118 56 62 .3 18.7 -12 106
40 110 56 54 .225 1l4.4 -8 102
50 102 - 56 - 46 .18 11.7 -5 97
60 94 56 38 .15 9.8 -4 290 -

The 40 minute tissue will now control and at 30 feet
it will have to be reduced to 53 times 1.7 eguals 90 before
it will be safe to come to 20 feet. It must lose 12 feet or

12/53 or 22.6% equals 37 TU times 40 equals 14.8. The stop
will be 15 minutes.

Tissue PP Av.PP DP TU % Change PP
40 102 49 53 375 22.8 ~-12 90
50 97 49 48 .3 18.7 ~9 88
60 90 49 41 .25 15.8 -6 84

The 50 minute tissue now controls and at-10 feet it will
have to be reduced to 43 times 1.7 equals 73 before it will be
safe to come to 10 feet. It must lose 15 feet or 15/47 eguals
31.9% or .55 TU, The time will be 50 times .55 or 27.5 minute.
The stop will be 28 minutes.

Tissue PP Av.PP DP T . % Change PP
50 88 41 47 .56 32.2 -15 73
. 60 84 41 43 .47 27.8 -12 72

The 60 minute tissue now controls and at 10 feet it will
have to be reduced to 33 times 1.7 or 56 feet before surfacing.
It must lose 16 feet. The difference in pressure is 72 minus
33 equals 39. Per cent to lose equals 16/39 or 41%. TU edquals
.763. Time will be 60 times .763 equals 45.78 or 46. minutes.
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Since it is safe 'to use oxygen at 60 feet for short
pericds a great saving of time will be accomplished by shifting
to oxygen at that point.

When shifting to oxygen at 60 feet the suit is venti-
lated by admitting 18 cubic. feet of oxygen into the helmet
over a period of one minute. This gives about 80% oxygen
mixture for breathing and the best conditions from the
standpoint of gas expended and time saved, are obtained.

When using the submersible decompression chamber, pure
oxydgen can be breathed through a mask and the best decompress-
ion effected thereby. The fcllowing computations will
be based upon 80% oxygen. '

At 60 feet the pp on all other gases will be 93 times
20 or 19, The diver will be kept at 60 feet for 10 minutes,
This is more than ample, but very little advantage.is gained
by dropping pressure. In fact better decompression is obtain-
ed at 50 feet than at 10 feet when breathing pure oxygen.

The change while at 50 feet for 10 minutes will be as
follows: *

Tissue PP PPStop DP . TU % Change PP
5 98 19 79 2 75 -59 39

10 131 19 112 1 50 -56 75
20 140 19 121 .5 29.3 -35 105
30 128 19 109 .33 20.6 -22 106
40 116 ig 97 .25 i5.8 -15 101
50 106 19 87 .2 12.9 =11 95
60 a7 19 78 167 10.8 -8 89

At 50 feet the pp will be 20% times 83 equals 17.

The 30 minute tissue controls.

The times to reduce all tissues to 56 will now be

computed:

Tissue PP PPStop DP PP to lose % to lose T Time
30 106 17 89 50 56.2 1.19 35.7
40 101 17 84 45 53.5 1.11 44 .4
50 95 17 78 39 50 1.0 50
60 89 17 72 33 45 .8 .885 53.1

PP to lose is found by subtracting 56 from the pp of the
tissues. Percent to lose is found by dividing pp to lose by
DP. Time is found by multiplying tissue by. TU. The maximumn
time will be 53.1 or 54 minutes will be used.

*Note: It is more accurate to consider the first 3 minutes at

this stop as breathing the Hilium Oxygen mixture - in order
to allow for rinsing out the lungs with oxygen:
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The - two tables are shown for comparlson
‘Going on oxygen
On helium-oxygen mixtures -at 60 feet.

To stop . 110 - 3 minutes .. - 3 minutes
at 110 7 minutes . 7 minutes
to 70 1 minute -1 minute
at 79 3 minutes . 3 minutes
at 60 5 minutes 10 minutes
at o 50 7 minutes . 54 minutes
at 40 9 minutes
at 30 15 minutes
at 20 28 minutes
at 10 46 minutes

TOTALS —--124 minutes. . 78 minutes

It must be recognized that in computing the foregoing
tables, that if a lower percentage of oxygen: were used and
the same pp of AOG were used for the dive, the loss at each
stop would be less because the pp of AOG is’ increased with
the reduction in oxygen pp. This would result in a smaller:
difference in pressure and consequently less loss in pp at
each stop.

The same exposure 256 feet pp, but with 10% oxygen has
been computed to show this.difference. The gauge depth would
be only 250 feet, and the rate of. ascent to the first stop.
would be less. :

Using 25% oxygen 300 Using 10%. oxygen 250
feet gauge, 256 feet feet gauge; 256 feet
pp A.0.G. pp A.O.G.

to 110 feet 3 min. to 110 feet 6 min.
at 110 feet 7 min. 110 feet 7 min.
to 70 feet 1 min, 70 feet 1 min.
at 70 feet 3 min. 70 feet 3 min.
at 60 feet {Breathing) 10 min. 60 feet 10 min.
‘at 50 feet (Oxygen } 54 min, 50 feet 60 min.

Another point to be considered is that the partial
pressure of (all other gases) AOG in the first atmosphere has
a tendency to equalize toward the pp which would result from
the percentage of oxygen breathed during the exposure.

If when calculating the table, it is considered that the

pp of AOG in the first atmosphere is never reduced any errors
introduced will be in the direction of safety.

11-5-145



31

Since it is not alwavs convenient to mix the helium and
oxygen in the exact proportions desired, decompression tables
have been arranged in two parts. First, a table of partial
pressures and depths for different oxygen percentages has been
arranged. Having the depth of water and the oxygen percentage
the partial pressure is picked out from the table. It is
proper to interpolate to the nearest foot.

The probability of oxygen loss in the helmet due to
respiration and the oxygen percentage in the venous blood
which must be included in AOG have been included in determin-
ing the partial pressures of AOG in this table.

The second table shows decompression requirements for
various partial pressures of A0G, and for various times of
exposure, measured from the time that the diver starts down.
In selecting the table interpolation is not allowed. If the
time of exposure is not ekactly given in the table the next
higher time must be used. Likewise if the exact partial
pressure is not found in the table the next higher partial
pressure is used. These tables are computed upon the assum-
ption that the diver is active while on the bottom.
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PARTIAL PRESSURE IN FEET

260
240
220
200
180
160
140
120
100

80

60

40

20

TIME ON BOTTOM 30 MIN
AT 110 FT. 7"
AT 70 " 3

AT 60 " 10 “ ON OXYGEN
AT B0 o 54 " ON OXYGEN

50 FT
cE
1 ) ! I J 1 | 1 | i l [ ]
0 5 10 15 20 25 30 35 40 45 650 655 60 65

TISSUES - MINUTES

FIGURE 2.

CURVES ILLUSTRATE THE PROGRESS
OF DESATURATION OF BODY AFTER
SATURATION AT A PARTIAL PRESSURE
OF 256 FEET FOR 30 MINUTES.
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HELIUM _
() DECOMPESSION TABLES UP TO 450 FEET

The following Decompression Tables are computed for
all time and oxygen combinations and all depths up to 450
feet gauge.

While it may not be practical to dive for the 1on§er
periods, an emergency may arise . where it will be necessary
to have the tables.

All tables are computed with maxiumu safety factors
and it is believed they are safe for all condltlons to -
which a diver may be exposed.

Decompression on oxygen after arrival at 60 feet has
been considered as standard. ) -

Decompressions on Helium-Oxygen mixtures after arrival
at 60 féet or on air from any depth will be considered emer-
gencies and the tables provided herein are emergency tables,
and are therefore for maximum exposures.

It is important to keep CO2.below 2% effective.

These tables were computed by Lt. Comdr. C. B. Momsen,
U. 8. Navy, and Lieutenant (jg) K. R. Wheland, U. S. Navy,
and it is requested that any apparent errors dlscovered be
referred to elther of them.

DECOMPRESSION TABLES

FOR USE WHEN DIVING IN SEA WATER WITH HELIUM—OXYGEN MIXTURES

Table for- Depths up to 100 feet when
decompression is not necessary for
any exposure.

DEPTH IN FEET :0XYGEN PERCENTAGE:

: 30 : 13 to 100 :
: 40 : 26 to 100 :
: 50 + 34 to 100 :
: 60 : 42 to 90 :
: 70 ‘:r 48 to 80 :
: 80 : 52 to 73 - :
: 90 : 57 to 67 :
: 100 : 60 to 62 :

No Decompression Necessary
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18

17

16

u CURVES SHOWING: (A)

{:)

FOOT PER MINUTE PERFORMANCE OF PERFECTLY
TRAINED MEN, HOLDERS OF WORLD RECORD TRACK
MARKS.

EXPECTED PERFORMANCE OF MEN USUALLY
ENGAGED IN DIVING,

L I | | ! l |

' R R NS R A R Y N

0 65 10 15 20 25 30 35

40 45 50 55 60 65 70 75 80 B85 90

TIME IN MINUTES

FIGURES. -
TIME WORK CURVES
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INSTRUCTIONS FOR USE OF
CXYGEN DECOMPRESSION CURVES

Using depth of water and oxygen per cent to be ) ; _
breathed on the bottom, select parial pressure from "Table of
Partial Pressures". Partial Pressure as used in these tables and
the curve is obtained by the following formula:

100 ~ (02% - 2 x (D plus 33) D.- is depth. 02% is per cent
‘ of oxygen in gas
mixture used.
2. Use up to 141 feet partial pressure ONLY,

3. The limits of oxygen to be used are indicated in "Table
of Partial Pressures”. ) ' ’

4. BAll stops.are at 50 feet gauge.

5. Breathe oxygen at 50 feet and until reaching surface.
Ventilate 25 cu.ft. and circulate remaining period.

6. Rate of ascent:

Up to 100 feet partial pressure =~-------- 1 minute.

Over 100 feet partial pressure ———-————-—— 2 minutes.
From 50 feet to surface ——-———--7—-——-————- Last 5 mins. of

dive.
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OXYGEN DECOMPRESSION TABLES FOLLOWING
HELIUM-OXYGEN DIVE

1. Using depth of water and oxygen per cent to be breath on
the bottom, select partial pressure from "Table of Partial Pressures"

2. Using next higher partial pressure given in these tables and
next higher "time of dive" including time of descent, select
table of decompression.

- 3. The time of ascent unless indicated, will be included in the
subsequent stop. -

4. At 60 feet, ventilate 25 cu.ft, of oxygen and then circulate
oxygen for the remaining period at 60 feet, and the entire time at
50 feet. 1If the first stop is at 50 feet, ventilate 25 cu.ft. of
oxygen and then circulate oxygen for the remaining period. If using
the submersible decompression chamber, oxygen is breathed through a
mask at 60 feet and at 50 feet.

PARTIAL PRESSURE &0

Time To Feet and
of  1st Minutes Total
Dive Stop 50 ‘Time
10 2 0 2
20. -2 0 2
30 2 0 2
40 2 ¢ 2
B0 1 4 5
80 1 7 8
100 1 10 11
120 1 12 13
PARTIAL PRESSURE 70
Time To Feet and
of 1st Minutes’ Total
" Dive Stop 50 T Time -
10 - 2 0 2
20 1 5 )
30 1 8 9
40 1 10 11
60 1 15 16
80 1 21 22
100 1 26 27
120 il 29 30
140 1 31 32
Leo 1 32 33
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PARTIAL PRESSURE 80

Time To Feet and

of 1st Minutes Total
Dive Stop 50 Time
10 1 4 5
20 1 9 10
30 1 14 15
) 1 18 19
60 1 26 27
80 1 34 35
100 1 42 43
1206 1 46 47
140 1 48 49
160 1 49 50

PARTIAL PRESSURE 90

Time To Feet and

of ist Minutes Total
Dive Stop 50 Time
10 2 5 7
20 2 13 15
30 2 19 21
40 2 25 27
60 2 36 38
80 2 46 48
100 2 55 57
120 2 59 61
140 2 61l 63
160 2 62 64
180 2 63 65

PARTIAL PRESSURE 100

Time To Feet and

of 1st Minutes Total
Dive Stop 50 Time
10 2 6 8
20 2 17 19
30 2 26 28
40 2 33 35
60 2 46 48
80 2 57 59
100 2 65 67
120 2 70 72
140 "2 73 75
160 2 74 76
180 2 75 77
2006 P 76 78
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PARTIAL PRESSURE 1iQ

Time To lst Feet and Total

of Stop Minutes Time
Dive . 50

10 2 6 8
20 2 21 - 23
30 2 32 34
40 2 41 43
60 2 57 59
80 2 69 71
J00 2 76 78
120 2 31 B3
140 2 g4 B6
160 2 85 87
180 2 86 88
200 2 87 89

PARTIAL PRESSURE .120

‘Time . To Feet and Total
of 1st Minutes Time
Dive Stop 50
10 2 B 10
20 2 27 29
30 2 - 38 40
40 2 48 50
60 2. 65 67
80 2 78 80
100 2 86 88
120 2 91 93
140 2 94 96
160 2 95 97
180 2 97 99
200 2 98 100
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PARTIAL PRESSURE 130

Time To Feet and
of 1st Minutes
Dive Stop 50
10 2 9 11
20 2 31 33
30 2 44 46
40 2 56 58
60 2 75 77
80 2 88 90
100 2 95 97
120 2 100 102
140 2 103 105
160 2 105 107
180 2 106 108
200 2 107 109
220 2 ‘108 110
PARTIAL PRESSURE 140
Time To Feet and Total
of 1st Minutes Time
Dive Stop 50
10 2 10 12
20 2 34 36
30 2 S0 52
40 2 63 65
60 2 83 85
80 2 96 98
100 2 104 108
120 2 109 111
140 2 111 113
160 2 113 115
180 2 115 117
200 2 116 118
220 2 117 119

I1-5-160



44

PARTIAL PRESSURE 150

Time To Feet and Minutes Total
of 1st X Time
Pive . Stop 60 50
10 3 ) 0 10 .13
20 3 0 36 39
30 3 0 56 59
40 3 10 61 74
60 3 -10 . 81 94
80 3 10 94 107
“100- 3 10 101 114
120 3 10 . 106 119
140 3 10 109 122
160 3 10 111 124
180 3 10 113 ] 126
200 3 10 114 127
220 3 10 114 127
240 3 10 115 128

PARTIAL PRESSURE 160

Time To
of 1st Feet and Minutes Total
Dive Stop 60 50 Time
10 3 0 21 . . 24
20 3 10 34 42
30 3 10 54 - 67
40 : 3 10 - 69 82
60 3 10 91 104
80 3 10 102 115
106 3 10 108 121
120 3 10 113 ‘ 126
140 3 10 115 128
160 3 10 116 129.
180 3 10 117 130
200 3 12 117 132
220 3 14 117 134
. 240 3 15 117 135
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PARTIAL PRESSURE 170

Time To
of 1st Feet and Minutes Total
Dive Stop 70 60 50 Time
1o 3 0 10 16 29
20 3 0 i0 38 51
30 3 0 10 61 74
40 3 0 10 75 88
60 3 7 10 94 114
80 3 7 10 106 126
100 3 7 10 113 133
120 3 7 10 117 137
140 3 8 13 117 141
160 3 10 14 117 144
180 3 12 15 117 147
200 3 13 15 117 148
220 3 14 15 117 149
240 3 15 15 117 150
PARTIAL PRESSURE 180
Time To
of 1st Feet and Minutes Total
Dive Stop 80 70 60 50 Time
10 3 0 7 10 19 39
20 3 0 7 10 43 63
30 3 0 7 10 64 84
40 3 0 7 10 80 100
60 3 0 7 10 101 121
80 3 0 9 10 110 132
100 3 7 5 12 117 144
120 3 7 E] 13 117 149
140 3 7 11 14 117 152
160 3 7 14 15 117 156
180 3 7 17 15 117 159
200 3 7 19 15 117 161
220 3 7 21 15 117 163
240 3 7 23 15 117 165
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PARTIAL PRESSURE 180

Time To -
of 1st Feet and Minutes Total
Dive Stop 80 70 60 50 Time
10 4 0 7 10 - 21 T 42
20 4 0 7 10 49 70
‘30 4 0 7 10 70 -91
40 4 T 0 10 87 108
60 4 7 5 10 103 129
80 4 7 9 10 115 145
100 4 7 13 11 117 152
120 4 7 17 . 13 117 158
T40° 4 9 19 14 117 163
160 4 1¥ 20 15 117 167
180. 4 13 21 15 117 170
2Q0:; 4 . 14 22 15 117 172
220 4 15 23 15 117 174
240, 4 16 23 15 117 175
PARTIAL PRESSURE 200
Time To
of ist Feet and Minutes Total
bive Stop 90 80 70 60 50 Time
10 4 0 0 7 10 24 - 45
20 4 0 7 0 10 55 ° 76
30 4 0 7 0 10 74 95
40 4 0 7 4 10 91 116
60 4 0 7 9 10 109 139
‘80 -4 7 3 13 12 115 154
100 4 7 6 16 14 117 164
120 4 7 8 20 15 117 171
140 .4 7 11 21 15 117 175
160 4 7 15 23 15 117 181
180 [ 7 17 23 15 117 183
200 4 7 18 23 15 117 = -184
220 4 7 20 23 415 117 186 .
240 4 8 20 23 15 117 187
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PARTIAL PRESSURE 210

Time To

of ist Feet and Minutes Total
Dive Stop 90 80 70 60 50  Time
10 4 0 7 0 ip 27 48
20 4 0 7 0 10 57 78
30 4 7 0 3 10 79 103
40 4 7 0 7. 10 94 122
60 4 7 4 10 10 110 145
80 4 7 g 14 12 117 162
100 4 7 12 17 14 117 171
120 4 8 15 21 15 117 180
140 4 10 17 21 15 117 184
160 4 "12 17 22 15 117 187
180 4 14 18 22 15 117 190
200 4 16 18 23 15 117 192
220 4 17 19 23 15 117 194
240 4 18 20 23 15 117 196

PART'IAL PRESSURE 220

Time To

of 1st Feet and Minutes Total
Dive Stop 100 80 80 %0 60O 50 Time
10 4 0 0 7 0 10 29 50
20 4 0 7 0 1 10 62 84
30 4 0 7 0 6 10 84 111
40 4 0 7 3 9 10¢ 98 131
60 4 7 0 9 11 1] 113 155
80 4 7 3 11 15 13 117 170
Too 4 7 6 14 17 15 117 180
120 4 7 g 18 23 15 117 192
140 4 7 11" 18 23 15 117 195
160 4 7 14 19 23 15 117 199
‘180 4 7 15 20 23 15 117 201
200 4 7 16 20 23 15 117 202
220 4 8 17 20 23 15 117 .204
240 4 9 19 20 23 15 117 207
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PARTIAL PRESSURE 230

Time To .
of 1st Feet and Minutes Total

Dive Stop 110 100 90 80 70 60 50 ~Time’
10 | 0 0 "0 7 0 10 - 31 52
20 4 0 0. 7 0 3 10 66 90
30 4 0 0 7 2 4 10 87 . 116
470 4 0 7 0 6 9 10 102 138
60 4 0 7 4 E] 12 11 114 161
80 4 0 7 8 12 17 14 117 183
Yoo 4 0 7 12 15 20 15 117 194
120 4 0 - 8 14 19 23 15 117 204
140 4 0 10 16 20 23 15 117 209
160 4 7 6 18 20 23 15 117 v214
180 4 7 7 19 20 23 15 117 216
200 4 7 9 19 20 23 15 117 218
220 4 7 11 19 20 23 15 117 220
2?0 4 7 13 19 20 23 15 117 222
PN

PARTIAL PRESSURE 240
Time To
of 1st Feet and Minutes Total
Dive Stop 110 100 90 80 70 60 50 Time
10 4 0 0 7 0 0 10 35 56
20 4 0 7 0 -1 4 1a 71 97
30 4 0 7 -0 5 7 10 90 123
40 4 7 0 3 -7 9 10 103 143
60 4 7 0 8 190 14 11 115 169
B0 4 7 3 10 14 18 14 117 187
i00 4 7 b 12 17 23 15 117 201
120 4 7 7 .16 19 23 15 117 208
140 4 -7 11 16 20 23 15 117 213
160 4 7 13 19 20 23 15 117 218 .
180 4 8 15 19 20 23 15 117 221
200 4 -8 17 19 290 23 15 117 223
220 4 9 17 19 20 23 15 117 224
240 4 11 17 19 20 23 15 117 226

11:5-165



4

9

PARTIAL PRESSURE 250

Time To

of 1st Feet and Minutes Total
Dive Stop 120 110 100 90 B0 70 60 50 Time
10 4 0 0 7 0 0 1 16 38 60
20 4 0 0 7 0 1 6 10 73 101
30 4 0 7 0 4 6 6 10 95 132
40 4 0 7 0 S 8 9 10 106 149
60 4 0 7 4 ] 11 14 12 117 177
80 4 0 7 7 11 16 18 15 117 195
1a0 4 0 7 10 14 19 23 15 117 209
120 4 7 3 12 17 19 23 15 117 217
140 4 7 4 15 18 19 23 15 117 222
160 4 7 7 16 19 19 23 15 117 227
180 4 7 9 17 19 20 23 15 117 231
200 4 7 11 17 19 20 23 15 17 233
220 4 7 12 17 19 26 23 15 117 234
240 4 7 13 17 19 20 23 15 117 235

PARTIAL PRESSURE 260

Time To

of 1st Total
Dive Stop 12 110 100 90 80 70 60 50 Time
10 4 0 0 7 05 0 2 10 41 64
20 4 0 7 0 0 3 7 10 77 105
30 4 0 7 0 4 6 8 10 97 136
40 4 0 7 2 5 9 9 10 109 155
60 4 7 0 7 -9 12 16 13 116 184
80 4 7 3 9 13 15 21 15 117 204
100 4 7 6 11 14" 19 23 15 117 216
120 4 7 8 13 19 20 23 15 117 226
140 4 7 11 15 19 20 23 15 117 231
160 4 8 13 17 19 20 23 15 117 236
18¢ 4 ] 14 17 19 20 23 15 117 238
200 4 10 16 17 15 20 23 15 117 241
220 4 11 16 17 19 20 23 15 117 242
240 4 13 16 17 19 20 23 15 117 244
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PARTIAL PRESSURE 270

50

To
of 1st Feet and Minutes Total
Dive Stop 130 120 110 Y100 90 80 70 &0 50 Time
*10 4 0 0 7 4] 0 0 4 10 44 70
20 4 1] 0 7 0 2 4 6 10 80 113
30 4 0 7 0 2 5 6 g 10 100 143
40 4 0 7 0 3 g 9 10 10 110 161
60 4 0 - 7 3 7 10 14 16 13 117 191
80 4 0 7 6 10 13 17 23 15 117 212
100 4 7 2 9 13 16 20 23 15 117 226 .
120 4 7 4 11 14 19 20 23 15 117 234
140 4 7 5 14 15 19 20 23 15 117 239
160 4 7 7 15 17 19 20 23 15 117 244
180 4 7 9 16 17 19 20 23 15 117 247
200 4 7 11 16 17 19 20 23 15 117 249
220 4 7 13 16 17 19 20 23 15 117 251
240 4 © 7 15 16 17 19 20 23 15 117 253
*Take 1 extra minute from lst stop to next stop.
PARTIAL PRESSURE 280
Time To . )
of lst Feet and Minutes Total
Dive Stop 130 120 110 100 90 80 70 60 50 Time
*10 4 0 0 7 0 0 1 3 10 47 73
20 4 0 7 0 0 2 6 6 10 84 119
30 4 0 7 0 3" 6 6 9 10 104 149
40 4 7 0 2 5 8 8 12 11 113 170
60 4 7 0 6 8 10 14 18 14 116 197
80 4 7 3 8 11 14 17 23 15 117 219
100 4 7 5 11 13 16 20 23 15 117 231
120 4 7 g .12 16 19 20 23 15 117 241
140 4 7 10 16 17 19 20 23 15 117 248
160 4 8 13 16 17 1% 20 23 15 117 252
180 4 9 14 16 17 19 20 23 15 117 . 254
200 4 10 15 16 17 19 20 23 15 117" 256
220 4 12 15 16 117 19 20 23 15 117 258
240 4 14 15 16 il7 19 20 23 15 117 260

*Take 1 extra minute from lst stop to next stop.
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PARTIAL PRESSURE 290

Time To
of ist Feet and Minutes Total
Dive Stop 140 136 120 110 100 90 80 70 60 50 Time
*10 4 0 0 0 7 0 0 2 3 10 49 76
20 4 0 0 7 0 0 4 6 7 10 86 124
30 4 0 .7 0 -1 5 5 9 9 10 105 155
40 4 0 7 0 4 6 8 9 12 11 114 175
60 4 0 7 4 6 g8 12 15 18 14 117 205
80 4 7 0 7 9 11 15 17 23 15 117 225
100 4 7 2 9 11 15 17 20 23 15 117 240
120 4 7 4 11 13 16 19 20 23 15 117 249
140 4 7 5 13 16 17 19 20 23 15 117 256
160 4 7 B 14 16 17 19 20 23 15 117 260
180 4 7 10 i5 16 17 19 20 23 15 117 263
200 4 7 12 15 16 17 19 20 23 15 117 265
220 4 7 13 15 16 17 19 20 23 15 117 266
240 4 -7 14 15 16 17 19 20 23 15 117 267
*Take 1 extra minute from lst stop to next stop, '
PARTIAL PRESSURE 300
Time To
of 1st Total
Dive Stop 150 140 130 120 110 100 90 80 70 60 50 Time
*10 5 0 0 0 7 . 0 0 0 3 3 10 52 81
*20 5 0 0 7 0 0 1 6 6 6 10 91 133
30 5 0 0 7 G 2 5 5 9 9 10 106 158
<40 5 0 0 7 0 5 7 8 11 13 12 111 179
60 5 0 7 i} 6 7 9 12 15 20 15 117 213
80 5 0 7 2 8 10 12 16 19 23 15 117 234
106 5 0 7 5 1o 12 315 19 20 23 15 117 248
120 5 0 7 8 11 16 17 19 20 23 15 117 258
140 = 0 g 9 14 i6 17 19 20 23 15 117 263
160 5 0 B 13 15 16 17 19 20 23 15 117 268
180 5 7 3 13 15 16 17 19 20 23 15 117 270
200 5 7 5 14 15 16 17 1% 20 23. 15 117 273
220 5 7 6 14 15 16 17 19 20 23 15 117 274
240 S 7 9 14 15 16 17 19 20 23 15 117 277

*Take 1 extra minute from lst stop to next stop.
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PARTIAL PRESURE 310°

.52

Time To
of 1st Feet and Minutes . Total
Dive Stop 150 140 130 120 110 100 90 80 70 60 50 Time
*10) 5 0 0 0 7 0 0 1 3 3 10 54 84
20 5 0 "0 7 Q 0 3 5 6 ‘6 10 93 135
30 5. 0 7 0 0 5 5 7 g8 13 10 109 165
40 5 [4] 7. [4] 3 5 8 8 11 20 11 115 186
-60 5 0. 7 3 i3 7 1o 12 17 23 15 117 219
80 5 7 0 6 9 11 12- 16 19 23 15 117 240
IS0 & T I 9 10 14 17 19 20 23 15 117 256
120 5 7 4 11 12 14 17 19 20 23 15 117 263
II0 =3 7 g - 12 15 16 17 1s 20 23 15 117 -~ 270
160 5 7 . 8.. 14 15 16 17 19 20 23 15 117 275
180 5 7 10 14 15 16 17 19 20 23 15 117 277
200 4 -7 12 14 15 16 I7 19 20 23 15 117 279
220 5 ‘8 13 14 15 16 17 19 20 23 15 117 281
240 S. 9 13 14 15 Y6 17 19 20 23 15 117 = 282
*Take 1 extra minute from lst stop to next stop, ) ' '
PARTTIAL PRESSURE 320
Time To
of ist Feet and Minutes Tota:
.Dive Stop 160 150 140 ~ 130 120 .110 100 90 80 70 60 50 Time
*10 5 Q -0 0 7 Q- 0 0 2 3 3 10 57 88
20 5 0 0 7 0 0 1. 4 5 6 17 10 94 140
30 5 0 0 7 0 2 4 "5 7 g 11 lo 110 169
40 EX 0 7 0 iy 4 6 7 g- 12 15 12 117 194
60 5 o . 7 Q 5 6 9 11 13 .17 20 15 117 . 225
a0 5 0 7 3 7 g 11 13 17 20~ 23 15 117 247
100 5 0 7 5 9 11 13.. 17 19 20 23 15 117 261
120 5 0. 7 7 12 13 16 17 19 20 23 15 117 271
140 5 7 2 9 12 15 16 17 19 20 23 15 117 277
16T S T 3 11 14 15 16 17 19 20 23 15 117 282
~1BD 5 7 5. 11, 14 15 16 17 19 20 23 15 117 284
200 5 7 6 13 -14 15 - 16 17 19 20 23 15 117 287
"TZZ20 5 7 7 13 14 15 ‘16 17 19 20 23 15 117 288
240 Do 7 9 13 14 15 16 ~17 19 ~20 23 ‘15 -117 ‘290

*Take 1 extra minute.from lst stop to next stop,
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PARTIAL PRESSURE 330

Time To

of 1st Feet and Minutes Total
Dive Stop 160 150 140 130 120 110 100 90 80 70 60 50 Time
*10 5 0 0 0 7 0 0 -0 3 3 3 10 690 92

U 5 [4] 1) 7 0 0 2 5 5 6 8 10 96 144

30 5 0 7 1] 0 4 4 6 7 9 11 11 112 176

40 9 0 7 0 4 4 [ 7 9 12 Ie 14 113 1%H

60 S 7 0 2 6 g 9 11 14 T7 23 15 117 Z3q

BEO - 5 7 0 6 8 8 13 14 15 20 23 15 TIT17 Z55

100 5 7 2 710 13 16 17 19 20 23 15 117 27T
“120 5 7 4 9 12 13 16 17 19 20 23 15 117 27T

140 5 ki 6 11 13 15 16 7 19 20 23 I5 117 287

160 5 7 [} 13 14 15 16 17 19 20 23 15 117 287
180 5 7 10 13 14 15 16 17 19 20 23 15 117 28Y

200 5 7 12 13 14 15 1% 17 18" 20 23 15 117 29T

220 5 ] 12 13 14 15 16 17 19 20 23 15 117 2973

240 5 10 12 13 14 15 16 17 19 20 23 15 TI17 294
*Take 1 extra minute from 1st stop to next stop. -

PARTIAL PRESSURE 340

Time To

of 1st Feet and Minutes Tot
Dive Stop 170 160 150 140 130 120 110 100 90 B0 70 60 S0 Ti
*i0 5 0 0 0 7 0 0 0 1 3 3 4 10 64 98|
¥20 5 0 0 7 0 0 1 3 4 6 5 J0 I0 98 15
30 5 0 0 7 0 1 4 S [ [] g I3 1T 1137718
40 5 00— 7 0 1 4 5 7 7 10 12z 17 13 a7 20|
60 5 0 7 0 5 6 8 9 11 15 19 23 15 117 23|
80 5 0 7 2 7 8 10 13 15 T9 20 23 15 "II7 7 Ze.
100 5 0 7 5 9 9 13 16 17 1§ 26, 23 15 II7T 271
IZ0 5 7 1 7 10 13 15 16 17 18 20 23 15 1T7 28l
140 5 7 2 9 12 4 15 le 17 19 20 23 15 II7 2%,
160 5 7 4 10 13 14 15 16 17 19 20 23 15 T1II7 2%
TI80 . 5 7 5 12 T37 T4 15 16 17 1920 23 Is II7 2%
200 5 7 [ 12 13 14 15 16 17 18 20 23 I T1I77 2%
220 5 7 B 12 13 14 15 e 17 19 20 23 I57T1T7 30
240 5 7 10 12 13 14 15 1o 17 18 20 23 15 7117 3L

*Take 1 extra minute from 1st stop to next stop.
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PARTIAL PRESSURE 350

Time To
of 1lst Feet and Minutes Total
Dive Stop 170 160 150 140 130 120 110 100 S0 80 70 60 50 Time
*10 5 0 0 o - 7 0 0 0 2 3 3 4 10 67 102
*20 5 0 0 7 0 0. 1 4 5 7 8 9 10 99 156
30 5 [1] 7 0 0 3 5 5 6 8 9 -13 10 115 186
40 5 0 7 0 2 4 [ 7 8 10 13 16 14 117 209
60 5 7 0 3 5 6 9 10 13 . 16 18 19 15 117 243
~8a 5 7 0 7 7 8 11 13 15 19 20 23 15 117 2687
~T00 5 7 2 8 8 12 13 16 17 19 20 23 15 117 282
~120 5 7 4 9 11 . 13 15 16 . 17 19 20 23 15 117 291
140 5 7 6 11 13 14 15 16 17 19 20 23 15 117 298
“I%0 5 7 79 11 13 14 15 16 17 19 20 23 15 117 3Q1
1BD 5 8 9 12 13 14 15 i6 17 19 20 23 15 117 303
200 E 8 1T 12 13 14 15 16 17 19 20 23 15 117 305
220 5 10 11 12 13 l4 15 16 17 19 20 23 15 117 307
“240 5 i1 11 12 13 14 15 16 17 19 20 23 15 117 308
*Take )1 extra minute from lst stop to next stop.
. PARTIAL PRESSURE 360

Time To

of 1lst Feet and Minutes Total
Dive Stop 180 170 160 150 140 130 120 110 100 90 80 70 60 59 Time
%10 5 0 0 g 7 g 0 4 1 2 3 3 510 69 106
*20 5 0 0 70 70 0 3 4 -5 5 7 9 10 102 - 158
30 . 5 0 0 7 0 1 4 4 5 7 8 1% 13 11 114 190
40 5 0 7 Q 1 3 5 5 7 g8 11 14 17 15 117 216
60 5 0 7 0 5 5 8 g8 11 12 16 19 23 15 117 251
80 5 0 7 2 7 7 10 11 13 17 1% 20 23 15 117 . 273
100 5 7 i} 6 8 9 11 15 16 17 19 20 23 15 117 288
120 5 7 1 7. 9 12 14 5 16 17 19 20 23 15 117 247
140 5 7 3 9 J1 13 14 15 16 17 19 20 23 15 117 304
160 5 7 410 12z 13 14 15 16 17 19 20 23 15 117 307
180 5 7 5 11 12 13 14 15 16 17 19 20 23 15 117 309
200 5 7 7 11 12 13 14 15 16 17 19 20 23 15 117 - 311
220 5 7 g 11 12 13 .14 15 1 17 19 20 23 15 117 313
240 5 7 10 11- 12 13 14 15 16 17 19 20 23 15 117 . 314

*Take 1 extrd minute from lst stop to next stop.
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PARTIAL PRESSURE 370

'ime To

of 1st Feet and Minutes Tota
rive Stop 19¢ 180 170 160 150 140. 130 120 110 100 90 80 70 60 50 Tim
10 5" 0 0 0 0 7 0 0 0 1 2 2 3 7 10 69 106"
20 5 0 0 0 7 [ 0 1 3 4 5 5 810 10 104 162
30 5 0 0 7 0 .0 '3 3 5 6 7 811 12 14 117 19¢
40 5 0 0 7 o -2 4 5 7 7 9 10 14 19 15 117 221
60 5 1] 0 7 2 5 & 7 9 11 14 16 -19 23 15 117 25¢€
ELY 5 0 7 0 6 6 8 11 12 1416 19 20 23 15 117 27¢
00 5 0 7 2 17 g8 11 13 13 16 -17 19 20 23 15 117 29:
20 5 0 7 4 g 10 12 14 15 16 17 19 20 23 15 117 30:=
40 5 7 0 7 9 12 13 14 15 16 17 1% 20 23 15 117 30¢
160 5 7 0 9710 12 13 14 15 16 17 19 20 23 15 117 31z
g0 5 7 2 9 11 12 13714 15 16 17 19 20 23 15 117 31¢
200 5 7 3 10 11712 13 14 15 16 17.19 20 23 15 117 317
220 5 7 5 10 11 12 13 14 15 16 17 19 20 23 15 117 31¢
740 5 7 7 10 ‘11 12 13 14 15 16 17 19 20 23 15 117 32]
-Take 1 extra minute from lst stop to next stop.

PARTIAL PRESSURE 380

rime To

of 1lst Feet and Minutes Tota!
vive Stop 190 180 170 160 150 140 130 120 110 100 20-80 70 60 50 T i me
*10 5 0 0 0 7 0 0 0 0 2 3 3 3 7 10 72 113
=20 5 0 0 7 0 0 0 2 4 4 5 5 8 10 10 105 166
*¥30 5 0 7 0 0 1 3 4 4 7 7 8 11 16 11 117 202
40 5 0 7 0 0 4 4 5 6 g8 10 11 14 20 15 117 226
60 5 0 7 0 45 7 8 9 11 13 17 20 23 15 117 261
80 5 7 0 3 6 7 9 10 12 15 17 192 20 23 15 117 285
100 5 7 0 6 7 9 10 14 15 16 17 1% 20 23 15 117 300
120 5 7 1 7 9 11 13 4 15 16 17 19 20 23 15 117 309
140 5 7 2 9 11 12 13 34 15 16 17 19-20 23 15 117 315
160 5 7 4 10 11 2 13 14 15 16 17 19 20 23 15 117 318
180 5 7 5 10 11 12 13 14- 15 16~ 17~18 20 23 15 117 318
200 5 7 7 10 11 12 13 314 15 16 17 19 20 23 15 117 321
220 5 7 9 10 11 12 13 14 15 16 17 1§ 20 23 15 117 323
240 5 8 16 10 11 12 13 14 1s 16 17 18 20 23 15 117 325
*Take 1 extra ininute from lst stop to next stop.

—E
-
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EMERGENCY TABLES FOR USING HELIUM-OXYGEN

ONLY FOR DECOMPRESSION

In an emergency it may be that oxygen cannot be used
for decompression, owing to failure of supply or possibly to
oxygen symptoms due to excessive 'carbon dioxide. Either air
or helium-oxygen may be used. Emergency tables for using
helium-oxygen mixtures may ‘be calculated for the particular
dive being made. In order to have a table that may be immediately
available, the decompression provided in regular tables should be
given up to 60 feet and from that point on, this table should be
used: ‘

60 ft. 50 ft. 40 ft. 30 ft. 20 ft.. 10 ft,
23 m, 26 m.’ 30 m. 35 m. 42 m. 55 m.

EMERGENCY TABLES FOR USING AIR FOLLOWING HELIUM-
QXYGEN DIVE -

In emergencies when it is not possible to use Helium-
Oxygen Mixtures or oxygen during decompression it may become
necessary to use ailr. Decompression for each case can be
calculated. However, since the emergency may occur at any
point from the bottom to the last stop, it seems impracticable
to attempt to cover all of the possibilities in tables. There-
fore, a table for maximum saturation is provided and this
table may be used for any emergency. When ‘it is possible to
do so, the first twenty minutes of ,these tabkles, the air should
be administered through the circulator. Otherwise the diver
may experience uncomfortable symptoms, dizziness, weakness, etc.

The tables are provided for each fifty feet and the

table selected should be the one next highex than the actual
depth, unless the depth is at an even fifty foot figure.
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INSTRUCTIONS FOR MIXING HELIUM AND\QX}ETGEN FOR USE IN DIVING

Helium gas is kept in storage at the Naval Air Station,
Lakehurst, N, J., It is obtained through the Bureau of Aero-
nautics. ' Requests are submitted to the Bureau of Construc-
tion and Repair for the number of cylinders required. Cylin-
ders are charged to about 1800 pounds per square inch and
they contain about 180 cubic feet of the gas at one atmo-
sphere pressure. Whenever the term "cubic feet of gas used"
appears it means the amount is at one atmosphere pressure.
Precautions are taken to see that the helium cylinders and
the gas are kept o0il free because of the danger of explosion
when oxygen is added if o0il is present.

Helium fittings are made up with a left hand thread and ’
special fittings must be made when using the cylinders.

Because of the high pressure in the cylinders when helium
is received, an empty cylinder is attached to a full cylinder
and the gas is allowed to equalize in the two cylinders. This
step requires a fitting with two helium threaded nuts.

In order to add oxygen to the helium, a cylinder with
pressure reduced as above is connected to an oxygen cylinder
which contains gas at a pressure higher than that in the
helium cylinder. This requires a fitting with one oxygen
nut and one hellum nut.

Both of the above fittings can be combined by using a
cross shaped fitting having the four outlets, provided with
two helium nuts, one oxygen nut and one pressure gauge
(0-2000 pounds).

-The percentage of oxygen to be added to the helium is
obtained by determining the amount of increase of the
pressure in the helium cylinder by the application of Boyle's
Law. It reguires some practice on the part of the gas mixer
to be able to judge the temperature factors. Experience has
shown that if the oxygen is allowed to enter the helium flask
rapidly more accurate results are obtained. ‘A fairly accurate
thumb rule for mixing is to take the percentage of oxygen
desired, add eleven, then multiply this percentage by the
pressure in the helium cylinder which gives the amount of
pressure to be added to the helium.
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Gas should be mixed several days before it is to be used
because the mixing of the gases is slow. Samples for analysis
should not be drawn from the mixed cylinders until about 36
hours after mixing.

From Part I of the decompression tables it can be seen
that there is considerable range of oxygen percentages
for each depth. The greater the percentage, however, up to
the limit for that depth, the less will be the decompression
time reguired.

Therefore, extreme accuracy in the percentages obtained
when mixing is not essential.

The analysis must be accurate to within one per cent
and may be made by any standard gas analysis apparatus
suitable for shipboard use.

Samples are obtained from the mixed cylinder by using
a fitting of -1/4" high pressure tubing with a male helium
thread and one end and a short section rubber tube on the
other end. A "Hoke Needle Valve" is placed in the metal
tube for contrelling the amount of the sample. The threaded
end is fitted to the cross fitting which is fitted to the
cylinder. The rubber tube can then be fitted to a glass
sample tube. Samples should be taken over mercury.
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TIME OF DECOMPRESSION IN MINUTES

150
140
130
120
110
100
90
80
70
60
50
40
30
20

10

L

150

140

130

120

110

100:

90

80

70

60

2 3

TIME OF EXPOSURE IN HOURS

OXYGEN DECOMPRESSION
FOR
HELIUM - OXYGEN DIVE
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INSTRUCTIONS FQR USING HELIUM-
OXYGEN GAS MIXTURES FOR- DIVING
. ***REVISED** %

The oxygen tension should not exceed 2.5 atmospheres. While
it has been extablished that under ideal conditions a tension in.
excess of this can be breathed, the influence of COy reduces the
safe limit and it has been determimed that 2.5 atmospheres is safe
under working conditions. Symptoms of excess oxygen may take the
form of drowsiness, ringing of the ears, irritability and other
emoticonal upsets, and should be reported promptly so that-immediate
steps can be taken to correct it. The reduction of the tension
will give relief and may be accomplished by:

(a) Reducing the depth. )
(b} Reducing the percentage of oxygen breathed,
(¢) Reducing the CO; in the helmet by ventilating.

The maximum percentage permlssable may be obtained as follows:
82.5
P equals D plus 33 where D.is actual depth of water.

Cylinders of mixed gas, in banks of five cylinders each, the
oxygen percentages of which is within 2 per cent of each other, are
attached to a manifold in such a way that each may be used for the
divers' supply. A volume tank of about three . {3} cubic feet cap- .
acity is attached to the manifold to take care of a sudden surge
of demand and the divers' supply is taken from the volume tank.

The gas pressure-is always kept at 50:pounds more than the
pressure at the position of the diver. {over bottom pressure).

At the helmet the gas is admitted through an aspirator, the
action of which is to partially circulate the gas in the helmet
through 'a canister containing a carbon dioxide abscrbent, Shell
Natron. The gas supply, more than 3 cu.ft. per minute at 300 feet,
is the driving force in the circulating system and alsoc prov1de
make up oxygen to the divers.

This gas supply is taken off ‘the usual hose ahead of the control
valve. It has a separate valve so that it can be closed off.

The contrel valve can be used at any time to ventilate the
suit or to build up the pressure, for instance when decending,

The exhaust valve is kept closed when using the aspirator and

the diver may have to operate the chin valve from time to time to
keep from getting light.
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In returning to the surface the gas is administered in the
same manner as above during the decompression stages up to 60
feet. At this point pure oxygen is used. By ventilating twenty
five (25) cubic feet of oxygen through the helmet, using the con-
trol valve, the helium oxygen gas is about eighty (80) per cent
replaced by oxygen. The arrangement for using oxygen is similar
to that described for helium-oxygen mixture.

When using the submersible decompression chamber, the suit
is removed from the diver and either helium oxygen or oxygen is
breathed through a mask.

SURFACE
DECOMPRESSION
PROCEDURE

The following surface decompression has been tried and
proven satisfactory:

{a) In tables where first stop is 50 feet, allow diver to
remain on oxygen for 10 minutes then surface diver and return
him to 50 feet in the chamber as fast as possible and put him
back on oxygen for the time as shown in the tables. EXAMPLE:
Page 42, PP 110. Time of dive 20 mins. Bring diver to 50 feet
in 2 minutes. Ventilate 25 cu.ft. of oxygen after arrival at
50 feet. Keep diver at 50 feet for 10 minutes. Bring diver
to the surface and return him to 50 feet in the chambker and have
him use an oxygen mask for 21 minutes at this depth.

(b} Where First stop is other than 50 feet, give decompression
as listed until he arrives at the 50 foot stop then give him the
same time at 50 feet as he has had at 60 feet. Surface him and
return him to 50 feet in the chamber, giving him the time in the
chamber as shown by the tables for his 50 foot stop. EXAMPLE:
Page 50 PP 270. Time of dive 40 minutes. Give the diver the
following decompression - 4 mins. to 120 feet, 7 minutes at 120
feet, 3 minutes at 100 ft., 8 minutes at 90 ft,, 9 mins. at 80
ft., 10 mins. at 70 ft. Arrival at 60 feet shift to oxygen,
ventilating for 25 cu.ft, and allow diver to remain there for 10
minutes as shown. Stop at 50 feet for 10 minutes. Bring diver to
the surface and return him to 50 feet in the chamber and on oxygen
for 110 minutes.
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{F) INFLUENCE OF EXERCIEE ON DECOMPRESSION REQUIREMENTS

It is a well known fact that an increase in the circulatory
rate of the blood stream will cause the body toc absorb an
increased amount of gas in a given time, when the body is
exposed to a pressure greater than atmospheric. It is also
well known that certain things produce an .increase of circu-~
latory rate in the body. Those things which might increase
the rate in the.diver's body are exercise, excitement, fear,
breathing carbon-dioxide etc. The amount of work ete. that
a man can stand per minute decreases as the tlme factor
increases.

For the purpose of determining the relation between work
‘per minute and time, the world's record track times for all
distances were plotted on cross section paper using feet per
minute against time. This performance was considered to be
the point of perfectlon for the perfectly trained human body

The oxygen consumed by the body is in direct proportion
to the foot pounds of work done during a'given period.

By comparing the oxygen consumption of some of the world's
greatest athletes while performing at their best, with the
amounts consumed by Navy divers when working to a point just
short of exhaustion it has been determined that the best that
can be expected of the divers will be about 67 per cent of
that of the perfect performance.

It followed that a curve, Figure 3, drawn parallel to
the curve of perfect performance using 67 per cent of the feet
per minute values, would represent amounts of work which
might be expected from the Navy divers.

Using this curve as a basis, tasks were performed on an
exercise bicycle while the men were breathing helium-oxygen
mixtures. The amount of gas absored by the body was
measured and checked against the amount absorbed when the
men were at rest.

The percentages of increased saturation were obtained
for various periocds of work and it was found that the body
absorbs, in any unit of time during which work to exhaustion
is performed, an amount of gas approximately equal to the
amount that would have been absorbed in two units of time,
but at rest. This has been shown in Figure 4.

11-5-185



67

No -one is able to judge what increase in circulation
rate of the blood a diver experiences when he is in the water
and for that reason the only safe decompression that can be
provided is that which is based upon his having absorbed the
maximum amount of -gas during his period of exposure.

Therefere decompression tables that have been calculated
for helium-oxygen diving are based upon the assumption that
the diver has worked to exhaustion.

While it is admitted that under certain favorable condi-
tions the decompression times may be reduced, to do so would
cause the matter of complete decompression to enter a zone of
probability.

It may be justified to take risks when the working
conditions are such that excessive delays in operations are
caused by having men in the water undergoing long periods
of decompression, but when by using the submersible decom-—
pression chamber the divers can be removed from the water
promptly, it appears that sound practice should dictate the
use of tables that are safe beyond a doubt,
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By E. R. Suyarsl, LA Ya.uta. and V. H H11debrand"
© SUMMARY -STATRMENT

The Fareau of Minee, in COnductzn,._, mvestigatmns of atmosphere.s :Ln mines
.snd turnels for the purposes’ of d.etarmm:.ng and combating hazards to the heal%.h
“and -safety. of- workers has from time to time closely cooperated with maniecipal’
state and Federal agencies in safety mork in enéineering, and vent :.latms p:‘oblemsf

‘ Recently the writers have conducted ezperi.ments with a.nimals and: “en
_presthing helium-oxycen mixtures under pressure. The object of this work.was. to )
‘eternine whether Leltum-oxysen atmogpheres can ‘be utiligod:to, advantags 1z place
'¢f norwal air for ceiseon and diving work. -In such worz the permisslbla Dressures .
“and times of - compra..-.mon and decompregsion &re, limitea by the physmlogma
effccts on wan., The major effect is that the nitzo_u.:.. hich is the 1ners con=+.
gtituert of Leormal air ang’ is absorved ‘ay the pody %issues and fluwids in bnormal
gmounts whoh under prussure,. tends to form tubbles in the tiesucs on too: rapid’
“iiBCOTpTESsion fror.. h:gh prussures.

The dureau of Mines ig iatereswd in thie vroblx.m on account of %6 pos—,
sivilitice of mitigating caisson illness in- tunnel .constyuction end other ensineé
‘sering oncrations requiring men to work io, comprusscd air. In additien;’ tha Navy
;lepariment ig interested on -account of the pasei‘oilztte‘a for extending the renge
“of salvacing and marine engineering operaticus. - The results of the e:per!.msmta
: conducted by tha writers lead to the rollowin.s eonclusions.

Helium is withmt odor or taste and his physical: m-operues which Promf6="
‘te be of intorest physiclogically and: ubﬁph havo becn found -to have! poasihilitie;
“of great practical use, especially ia 'm f ,.lv'nthet ¢ atmogphiera that will re<.
guee’ the hazard of caisson digeass... The ‘s 6f ; holium for ‘the nitrogen :
Jordinarily present. ia the .&8ir wo breath o gesult in an atmosphers
‘erick is as respirablé ‘as that prav;dediby namro..‘- agultsicbtained indicate
tkat’ helia.m not only has the ad.vantage of ‘ui -1ess soluble tha.n nitrogen. tut

rG‘lie’" Surgeon, Buraau of Hinas. .Dapartment of the- Intertor. Surgaon U 8.
- Public Health Service.

"¢ associate Chemist; P:Ltt.sburgh .:ﬁ::nerment St.auon Bureau of Minoa. .
department of the Interior. . .

3Professor of ‘Chemistry, University of Ca.lifornw Conaultmt Chemist,. Bureaiu of'
Mines Derartment of Interior.
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alpc has the advantage of diffusing more rapidly ia the body fluide and tissuse
which results in rapid elimination of the gas from the tissues during decom-
presgion, along with mitigating the hazard of eaisson illneass, helium ghould
markedly increage the weope 3f other kinde of engincering work in compressed aif

The toats conducted by the wiiters indicated that through the use of
helium ang oxygen mixtures as & substitute for air in diving work, the time of
decompresaion can be materialiy reduced. In a series of experiments on aaimals,
after similar exposures decomprassiog could be made from the helium-oxygen nix-
tures in ag low as one-sixth ulie. timo necessary for alr or nitrogean-oxygon mix«
tares. In a few preliminary oxveripents on men, decompression was made in ome-
fourth to one-eichth the tiue ordinarily recommended for air. These man tests
will not be describod in this report as they are teo few to justify conalusions
regarding the final feetor of advantage. Tho U. S. Navy Uopartment and the Depard
ment of the Interior, Bureau of Mines are at present earrying out cooperatively -
an extensive yrogram of expuriments with men.
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FOUDANENTAL PRINCIFLES AND LIMITATICHS OF COMPRESSED AR WOEK.

In late years little progress has been made tcmards materially reducing
_the hazérds and extending the limits of onaratmns where men are reguired to
work under ¢xcegsive pressure, except thet the nature of the dangers encountered
are perhaps more thoroughly understood, and the technique for avoidipg then hag
‘been improved. Thus in ¢aisson and tannel work, dangers from air pressures of E%
4o 30 pounde have been praciically eliminated through improvement in technigie
‘and the development of proper decompression tables.% However, if the working
‘pressureé ig increased to approximately S0 pounds, there is & marked imcreast in
!the number of cases of caisgon illnesg®, oven though considerably longer decom-
- Pprossion puricds and extra precautions are used, Should it be necessary to carry
"3 tuneel oY oaigson work atb pressures mATK adly iz sxcess of 50 pounds, it wiil
‘e seen that the seemingly Umavoidable increase in caigson sickness and in the
.iength of period required for decompreseion, are se¢rious problems.

In diving work, the apparatus most commonly used is the regulation diving
suipment consisting of a metal helmet and rubber suit, and the well-lmown divirg
bell. In both of these it is necessary to subjett the diver to an air pressure
-emal to that of the water at the depth of operations. 4t a depth of 200 fest cf
wter (which hag been regarded ap about the limit for diving work of any great -
‘axtent ), & divor- is subjected to & pressure of approximately 100 pounds por squars
inch, This seems enormouns whon it is remombered that the average body has 28,300
.3Querc loches of surface and, therefore, at 200 feot the total preesure on the
lady would be 230,000 pmmds. Howsever, tho lmman system adjuets itsslf to take
tare of the pressare, by building up thhin, chiafly through the rcepiretory end
tirculatory system, & presgure in cquilibruim to that of the air in the diving
spparatus, caigson, or tunnel. - Consequontly, the man ie able to work without
-marked discomfart. or pl'qramlogica.l ha.rm.

The spaed of- comprassxou or going ‘under’ prcasure seoms to be governed b;r
the effect- on the man's vars. The middlc sar is an air compartment separated
from the exterior air by a thin membrane lnown as the gar drum, Thie membrans,
by virtue of its function in promoting the socasd of hearini,, is very ‘sengitive %o
incquality of pressures bctwoen the interior of the compartment angd the exterior

.air. In order to maintain equal:.ty of pressurc the drum is provided with a amall
opcning known as the Bustachiap tabe, whith connects to the back of the throat
,8nd torough which air may pass in.or out., Comparatively small differgncos. in
preseure causc the drum to be foreed in or cut, accompanied by & roaring in the
wre; greater differences, w1l cause pnn and poas:.bly ruptux‘e the mombrane.

. With axpcr:.enced workers, ear trmble prosants ne great difficulty ‘and”
‘they are able to go under. prossure at ratos of 15 to 20 pounds or 30 to 40 foot
dspth per mimuite. It ig always desired t.o £0 under presgure as rapidly as poss-
ible, because (as described later) this indiractly reduces the time of decom-

pression after a given ;perxod at_the working pressure, that is, raducas tha tima

7 ¥ Levy, Edwara. Comprossbd-azr illnegs aad its angznearing importance.
Dupartmont of the Interior, Bureau of Mines 'l‘echnica.l Paper 205, 1922, p 34

Y Riport of the' New York ‘State Bridge and Tuanel Commissmn Legislative
Document ¥o. 86, 1524, 36 wp.
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II-5-139



of exposure, which in part governs the tiwe of decompression.

The chizf difficulty, as alremdy mentionsd, in safely extending the
limits of work conducted in compressed air arises from the fact that during cor-
pression and at the working pressure, the body fluids and tisszes absorb a largd
volume of &ir in accordance with the physical law governing the sclubility of :
gases in liguids. The amount of ras in golution at equilibrium increages direch
with the pressure. If it bs assumed fn'r— analogy that the body fluias are perluct
liquids, they would at equilibrium have in sclution ten times as mmcn g£as av a
preasure of tea atmosphereg as at one atmosphere.

The absorption of this abnormil volume of gas while going under pressuré
seems to cause ne trouble. The 3ifficulty arises during decompression or return
to the surface. As the pressure decreases, the tissues end fluids tend to givett
the excess gas that they have in solution. However, there is what might De termes
a *lag" in maintaining equilibrium between the tissues and the exterior, due 10
the time requireé Tor diffusion and removal of the gas.

If the decrease in pressufe’is‘not carefilly contrelled, ana sufficient
time ie not permitted for the jas to escape gquietly into the blood and thence fra
the lungs, bubbles will form in the tissues and blood vessels. This bubbling
action is very similar to thay of a carbonated beverage when the bottle is openth
except that the gas which causes the liquid to effervesce is carbon dioxide, wher®
a8 in caisson sickness the Lubbles are mostly nitrogen. The . btubbles are most .
dangerous if formed ia the epinal cord and brain, causing paralysis or death. If
bubbles form, an additional danger is their $endency to increase im sice on farthe
lowering of pressure. There is also the possibility that a aumber of small
bubbles may aggregate to form large ones. Cootrol of the decompression to preveat
the formation of tubbles is the most difficult prodlem of caisson 2ad diving work

fhe length of time required for safe decompression is governed by the oir
pressure to which the man is expesed, end the percentage of saturation of ihe
body fluids with inert gases at the given pressure. The percentage of sasuraii®
attained is dependent upon thi length of time of exposure at a given Dressure.
dccoTding Lo the United States Navy tables®, it eséems that at a pressure greater
than 2C0 feet of water a condition is reached where, except for comparatively
short exposures, the minimum -ime of astent or decompression becames Yoo long The
cempared with the useful wori psriod: While it would require only five or teo
minutes te descend to thet depth, it would require two hours to safely bring 3
diver tack $0 the surface after a 45-minute stay at the bottom. For the same
reasan, caisson woric above certain pressures is prohibitive. Additional hazarss
in diving which 1limit the tims required for asceat, are that & sudden storm,
mechanical trouble with apparatus, or physical condition of the diver may necésti
tzte that he be brought to the surface almost immediately. Moreover, during ifté
periods of deccapressien, the mental strain on the diver of keeping his apwrawd
working perfectly and avoiding accidents becomes $oo fatiguing. The consgervatie
of endurance and physical fitness of divers is of paramount importance in vier O
the exceedingly limited "personnel available. for work at great depths.
Y U.5. Havy tepartment (revisad). Reprint of Chapter 36 of the Manual of the

Bureau of Construction and Repair, 1924.
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As shown iz the orevious paragrapha, ‘1t ‘has baen 'canfirmed by experiment
and practical dwmg that the' greater nhysiological da.nger T187diving and. connpressc\..e
‘air work ig not during compression, bud ‘during decompression, Zﬁ‘urther. as hag"
been stzted, it is the nitrogen in the air breathed that ig fundamentally re-—
sponsible for bubbles forming in the fluids and tiseues. during - ‘agcent Or: decom—:
pression.” -Any gas that would tend to reduce ths 'danger’6f caisson disaa.sa Ty
vell as reduce the period of decompression for & given. cmd.ition of bxposurs, must
’bava a lower’ coaff,icieur. of -'éolubility and’ a graater d.ifﬁzaivity than nitregen.
B adait ion, the gas. mist be’ inert like nitrogen F-Y:] regards rhyeislogxcal effocts.
"‘hc.t ne mvestigatlon had been carried out alons the lines of cubstitutihg & more
geitable inert gas for nitrogen is perhaps due-to the fact that a gas (helium)}.
havirg the properties of & suitable substitute, hae. only recently: become available
in suff:c:.ent quantities. Sinca helium isc emically i,nert similar to nitrogen. -
and has a lower solubility ceefficient (0:008175 in mater. at 30° C. as comp&red
with 0.0134 for ditfogen), it wae thought that hel:.um might be need to 600‘1 &d-
gantage for work in compressed air.

SOLUBILITY OF HELIUWM AND NITROGEN,

Gas  Formla 0% 29 . 100 250  30°-
jielium He ~-- 0.00837 0.008955 0,0086% O. 008175 Ca.d,y Eu;ga :Berser
. 18 '
yitroger Np  0,0239 4 0:018600 0. 014:550 0.013400 Bohr and, BOCK, .

1931

. In addition to the advantage of lower -olubility, 11'. appeared to the
kthors that the greater diffuaxvzty of helium would be an' sdditiosal advmtm,
"resulting in more rapid.and eagisr escape from the tigsues and ‘body fl.uida d.uri.ng

TTre worc of Bert, Eoppe-Seyler, Sir Thomas Oliver, Heller, Nager, and vm
Schrotter. Doseribed by Leonard Fill in faisson aiclmass and the myniology c“
rerk in compressed air, London, 1912 255 pp..

Baay, ¥, P., Zlsey, H. M., Berger, E. V. ’I'h,é solubility of. heliun in water.
Journal of the Ameriean Gnamcal Soc;aty, fol. XLIV, July-Dee,, 1922, pp.
1456-1461,

Yohr, Christian, and Bock, Johannes: Uetarmination de 1'sbsorption de qudlques.
‘guz dans 1'eau & des températures comprises eatre O et 100°  Overeigt over det
'Eonglice Danske Videnskabernes Selskabs, Farhandlinber K.]ﬁbenh&vn, 1891. Pp..
84—llb also, Annalen der Phyeik u.nd Chemie, 44 1891 318—-343. ;

-y
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decompression. Theorstically, the molecular. weiwsnt of the two gasos would affect
their rates of diffugion, and helium, being the lighter of the two, would diffud
through and come out of the tissues and body fluids more readily than nitrogsa.
The weight -of the nelium molecule is lzgs than that of nitrogen in the ratio of
440 28, and travels at a higher velocity, heance it should escape more sasiiy. .
#dcordingly the writers, who had fOr séue time been considering the diving probl®
condictéa the inventigation Lereiz described.

Tegbs wore conducted on vhite rete and later on gaines pigs. Comparablys
erporinents with botn heliwi and nitrogen were corducted on the same species, tM
‘remalte-of ‘which gave rélative data that cam bo applicd to men with a fair dugrd
-of accuiney. ' '

_ Poy tné preliminary wori conducted ou white rats, an arbaurary decos-
vidision sthedvile was chosen. In- succecding tests on guinea pigs, the schedulet
E‘l?éh*'!n'aﬂble' 1 %ere used; thesc wore arranced from the admiralty Tables gives
ty-divig” in his diving Manusel.

The tablee given ia tiet publicetion cover raages up to approxizatsly ¥
hours! emposure and slightly more than $0 pounds progsurs. 1o the Burcaw of uin
tests 150 pouncs was the minimws pressurs uscd, consequently the schedules in
Teble 1 coatain smirapolasions For the nigher pressurss. also the period for
asch ‘atage. of Gecompressinn vas reduced proportionately {as 1/5, 1/7, 1/9, etc)
ig order to eliminate both the safety factor included in the Admiralty Tables asd
the factor due $o differcace in sigo between mez and the swall animals. Small
animele have beea found to withstand more rapia decompression than man. - Thece
wtage Poriods wera then furtier decroased to cover a raage from those having 10
arparent effuct, a3 obeerved both from symptoms and gross pathology, ta those
capeing death,

. The poriods of exposure Were varied from 1 to 5 hours, in order to as-
certain tha effecte of time of exposire on time of decompression, as well as to
obsorve any izhocreont effects of the inert gas. For the purpese of develeping aad
eragierating any deletorious effocts, tde same asimals wero subjected to repeated
exposures, Some of these were vhen killes for meiilological exanination, and the
remaincer observed for sgversl vweelis for the development -of untemard sraptaoas,

aApraratis for saimal tests.

The tests were conducted in a-specially constructed pressurs chamber id
vhich the sffuct on the subject is the baze &b in & diving suit wnder water. I
spima) ‘chamber is shows fa Figure 1. Tha chieaker & was constructed from a short
viece of S-iuch Pdrable extre hoavy" wrought-iron pive. Thie wes closcd at sach
end by &z "extra heavy ptedl. flense having a circular, 1f/4-inch reccs:a‘into whic
the end af the pips fittod, and the rhale rae 20ld teogether by twenly & 4-12ch
bolta. Thin leacd gaskets D werc ugud. 4n cllivtical opening was made in the
iower flangoe for thy admission of the animals. This was closud with & standard
boller hanc-hold plate arrangement ¢. The uppsr flange was fitted with a 1-1/e-
inch ecircular window, ¢, covered with a 5/4-inch plate gless. Thie (lass vas

S

® Levis, R. H., Jiving LA.00h.  Pablicn:. by Sicbe Gomaan & Do., utd.,
1B7 Westuimster Sricge FRoad, Loncon, &% oo
-5

11-5-192



Spparats For exposerg sl unitials 0 pressure .

I1-5-193



carefully Titted info a milileod recess, which was tavered 2 few thousandiths of an
inca Trom the edge so thait the Zreatest pressare on tie rabber gasiet would be at
the run of ke hole, thus redicing the 7oscibility of the gasiel blowing cuvt., Iu-
10 the side ef Vs craaber vas fitted a brogs plog or ligit wall e, also closel
sy e enc with a plote-zinsg window. This 1ight well contained a moall clectric
light tor illumiasting *he chember. The Jas was introducsd and released from the
theaber througn ncedle valves, f. Two of tise wore counccted by thick-walled
comner tubdiang to eylingers of sne, z, azd the ollier was open to the air for re-
lease. 4 Zage, h, indicetecd Taﬁc oroagares.  In order to suard against ‘serious
fajury to the obsorvers throwh wonsille friciure aad blowing out of the observa-
tice window vhen worliag at Lijh wressurds, a mirror device, i, was used vwhich
reflectes the 1isht coming throuna i vinweor, so thet the auimal on test cozlé
be obzerved Iram the side j. Ilasidc the cheamber was placed a carborn dionide ab-
soruent omeisting of a piece of ordinary blotting paper wet with 5 per cent HaCd
polution @ac izclosed in a screen eavelome k. With the exception of the gas c¢yi-
inders, the esuire apreratus ous nounted oa a stand having a skeleton top vhich
permilis accessibility to the opeaning for introcucing the animais.

frocedure for animal teste.

The procedure used in paking tests was to iniroauss an aaisal through Yhe
fand hole in the bottom| cloge the latier, and mrge the chamusr by permittipng
soae of the gae 1o pass slowly throu h it. The releags valve was theu clossd, and
bie pressere peraitted to builue up to tiw cesired test coxduwn after wlnch the
wouly velve was clesed.and the exposurv continued for a definite time. A4t inter-
nuls during the exposure, the atmosphere was changed by opening the inlat and cut-
st vaive simultaneously, and regulating then so that a strean of gas pessing
through the chamber maiatained the pressure at the tect condition. With the ex-
eeption of & preliminary series of tests on rate (Table 2), decompressioa was
pfected according to the stsge schedules { Table 1).

The data obtained {roa aninual wste are given in Tables 2 to 6, Teble 2
represents a sories of tesie made on vhite rats exposed to 20 atmospheres‘ pres-
wre for one hour, and decoriresscd according to the arbitrary schedule givea.
fie work was preliminarr to the suecesling tests on zuinea pigs. "ables 3, 4,

md 5 represent series of tesls ou guines pigs exposed to 10 atnosvheres' pressire
for periodé rassing frem 1 %o 5 aours, and cocompressed as noted according to the
gehediles given in Table 1. Tatle 5 gives the results of patholoi ical examipaticn

mie 2fter erposurs to 10 atmoswmeres' pressure for bne hour and decompressed.
sccording to the varicusg schedules giveu.

pircussion of results of amimal testr.

Froa & coxparative ezanination of all data, as regards the decompressicn
periows, aad the symotomatic and meticlngical finaings, it 'is very evident.the:
vth similar ewoosures and C6Co3press10a veriods the condition of the animels ex-
posao. to halium-omygen miktures is far bettdr than that of those exposed to
pitrogen-oygen miztures. It ig further shown by varying the decowpression time
that the periods »roduding eqal syaptous and pathological effects are acmswhere
i the order of 1 to o or 4 for helium zud nitrogen, regpectively.

-
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Although the emivalent periods of decompressmn for the two gases arc it
the ratioc of 1 to 3 or 4 in these tests, it seems possible that with larger ani: 6l
and ‘men’ reculrlng loager pariods, even grzater differences might be found. It it
reasonable %o believe thet there is a maximur decompression rate which can not ..
exceedeg.' regarc.lpes of lower solability or more rapid aiffusion, because the c;r-
_culatory eysten voil?l o uanble o enrry the gas avny as rapidly as it irs aifft
“into bhe tlood, thf—‘rt,bj allowing tubbles to form. With guines pigs it might be
possible that this condition is anpro"ched if the decompresswn periol is less i
10 mimates. Even if this possibility b€ disregarded, and it is assumec that the
comparativa relation obtained with small animals will hold in & fair degree for
men, it 'cdn be conc hued that the use of helium-orygen mixtures will greatly ce-
creasa the safe pe*md of decompression, and will thus permit men to work for 1C
&r periods. What i's more important, it opens the possibility of working at dep
beyond the practical limits with compressed air. The ratio of relative deccnﬂ‘vf"i"
.cion perivds (1 to 3 or 4) is greater then caa be explained from the golubilily
coefficients of the twa geses, and the dlfference is apparently due to the greaicl
diffuswlty of helium.

. "This is- substantiated by o study of the sympr.omtlc data, After vxrosur
to helium, the animals are active throughowt the period of decompression. If ti
decompression’is very rapid, they show a tendency to irritation or dictress fref
the very begianing, thug indicating the gas to be coming out rapidly from the
start.. With'aitrogen, the symptoms are qite Gifferent. The animals are guiet
and eprarently normal throughout practically the first 60 to 75 per cent of the
decreasing pressure range, but in the lower stages they experience distress and
must be decompressed very slowly. . This latter indicates a "lag! or tendency
tomard retention of the nitrogen in the tissues until the lower pressures are
reached, when there ensts a condition of sxcessive gas, or what might be termed
. supergaturation,

When the decompresgion tables have been tested out, it may be found that .
the time of decompression’may be decreased even to less than 1/3 or 1/4 that for.
air, for it is reasonable to believa that the differsnt properties of helium asd.
nitrogen would aleo be manifested in the optimum schequles for eacn. This is
évidenced by the symptomatic data ga.van ‘above, namely, that with helium the an- |
imals showed signs of-distress in the higher stages, thus irdicating that the !
Tates shown in the ordinary tables foi- the higher stages are to0o fast and promoté
injury. .

While the property of helium to diffuse mére readily than nltrogen ig-aa
advantage in decompression, it was thought that this same property might cause #-
greater saturation of the boaj fluids during a given period of -exposure, which
might offset to some extent the advantage of lower solubility. While this may Wi
true for very short ezposures, no dissdventageous effect wos observed for exposd it
of 1 ta 5 hours. It has been shown that the relation of comparable Cecompressit.
periods for the tmo gases is 1 to 3 or 4 throughout the varying lensths of ex-
posure. Also, a study of the decompression periods of each individual gus for el'
posure periocds of 1 to 5 heurs, shows that complete saturation is practically
attained with either gas in about two hours, Thus, it follows that in periods efi’

sufficient duration for practienl diving and caisson worlk, the greater 337 fugibtl’
ity of helium during compression and exposure 1s not signilicant.

~16-
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Siuce, &8 far us coul.a To lewrned, the lwvectigatien described Lercin is
the first in which helium-osy:en mi=tires have been uscd as a substitute for ner-
al air, a few erperisc:acts mere conwuchteld to verify the physiological ineritness of
vie s and ite freedom from Gousing duleverious effect to the tody tissnes. The
gme animals mere used for two to four crucmures of to 3 hours to a pressure of
I aimosphares mithin a veriod of 3 Yo 7 dave. Thuy were then killed for patho-
joeicel examination { Table &), (me case shoved degeasration of one kiduey znd
goets on the liver, finiings wot uacomion in gminen pigs. With the exceptien of
wibles in certain ather ¢nsses $ue remainder were found to be apparently normal.
Meo four guinea pigs were exposusd on § consecutive days to a heliun-oxygen miz-
tore at 10 atmospheres' pressure for one hour and decompressed in 25 mimtes.
Twee gainea pigs were oteerved for four weeks with no apparent effects or symp~
toms .

Zn order o nscertain vhether any discomfort would be caused from breathing
nelinm, the g2s wne inhaled by several of the investigators for periods up to 2 o
tours. There was no roticeable affect, except a temporary rise in the pitch of the

voice., The zas was fouad to be as agreeable and pleasant as normal air.

The advantages wnich heliua has bevn found to pogsess may be amploysd
either throagn suppiyiag the men with the synthetic air throughout the diving
o Or Iuring & shorber period as the end including the decompression. It also
t bu veed as a wash gas Juring deconpression only or as a treatment if com-
3
removt Loof ke partial pressurss of aitrogen in the medium that ie removing the
a5,

actrerledesnents.
Iz this tovestiTntion the writers wigh to give acinowledgnment to 5. C.
lind, chief chemist of the Burcau of Mines, for his valuable aseiastance in making
arrangyuncrts for supnlryi.g the belium, and for his suggestions and advice; to
Ceptaiz . 8. Leni, of the Bareswn of Aeronantics, U. $. Navy, for furnishing the
pelium; to G. B, d. Thomas, mothologist, aad H. L. Leiteh and L. B. Berger,
chemists of the Fittsbursh Stasion, for assistance in conducting the animal ex-
perimente.-heports of Investigrtions, supartment of the Interior, Bureau of Mines.
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INTRODUCTION: CONSTRAINTS OF
COMMERCIAL DIVING

Like other areas of technolegical
development, the history of commercial
diving shows us again that problems, as
they arise,are overcome by new tech-
nology. The plague of decompression
sicknegs from all but the shallowest of
air dives was reduced if not eliminated
by the intreduction of stage decompress-
ion by Haldane in the early 19¢0's.

This extended diving to the limit imposed
by nitrogen narcosis, until the use of
helium eliminated this restriction after
the 1920's. A vast increase in
efficiency of scme types of underwater
work was brought about by the adoption

of gaturation diving techniques, so aptly
demconstrated by Edwin A. Link,in 1962

and again in 1964 and by the Conshelf
experiments of Cousteau and the Sealab
projects of the U.S. Navy.

References and 1llustrations at end of
paper.

As requirements for deeper and
deeper dives come up, the current tech-
nigques using helium are fast becoming
inadeguate, This paper presents a new
approach toward solution of some of the
proklems invelved in the type of deep
commercial diving con which the offshore
oil industry relies. Our proposition is
that mixtures containing neon as the
main inert ingredient offer a cost-
effective way to improve underwater oper-
ationg at continental shelf depths.

As the title indicates, this paper
is concerned with an assessment of the
merits and drawbacks of using neon in
commercial diving. The constraints
Imposed by this approach are the follow-
ing:
A.

Depth: 200 to 700 fsw*

Continental shelf diving covers

* feet of sea water

. 11-3-205



I-502 NEON:

AN ATTRACTIVE NEW COMMERCIAL DIVING GAS

OTC 1561

depths up to perhaps 700 fsw. Dives to

150-200 fsw are normally made with air,

so the range under sericusg consideration
here is that between 200 and 700 fsw.

B.

Duration: Less than ohe hour

Commercial dives, certainly those
in service of the offshore oil industry,
are virtually all scheduled to parform
jobs that can be done in less than three
guarters of an hour, more generally in
less than one-half hour, This means
that rapid compression and straightfor-
ward, immediate decompression are usually
the methods of choice.

C., Cost/effectiveness

The entire diving "system” must be
economically competitive from a cost/
effectiveness point of view. (The Navy
is cost conscicus, but has a mission -
responsibility that often overrides this
consideration; in commercial diving, on
the other hand, if the cost is too
great, the job just simply will not be
done employing diving systems.)

A major part of total cost/effective-|
ness is the capital investment nscessary.
Further, sophisticated equipment and
instrumentation which may improve cap-
ability but at the same time greatly
increases the cost and complexity of the
operation, may not be desirable.

p. BSafety

In a well-managed diving company,
diving safety is a concern of primary
importance. Passage of the 1970 Occup-
ational Health and Safety Act will extend
adherence to sound safety principles to
all commercial diving firms.

E. Logistics

Many jobs are in remote locations,
often thousands of miles from the U.S5.
mainland, which complicates logistics.
On the other hand, there is usually a
reasonable lead time for planning and
preparation.

PROBLEMS OF DEEP HELIUM DIVING

The biochemical toxicity of oxygen atf
high pressures makes it necessary to use
an inert gas in the mixture breathed by
a diver. Air of course is a suitable
mixture based on nitrogen as the inert
gas. Nitrogen is the inert gas of choice
for all dives to depths of less than
about 150-200 fsw in fact, nitrogen

can be used gafely and effectively even
at depths somewhat greater than that
under the proper circumstances. But

even at 150 fsw, when breathing air most
divers feel the effects of nitrogen
narcosis and helium is preferred by most
for dives beyond this depth. For the
depth range immediately beycnd air diving
(e.g. 150-250 fsw) helium is well suited 3
it does not cause narcosis at this pressH
ure or for that matter at any pressure

to at least 37 atm, (1200 fsw); it is
relatively inexpensive; and for U.S,
operators it is readily available. Hel-
Aium has a low density and is, therefore,
easy to breathe at high pressures.*

But there are problems for the diver
breathing helium, problems that are
seriously amplified as diving depths
approach those of the outer continental
shelves and beyond.

A. Communication
First there is the problem of
communication. The destructive effect

that breathing helium has on the normal
human voice is well known if not well
understood. Due principally, it is
believed, to changes in the speed of
sound in the gas medium, this effect is
a sensitive function of depth. Helium
speech at sea level is distorted in a
way that seems funny both to the listenen
and the speaker, but it is completely
intelligible. At 200 fsw helium speech
is still reasonably intelligible; under
usual diving conditions the limitation is
likely to be as much the fault of the
electronicg as that of the gas. Most
communicaticon systems are built to optim-
ize the frequencies which encompass the
greater part of the information content
of normal speech; they may not handle
adequately the freguencies associated
with helium speech. As depths increase
to the range between 400 and 600 f£sw the
situation becomes more serious, and to
the manager trying to get a job done

the sound of helium speech is no longer
considered funny. Speech in this range
is totally lest on an untrained ear,
though anticipated statements can be

* This paper is concerned with inert
gases; we may and generally do refer
to the breathing of helium or neon,
with no reference to oxygen, Whether
mentioned or not, oxygen must always
be present in breathing gas.
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understood by a listener familiar with
the veice and the situation. So often,
hewever, a sudden change in the topic
of conversation throws everyone off,
and it is necessary for the diver to
speak slowly, .repeat himself and to try
to say things in a.different way. - It
can be done but it is slow and con-
sequently expensive.

There are available today electronic
helium veice unscramblers whose purpose
is to convert helium speech to intell-
igible if not normal speech. They
actually do this, and reasonably well,
but such devices are not yet in general
use in commercial diving, probably be-
cause of initial cost, added complexity,
and the fact that diving operators are
concerned about their reliability and
seaworthiness.

B. Cold

Anotheér problem of deep .diving that
is particularly accentuated by the use
of helium is that of cold. Even in
equatorial waters, -ocean temperatures in
the helium diving range are likely tc be
cold enough te limit diving times.
standard air diving gear, even the
simple neoprene wet suit of the SCUBA
diver is adequate for dives in water as
cold as ocean water ever gets, for
duraticons of up to perhaps an hour, pro-
vided the depth is not toc great. But
when the depth is beyond ‘about 200 fsw
the situation changes. Insulation, most
of which depends cn dead air space for
its effectiveness, is compressed and
becomes virtually ineffective.

The thermal conductivity of helium
is roughly six times greater than that
of nitrcgen, Consequently, the rate of
heat less into a helium-based gaseous
environment is considerably greater than
into air, It is hardly necessary to
discuss the limitations to effective
human performance imposed by celd. A
chilled diver takes much longer to do a
given job, is less likely to respond
properly to emergencies and probably is
more difficult to decompress,

As in the case of speech unscramblers/
there are available several types of
heated diving sulits which offer a sol-
ution to the heat loss problem. Hot
water furnished to a "wet" type suit and
vented in an open circuit fashien is
probably the most economical method of
effective diver heating presently in use
despite the difficulties of supplying
water at the proper temperature and

through a long hose. The effectiveness

-cf thig approach dwindles, however, as

the distance between the diver and the
heat source increages. Electrically
heated suits are expensive and not well’
accepted by divers, and, along with the
more sophisticated closed circuit water-
heated guits, are expensive and not
readily available to the commercial
diver.

Even 1f the diver c<an be kept warm
long encugh to finish his work, a bone-
chilling sojourn awaits him when he re-
turns to the heliox-filled diving bell.
This is considered by most divers to be
more stressful and unpleasant than work-
ing in cold water, ‘

C. Availability

There igs no problem in obtaining
helium in the United States and Canada,
the only significant producers of hel-
ium in the free world. But it is worth
noting that many tons of iron must he
shipped in order to move a few pounds
of helium to a diving location. The
fact that helium is not universally
available on a world-wide kasis is re-
vealed by the high level of interest,
particularly in Eurcpean laboratories,
in the use of hydrogen as a diving gas.
Hydrogen, lighter than helium, is worse
than helium in chilling the diver and
distorting his voice, not to mention the
potential explosion hazard. Neverthe-
less, work is in progress in several
laboratories investigating the use of
hydregen in diving as a means of elim-
inating dependence on helium, (1} The
fact that this work takes place at all
is ample evidence of the need for a
helium substitute.

D. Tremor

Rapid compression--such as might be
used to minimize bottom time and hence
decompression from very deep dives--
causes both human laboratory subjects
and experimental animals to exhibit
hyperexcitability of the nervous system,
a condition known as "helium tremors"
or the High Pressure Nervous Syndrome.
current thinking holds that this is not
really caused by helium itself, but by
the rapid rate of compression. In any
case it represents a special problem
which may restrict deep diving to some
extent, .
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E. Decompression

Decompression is not a special pro-
blem with helium--it is a problem ass-
ociated with all deep dives. Although
saturation techniques make the <on-
tinental shelves accessible to all oper-
ators who command the reguisite
resources, this kind of diving is neither]
easy nor necessarily economical. 1In the
commercial diving sitwation, where the
working time in most cases need be only
a few minutes or a fraction of an hour,
efficient and safe decompression pro-
cedures are essential., Under certain
conditions the low solubility and high
diffusivity of helium, (properties which
together determine the rate of transport
of inert gases in the human body) ,make
helium the gas of choice, from a decom-
pression point of view. But in a deep,
relatively short dive involving hard
work on the bottom where there is a de-
sire for the fastest possible safe
decompression, these same transport pro-
perties make helium prcbably the worst
possible gas. Too little is reaily
known about the biophysics of decompress-|
ion and decompression sickness to make
this a worthwhile point to belabor--it
is sufficient to say that no matter what
gas is breathed decompression is a diff-
icult and slow process, and is probably
the most serious problem facing the deep
diving operator,

THE CASE FOR NEON

Given the special constraints of
commercial diving—-short, deep dives in-
volving efficient decompressicn at the
lowest possible cost-—and the special
problems inveked by the use of helium
as an inert breathing gas in such
diving~-voice distortion, chilling of
the diver, lcgistics and decomgression--
we here propese for the first time a new
dimension in diving technelogy, the use
of neon as a major component in .divers'
breathing gas. Necn is a chemically
inert noble gas like helium and has an
atomic weight of 20, or five times that
of helium. The possible utility of
neon as a diving gas has been nmentioned
for years, but its frightful expense in
the forms in which it is routinely avails
able has prevented the testing of neon
in diving, and in fact has considerably
restricted its use even in the lab-
oratory, This report contains research
data and records of experience with the
use of neon which show, first, its
physiclogical safety to both animals

and man; second, its utility in the part-
icular environment of commercial diving;
and third, progress in the development
of neon as a diving gas, including its
promising potential with regard to de-
compression.
SUMMARY OF NEON PROPERTIES

There exists a gas mixture of helium
and necn, which is available in
sufficient gquantities for diving and can
be obtained at a price which makes it
competitive with pure helium, all things
considered. Wherever atmospheric air
is condensed and distilled for the pur-
pose of obtaining oxygen or nitrogen, an
uncondensed fraction remains of which
neon is the major constituent, This
gas fraction is known as "crude necn";
it contains neon and helium in approx-
imately the proportions in which they areg
found in atmospheric air--about 75% neon,
25% heljum. {2} Table I compares the
physical properties of neon with those cf
nitrogen and helium, Because of its phy-
sical properties (related primarily to
its greater density) neon causes far
less voice distortion and heat loss than
helium, and there is good reason to be-
lieve that it will permit more rapid de-
compression from a deep working dive
than is possible with helium. Crude
neon is potentially available anywhere
in the world where there is extensive
industrial development.

Recently a major supplier of indust-
rial gases contracted to supply to the
Nationral Accelerator Laboratory more than
a million cubic feet of necn at a price
which works out to less than 20 cents
per cubic foot of the crude mixture. (3)
Even lower prices for bulk crude neocn
may reasonably be expected in the future.

Because it is a larger molecule than
helium, neon might be expected to have
narcotic properties; further, one might
expect restrictions in its use at high
pressures, since it is more difficult to
breathe than helium.

Neon is indeed more difficult to
breathe than helium, but it has been
clearly demonstrated experimentally that
despite its density, moderate work can bg
carried out while breathing crude neon
at pressures as great as 1200 fsw. In
these and other experiments it has also
been convincingly demonstrated that neocn
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does not cause narcosis to a degree
sufficient to reduce diver performance,
Subjective impressions alsc suggest that
there is less <remor when neon is used,
than with helium.

-Ancther physical property of neen
which might under certain conditions
make it the gas of choice is the high
heat of vaporization of the liguid phase
Neon is the easiest gas tc store and
handle as a liguid, and has the highest
liquid-to-gas ratio. In circumstances
where logistics ‘become a greater pro-
blem than cost, it might be best to
store and ship diving gases in liquid
form.

Exactly what role the physical pro-
perties of gases play in their indiv-~
idual decompressicn characteristies is
not well understood, but it seems reasond
able that low solubility would be ad--
vantageous, and that in the case of
short dives a low diffusion coefficient
would be best. 1In this regard neon
seems to combine the better aspects of
both nitrogen and helium, having both a
low solubility and a low diffusion co-
efficient, (cf. Table I}

RESEARCH WITH NEON

Although neon is being intrcduced at
this time into commercial diving as new
technolcgy, it is not without consider-
able animal and human laberatory exper-
ience that this is beinyg done. Most
animal experiments have been concerned
with the safety of living in a neon-
enriched environment, while the human
experiments have been concerned with
whether or not neon had. narcotic pro-
perties, with man's ability to breathe
this gas at great depths, with speech
and with decompression, A summary of
all major neon experiments and their
findings is given below:

A, Physiolcgical Compatibility:
Laboratory exposures

First it is pertinent to menticn the
animal experiments which established the
innccuous nature of neon-oxygen mixtures
as a breathing medium. A number of ex-
periments have been done which inveolved
the expaogsure of aniwals to neon, and the
universal finding is that the effects of
necon are either not remarkable or are in
their proper place in reference to other
atmospheric gases. Table II summarizes
the findings of principal neon experi-
ments. .

H.R. Schreiner, R.W, Hamjlton apd T.D. Langley
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1. Ocean Systems' 650 fsw saturaticn

experiment, 1965{4}.

This experiment represented the
first exposure of man to saturation
diving conditions at c¢ontinental shelf
depths. Two subjects, while saturated

"with a mixture of 95% helium, 4% nit-
rogen and about 1 1/2% oxygen breathed
a neon-oxygen mixture by mask while
carrying out two different performance
tests and making speech recordings. Tig-
ure 1 shows results of one of these
tests. Psychomotor performance, de-
monstrated with a standard pursuit rotor,
showed no detectable difficulty during
necn breathing, and in fact slight im~
provement was noted; this may well have
been a conseguence of the superior mot-
ivation of our subjects that stemmed
from the unique nature of the experiment
Voice recordings made on the neon mix-
ture showed far greater intelligibility
than similar recordings made on a hel-
ium-oxygen mixture.

2. Royal Naval Physiological Laboratory
neon performance, 1966 (5).

Using multiplication and a simple
test of muscular coordination invelving
picking up ball bearings with tweezers,
‘Bennett tested ten divers breathing both
neon-helium-oxygen (65.6%,16.4%, 18%)
at 7 atmospheres (200 fsw) and on air
at 5.8 atm. (152 fsw), depths chosen to
provide equal partial pressures of the
inert gases. His subjects felt no nar-
cosis on neon, but were qguite affected
by breathing air at that pressure.

Test results corroborated these im-
pressions, with an appreciable {12-15%)
decrement being noted in air, while sub-
jects in neon showed a 3% lower arith-
metic score and did just as well if not
better on the ball bearing test.

Experimental Diving Unit, pulmonary
function, 1968(6).

3.

puring the laboratory preparation
state of the Sealab III operaticn sat-
uration experiments were conducted at
the U.S. Navy Experimental Diving Unit
involving exposures.te 600 and B25 fsw
pressure eguivalent. As part of these
experiments crude necn-oxygen mixtures
were breathed by four subjects during a
study of pulmonary function. At 825
feet {26 atmospheres} the density of the
breathing mixture was 15 times that of
sea level air, or the eguivalent to the
density of a helium-oxygen mixture at a
depth of over 2500 fsw.
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Under these conditions the subjects were
able to move 40-50 liters of gas per
minute, in and out of their lungs,
enough to do moderate work with some
reserve.

4. Duke University, EEG and reaction
time with neon, 1870(7).

In a saturation experiment primarily
devoted to a study of cardiorespiratory
parameters, regordings of EEG, reaction
time and alpha blocking were made under
identical experimental conditicns using
neon, helium and nitrogen at a pressure
eguivalent to 200 fsw. No statistically
significant differences between neon and
helium were seen, but nitregen caused an
increase in reaction time. All measure-
ments were made under normoxic con-
ditions. The neon mixture was presum-
ably made with crude neon. A graph cf
the reaction time results is shown in
Figure 2.

5. University of Pennsylvania, 1200 fsw

900 fsw the subjects were able to com-
plete work loads estimated to be 80% of
the maximum they could attain at sea
level,

To test the condition of the central
nervous system of the subjects and to
assess their cognitive ability, two
subjects took a "paced” arithmetic test
at geveral depths. This test presents
simple cne-by-two digit multiplication
problems at a predetermined rate, so
that subjects can be graded on their
accuracy independently of speed, which
eliminates the problem of trying to de-
¢ide whether "number attempted” or
"number correct" is most significant.
Results of these tests are given in
Figure 3. Although we see the anticip-
ated variability found in this type of
tegt, it is evident that neon causes no
loss of mental ability, even at pressure
eguivalent to 1200 fsw.

B. Operational compatibility:
Commercial diving situation

saturation experiment,~1971,

During the summer of 1571 the
Institute for Environmental Mecdicine at
the University of Pennsylvania, in co-
llaboration with the U.S. Navy's Bureau
of Medicine and Surgery and Ocean
Systems, Inc., and with the experimental
cooperation of several other labor-
atories, conducted what is probably the
most ambitious and extensive laboratory
diving experiment yet completed. Four
subjects spent 24 days at pressure
during the main saturation and many days
on short and shallower preliminary tests
The general concept of the experiment,
conceived and managed by Dr. C. J. Lam-
bertsen, was to take a "dose-response”
lock at a wide variety of physiological
parameters as they might be affected by
a dozen or more pressures between one
and 37 atmospheres, and in gas mixtures
having different density, viscosity and
narcotic potency. The main experimental
use of neon was Lo provide a dense gas
devoid of narcotic properties. In the
process neon was tested under conditions
suitable for diving at 400, 700, 900 and
1200 fsw. While at 1200 fsw, the sub-
jects breathed neon mixtures of a
density equal to that which would be
encountered on helium-cxygen in a dive
to 5000 fsw. Under these conditicns
they were able to perform physical work
at a rate of approximately 70% of their
normal maximum at sea level, The limit-
ation was one of gas density, not

narcosis and not oxygen transport. At

The preceeding section has dealt
with the innocucus nature of neon as
far as breathing it and living in it are
concerned; this section deals with neon
under the special envircnmental con-
ditions imposed by commercial diving.
We have shown that neon is safe and
reasonably easy to breathe to depths
far deeper than the world's continental
shelves, and that at lower pressures no
ill effects have been detected even
after axtended exposures. Bub these
have all been situations in which the
pressure has been changed slowly if at
all; we now discuss a series of experi-
ments which tested neon under the part-
icular conditions of a commercial dive--
rapid pressurization to the working
depth, followed by a short period of
intense activity and a decompression ac-
compligshed as guickly and efficiently as
possible. In 1970 and 1971 Ocean
Systems conducted, in cooperation with
the U.3%. Navy, a parametric comparison
cof the performance aspects of neon, nit-
rogen and helium in the mecde of the
short working dive. (8)

This was the first experiment de-
signed to test necon in a side-by-side
comparison with nitrogen and helium
over a range of depths and under non-
saturation conditions. In a series of
32 short {about 30 minutes) individual
exposures to these three gases in the
depth range of 200 to 600 fsw, com-
parisons were made in varicus types
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of "human performance, in tremor and in
decompression, under test conditions as
nearly identical as we could provide.
Crude neon was used as the primary
diving gas in 12 cases. Equivalent sets
of tests were performed with helium,
while nitrogen was not used beyond 400
fsw. In dives to 200, 300 and 400 fsw:

the oxygen level was 10%, while in dives

to 500 and 600 fsw we used 7% oxygen.
The oxygen partial. pressures were,
therefore, in the range between 0,7 and
1,3 atm.; this is typical of the working
dive situation, where high oxygen* levels
are used to facilitate decompression.

The divers breathed directly from
the chamber atmosphere without the ajid
of breathing eguipment. A variety of
tests showed no detectable narcotic
effect of neon in comparison to helium,
while such measurements revealed clearly
the detrimental effects of nitrogen at
all depths tested. A representative
test, one designed to measure mechanical
dexterity, is shown in .Figure 4. This
"nut and bolt” test showed no real diff-
erence between neon and helium, but a
substantial effect of nitrogen. Results
presented in Figure 4 are typical of the
results we cbtained with tests of coor-
dination, vigilance, reaction time and
mental ability. Steadiness, measured
by movement of a magnetic stylus held
over a fixed target, showed a slightly
reduced degree of tremor in those sub-
jects compressed with neon as compared
to helium.

In another type cof test we determin-
ed the depression of evcked brain re-
sponses. When a stimulus {such as a
click or light flash) is given to an
individual it is possible to record
changes in the electrical activity of
his brain which reflect the brain's
response to that stimulus. This re-
sponse, measured as a voltage detected
on the scalp, represents. the end re-
sult of several neurological events. Not
all investigators agree on the intmr-
pretation of the changes which various
factors have on these evoked potentials.
{9,10) However, in Figure 5 it can be
seen that the depression of the Nj-Pj
interval is greater in nitrogen, known
to be narcotic, than in either helium
or neon, and further that there is no
real difference between these two gases.

C. DecomEression

Because of the relative insens-
itivity cof standard performance testing
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methods it has not been possible to show
any differences between neon and helium
in terms of the effects of these gases
on psychomotor or mental function. This
gives neon a clean bill of health as far
as the safety of its use is concerned,
but we have yet .to show advantages to
the use of neon that would justify its
slight extra cost. . There are three
areas--in addition to its worldwide
availability~--where the biophysical pro-
perties of neon may give it real ad-
vantages over helium in diving. Having
a lower thermal conductivity, neon -may
reduce the chilling effects of diving

in deep water where insulation is in-
effective and it is always ceold. :
Further, neon is not as likely to dis-
tort the voice as is helium. These are
marked problems, and any relief from
them is worth investigating. But there
is another area where neon may offer an
even greater econcmic and operational
advantage: decompression.

In shallow air diving an offshore
rig must shut down any time a diver is
working or "hanging off" during de-~
compression., With a more modern system
using a bell and deck chamber this. is
usually not required., However, when
unugual problems develop--such as the
need for several successive dives--a
rig may need to remain idle while wait-
ing for a diver to decompress, These
shutdowns are costly, and measures
which save a few minutes to a few hours
of this time may be extremely valuable.
From the limited data which is presently
available it looks as if the use of neon
may make possible a reduction in de-
compression time or an equivalent in-
crease in decompression safety, or per-
haps both.

If one accepts the theoretical
calculations of Roth (11) -based on the
physical properties of inert gases and
his assumptions about the circumstances
taking place in the body relative to
bubble forxmation and growth, then under
the conditions of short, deep dives
such as those we are c¢onsidering,.neon
helds a theoretical advantage over
helium, We cannot make a strong case
for neon on theoretical calculations
which themselves are based on assumed
models, so it is probakly not worth-
while to go into the mathematical de-
tails here. Intuitively, however, the
possible advantages of neon can be de-
scribed in a-qualitative way. Consider-
ing the comparison between just those
two gases, crude neon and helium, the
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neon mix shows an advantage in three
ways. The main difference in the pro-
perties of neon and helium is diff-
usivity, since both have about the same
solubility in both water and fat. To
the extent that this property may affect
the uptake of gas, neon should be taken
up more slowly than helium.

The same property may ,of course -
affect the rate at which the gas is
eliminated from the body; consequently
any potential advantage must depend on
the depth and bottom time. For example,
under egquivalent conditions ia the 200
fsw range, the U,S. Navy diving tables
call for shorter decompression times
with nitrogen than with helium up to
a bottom time of about one-half hour,
while for longer times the advantage
swings to helium, A similar situation
may prevail in comparing helium and
neon, and the advantage for a short
dive (such as is usually regquired) would
rest with more slowly diffusing neon.

Further, neon shows an advantage
in Roth's calculations in the case
of diffusicon into a bubble which has
already begun to form, Here the slower
diffusion of neon causes slower bubble
growth, a factor which should result in
easier decompression with neon. Roth's
"bubble factors" for im situ intra-
vascular bubble growth in adipose tissue
are Ne 0,34, He 0.64, N2 1.0, and
Ar 1,9, with the higher wvalue indicating
greater risk,

In still another way the crude neon
mixture we are considering may have a
slight advantage over helium alone,
inasmuch as that in a mixture of two
inert gases neither will exert as high
a partial pressure {or degree of super-
gaturation) as will a single gas alone.
This will reduce the probability of
bubble formation in the first place.

Much modern decompression theory
is based on the concept that the limit-
ing factor in gas transport within the
body is not diffusion but rather per-
fusion, of the tissues by blood. With
reference to gas dissolved in tissue,
the higher the ratio of dissolved inert
gas pressure to total pressure the
greater the probability of bubble form-
ation, This ratio is known as the
Haldane ratio, or surfacing ratio
when applied to the conditions on arr-
ival at sea level pressure. Cal-
culations in our laboratory (12} have
shown that neon offers a theoretical

advantage in the circumstance where
slowly perfused tissues are limiting the
rate of ascent; here the surfacing
ratioc is lower for necn than for helium,

Animal experiments have supported
the theoratical advantages of necon in
most cases where direct comparisons
have been made, Animal studies in our
laboratory by Doebbler et al., (13)
produced evidence {Table III) which
supports. Roth's relative ranking of
these gases; however, the distinction
between neon and helium was not marked.
In these experiments, rats were de-
comprassed from depth (168 fsw) by
stages to altitude (10,000 feet equiv.
or 510 mm Hyg). Bennett and Hayward
{14) observed a relative decompression
advantage for neon and a neon-helium
mixture over nitrogen for rats de-
compressed from 290 fsw (Takle 1IV).
Again a possible advantage of neon over
helium was indicated.

Table V gummarizes some of our un-
published data on neon compared to hel-
ium and nitrogen for rats decompressed
by continuous ascent at 67 fsw/min.
from 265 fgw after various times of
exposure at depth. The limited data
again support the possibility of an
advantage for neon.

Heavy {500-650 gm) male rats sat-
urated with various inert gas-oxygen
mixtures at 900 mm Hg for 24 hours
before decompression to 100 mm Hg in
pure oxygen have been studied by
Doebbler and Hamilton {15), Results
are summarized in Table VI. Of special
interest is the apparent decompression
advantage of crude neon (73/27 wvol.
mix. of necon and helium} over neon
alone, and in terms of asymptomatic
animals, over helium (21% vs 10%},

Van Liew and Passke (16) have ob-
gerved in gsubcutaneous gas pockets in
rats that neon and nitrogen are absorbed
at about the same rates. This would
agree with Roth's assumptions based on
diffusivity, Neon bubbleg ©or bubbles
into which neon was diffusing would grow
more slowly than helium bubbles; this
increases the probability that a clinie-
ally insignificant neon bubkle cculd ke
re-dissolved in the course of decompre-
ssion without having caused tissue in-
jury.

All of the above animal experi-
ments were carried out with very small
animalg, and it would be risky to place
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too much credence into the direct
applicability of this data. In one
additional series of experiments we have
conducted comparative decompressions of
animals saturated with various inert
gases; in this case we used as an exper-
imental animal the miniature pig. {17).
Pigs have a physioclogical and bio-
chemical resemblance to man that makes
these experiments far more relevant than
those performed on rats. These were
also altitude decompression, similar in
format to others mentioned above. Pigs
were.scored on the seriousness of signs
of decompression sickness, on.an arbit-
rary scale ranging from 1 to 4 and
coverng Signs ranging from mild diff-
iculty in walking to total collapse and
paralysis. Figure 6 shows how the gases
arrayed themselves in the results of

26 experiments on three animals. It
can be seen clearly that the responses
are quite consistent for all three pigs,
with the possible excepticn of the one
named Kitty; in her case crude neon
would rank higher than pure neon. In
all cases the advantage of neon over
helium seems apparent. These are ex-
periments designed to simulate the
space-flight situation and as such may
not be completely applicabkle to diving,
but they are the best comparative de-
compression data available today on
large experimental animals.

The neocn performance experiments
mentioned in section B above were
accomplished on a short-dive format
which required decompression at the
of the work period. These were de-
compression dives, and as such were
man's first experience in the use of
neon in decompression. Conditions of
decompression were net uniform enough
in the different runs to allow a strict
comparison between helium and neon, but
some general conclusions are evident.

In a total of 12 dives made on crude
neon and an eguivalent number jn helium,
the degree of uneventful decompression
was strikingly better in neon. This is
illustrated in Table VII. Decompress-
jong were made from botteom times 30 or
35 minutes in length and from depths

of 200, 300, 400, 500 and 600 fsw.
Using tables which resulted in approx-
imately the same decompression time {for
the same bottom time) for either helium
or heon, there were three cases of de-
compression sickness on helium-oxygen
and cnly one on neon-oxygen. A con- ’
founding factor here is the fact that
in all cases an abrupt shift tc air was
made at 150 fsw during decompression

end

for cperational reasons. This prevents
a completely valid compariscn of the
efficiencies available with necn and
helium, since in those cases where de-
compression sickness occurred, nitrogen
may have been involved in bubble form-
ation in addition to the inert gases
under study. In any cage, the overall
decempression experience in this exper-
imental series clearly favors neon.

DEVELOPMENT QF NEON AS A
DIVING GAS

The lahcratery results presented
here have convinced us that there is
enough to be gained from the use of
neon as our primary diving gas that
Ocean Systems has moved with this gas
from the research intc the development
phase, We are now engaged in solving
the practical problems of changing our
procedures in small ways to make poss-
ible the use of neon where its use is
indicated. At the same time we are
continuing to learn more about the
basic properties of this gas.

Our development efforts are center-
ed in three areas. We have carried out
tests in the laboratory to determine in
a guantitative way the effects of neon
on voice communications, we have develo-
ped cGecompression procedures for short
working dives to 680 fsw, and we are
conducting field trials with necn.

Qur voice experiments were designed
to compare the effect of gas composition
at 300 fsw, and in the presence of 2%
oxygen, on intelligibility across the
compositional gpectrum from pure hel-
ium-oxygen through three in-between
mixtures to pure neon-oxygen. Word
lists and vowel sounds were recorded in
air and five experimental gas mixtures.
As well as it could be controlled
neither the investigators nor the sub-
jects knew the mixture being breathed.
Quantitative results of the intelli-
gibility tests are not yet available,
but to the crew there appeared to be
two mixtures which had greater intell-
igibility than. the others; there was
not much difference between these two
and no appreciable diffexence between
the other three. The mixtures which
were easier to understand were neon-
oxygen and the crude-neon—oxygen mix-
ture (74% neon, 24% helium and 2%
oxygen), The divers had about the same
subjective impressions as the topside
crew.
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Preliminary spectrcgrams have been
run on the vowel sounds. These were
@xamined by a speech psychologist who

.did not know the gas mixtures, and his
division of the spectrograms intc twe
groups was identical to our subjective
groupings of the experimental veice
recordings. In one group there was the
typical loss of energy in the domain of
the second formant fregquencies-=-1-3
KHz--and in the cther group this loss
was appreciably less, (18) The samples
taken in mixtures containing 49% helium
or more were distorted, the others (74%
and 98% necn) were assentially normal.

Word from the field trials backs up
the laboratory conclusions. Ir shallow
dives, where helium distorticen is not
s0 great as to prevent communication
but enough to make it difficult, the
feeling is that neon is more comfort-
able to use because no effort is needed
for the diver to be understood. Our
operational groups appreciate the facts
revealed here. Not only deoes it mean
that it may not be necessary to get
helium voice unscramblers so soon, but
also that existing communications equip-
ment may not need to be replaced. Part
of the problem of understanding divers
is the loss in the system of the higher
frequencies of speech--the par: which
contains most of the information when
the diver is breathing helium. Neon,
especially crude neon, will not entire-
ly eliminate this problem, but it now
seems clear that it will reduca it
greatly.

There have not yet been any lab-
oratory tests to measure the effect of
switching to neon on the heat loss pro-
blem. Our only data in this area is
the subjective feelings of Ocean System
divers who have used neon in cold water.

They like it. It feels warm from
the moment they begin to breathe by
mask, throughout the work period and
especially when they return tc the
bell. One experienced diver in re-
entering a necn-filled bell at 220 faet

described it as "like coming kack into Q

toasty oven. There wasn't any of the
fogging and cold, cloudy effect inside
the bell that you have with helium. It
stayed dry. It was really warm and
really felt good coming back.” He said
further that "neon has to help de-
compression" because of warmth in the
bell. Divers in the field as well asg
those in the laboratory say that there
is no appreciable difference during the

compression phase between the two
gases——hoth feel warm.

Possibly the most significant of all
our neon experiments was the recent
series of four laboratory dives to 680
feet, conducted to provide the inform-
ation ngeded to develop operaticnal
capability te that depth. These were
30-minute dives, two divers each time,
with a provision for exercise on the
bottom by both divers, The exercising
diver wore a standard Kirby-Morgan
KMB-8 band mask. Breathing gas was
crude neon <¢ohtaining 5% nitrogen and
5% oxygen.

Bends were expected and mild ones
were encountered--this is routine in
an experimental series such as this.
But by the time the four dives were
complete we had reduced the bends pro-
bability to an acceptable level and at
the same time were left with acceptable
decompression efficiency.

We did encounter a problem which
should be mentioned--but assuredly not
ag a physiclogical problem but rather
a mechanical one. To provide breathing
gas for the diver while he rode the bi-
cycle ergometer inside our high pressur
chamber, we connected the appropriate
neon mixture to our existing chamber
breathing line, This line comprised
several feet of 1/4 inch tubing feeding
a first stage regulator, located several
feet from the chamber wall, which drop-
ped the supply pressure to 500 psi; the
balance of the tubing was 3/8 inch in
diameter. This system had worked well
during many decompressions for the ad-
ministration of oxygen, but this occurrj
ed necessarily always at low pressures.
When the diver began to demand more gas
from his breathing regulator as his ex-
ercise progressed {our schedule called
for 100 watts for six minutes) he soon
found himself unable to draw enough gas
to satisfy his respiratory needs. Beoth
divers quit before they finished the re%
quired work during the first dive, and
also on the second dive--the modif-
ications we made were not sufficient,
The inadegquacies of the system were
obvious, as supply regulators showed
sharp pressure drops each time the divex
took a breath, With further modificat-
ions--5/8 inch lines to the chamber wall
bypassing the first stage regulator and
a larger second state regqulator--as
well a8 more thorough briefings of the
divers who had ncot used this type of
equipment before, we were able to
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finish the series successfully.

This discussion of a routine engin-
eering problem which properly should
not have been allowed to happen is in-
cluded here to point up the fact that
neon can be used with existing helium
diving equipment, but that at this
depth it cannot be done without careful’
elimination ¢f system faults and the
use of proper procedures, Given proper
equipment a confident diver who paces
his work, breatheg deliberately and
uses free flow judicibusly will not’
experience difficulties with the use
of neon-based breathing mixtureg.

CONCLUSIONS

This paper consolidates most of

the available data that relates to the
ugse of neon in diving. Much of the
experimental data comes from our own
lahoratory and in presenting it, we

run the risk of leaning on this data

in such a way as to support cur con-
clusions. Some of our observations

are subjective and need very much to

be repeated in other laboratories. But
in all our experiments we have geen, J
nothing that might dampen our enthusias
for neon as an attractive new commerciall
diving gas, !
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TAELE 1 - PHYSICAL PROPERTIES OF HELIUM, NEON AND NITROGEN

Property and Unitg

Mol. Wt.

Density, gm. 1”' (0°C)
Viscosity, i poise (30°C)

Thermal Conductivity,
cal. cm~lsec™! °C™! x 10° (30°C)

.Y [c"/ w] (o-zo"c).

Velocity of Sound,
m=-sec™’, 1 atm 0°C

3olubility, water {(Bunsen Coslf,, 37°C)
olive oil - "
human fat " -

Diffusion Coefficlent, 37°C,
cmisec™ x 10%, :
water
olive oll

Vol. gas/vol. liquid
Bolling point of liquid, *C

Heat of vaporization at boiling point,
cal./liter
cal./g-mol

Specific heat, cal, g~', *C

Helium Neon Nitrogén
4.003 20,183 28.016
0.1785 0.8999 1.2506
200,78 320,78 178187479
{15.5°C)
36,25 11,82 5.95
1.63 1.642 1.404
970 435 137
.0.0087 0.0087 0.0125
0.0148 0.0193 0.0609
0.0187 0.0617
b3.2 34.8 30.1
18.6 8.34 7.04
700 1445 696
-268.9 -246.1 -195.8
610 24, 800 38, 200
18,5 415 1122
1.242 0.246. < 0,248
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3.5 SOME THEORETICAL ASPECTS OF THE USE OF
MULTI!PLE.-GAS MIXTURES FOR DEEP-SEA DIVING

_A. P. Webster
Commander, Medical Corps, USN (Ret)
U. S. Naval Air Develcpment Center

The thecoretical aspects of the use of multiple-gas mixtures for diving are
somewhat in conflict with the practical aspects. On theoretical grounds, when
the deformation pressure, D, surrounding a bubble exceeds some threshold value,
D!, nerve fibers or endings are stimulated by the mechanical deformation of the
tissues and symptoms result. On theoretical grounds, then, the deformation
pressure does not depend on what kind of gases are present, but rather on the
sum of the partial pressures of all the gases present, see Figure 3.5-1.

Note-that the deformation pressure, D, is Iargl(- when any of the respective
partial pressures are large, and in the words of Nims 70) "Decompression sick-
ness would appear irrespective of which gas had the largest partial pressure;

and it is only an accident of nature that nitrogen is the gas which is the chief factor

P, + P + Po + Py, + P - H =D + (22
o
N2 CCZ"z > He HZO r
where
PNZ ' PCOZ » etc. = partial pressures of the
respective gases within the bubble
H = hydrostatic pressure
O = deformation pressure
v = gas-water interfacial tension of the
fluid surrounding the bibble
r = radius of the bubble

Figure 3,5-1 Pressure Conditions within a Bubble

79
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in decompression sickness..... " in air. It has been stated that symptoms occur
whenever the gaseous pressure of the bubble exceeds the hydrostatic p: -essure of
the tissues by a significantly large amount, that it does not matter what the particu-
lar gases in the bubbie are, or how the hydrostatic pressure in the vicinity of the
bubble is altered. If the deformation pressure, D, is greater than a given cr.tical
value, pain results,

Assuming the foregoing remarks to be substantially correct, there are two
other main events taking place simultaneously which must be considered: The dif-
fusion of gases from the tissues into the bubble and the desaturation of the tissue
gases via the lungs. Both of these phenomena are considered to be exponential with
specific time constants, The important point, however, is that the rate at which a
specific gas, e.g., nitrogen or helium, euters a bubble may be different for differ-
ent gases, whereas the time (or diffusion) constant governing the exchange of gas
between the tissues and the alveolar air is generally considered to be, for allprac-
tical purposes, the same for various gases. And, in fact, this constant has been
shown by Jones(7 ) to be proportional “to blood flow through the 'tissue, and the time

constants for the elimination of helium, nitrogen, krypton, argon, and xenou have
been shown to bé substantially the same.

The ratz of entry of gas into the bubble may, however, be largely con-
trolled by the size of the molecule and hence tend to follow CGraham's Law, in
which the diffusion is proportional to the reciprocal of the square root of the maolecu-
lar weight. Ifthis is the case, helium would tend to enter a bubble at a faster
rate than would nitrogen, and high helium concentrations in the respired gas would
tend to prolong the decompression time since rapid entry of gas into the bubble
would cause an early approach to the critical deformation press:rz, D'.

Figure 3,5-2 shows the advantages and disadvantages of the three gases,
02, NZ' and He.

ADVANTAGES . DISADVANTAGES
o Survival
2 Prolong Dive ) Toxicity
HIGH Rapid Decompression
CONCENTRATIONS Ny at Shallow Depths for Narcosis
OF Short Times
) H Physiologically Slow Decompreasion
: Ve Inert Requires O,

Figure 3.5-2 Advantages and Disadvantages of
Oxygen, Nitrogen, and Helium
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One of the questions before us is what is the advantage of a multiple-gas

mixture over a single-gas-plus-oxygen mixture. Further, what would be the ad-
vantage in using a mixture composed of nitrogen, helium, krypton, argon, and
oxygen. Since we do have established decempression tables for air and helium-
oxygen mixtures, I have confined the following calculations to heiium-nitrogen-
oxygen mixtures, as illustrated in Figure 3,5-3.
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Curves are based on tha following:
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| r D w ras t‘.t . 4 lou
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e -l &0
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| 1 | o
A2 22 a2 42 52 -4 1% B
a4 ‘T 62 52 42 32 22 i2 ¢
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Figure 3.5-3 Theoretical Decompression Times for
Dive to 180 Feet for 30 Minutes

These curves were prepared by assuming that a dive is to be made at a

given depth, for a given time, and with a given oxygen percentage. For various
percentage mixtures of the two gases, helium and nitrogen, the partial pressures
of these two gases in the mixturg were calculated in feet. Entering the Helium
Tables and the Standard Tables; \72) the total decompression time for each gas
separately wu 3 obtained and plotted.
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A

In order to fit the practical calculations based.on the. Helium Tables and
the Standard Tables into the theoretical framework, one may assume that for beth
the helium and nitrogen decompression curves, when a mixture of both is used,
the critical deformation pressure is just reached at each point along each curve.
For the combined gases the deformation pressure is 2D' or twice the critical
préssure to produce pain, Figure 3.5-4.
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Figures 3,5-4 Theoretical Decompression Times for Dive to
180 Feet for 60 Minutes
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Note that the intersection of the two curves for this 60-minute dive is at
about the same place as the 30-minute dive,

Figure 3,5-5, an 80-foot dive for 50 minutes, shows that the intersectlion
of the two curves is about where it was for the deeper dive. Note that the irter-
section of the two curves is at approximately the same percentages of helium and
nitrogen.

It is not easy to predict whether any advantage is to be gained using a
multiple-pgas mixture. If one accepts the thesis that the inert gas helium has its
primary advantage in preventing necrosis, and that the gas nitrogen has its pri-
mary advantage in requiring shorter decompression times at the shallower depths
(or lower partial pressure equivalents), then it is possible to conceive that a mix-
ture of the two may yield some of the ndvantages of both,

Curves are based on the following:
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Figure 3.5-5 Theoretical Decompression Times for Dive to
80 Feet for 50 Minutes
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DIVING MEDICINE: THE HIGH PRESSURE NEUROLOGIC
SYNDROME

RaLru W. BRAUER

Recognition of the effects of hydrostatic pressure as a timiting factor in diving
physiology has a curious history, characterized in part by reluctance of the scientific
comumunity to recognize pressure as an environmental factor, In marine environments, it
has an importance second only to that of temperature. Regnard’s {1885) paper. based on
work beginning in the [880°s. seems to be the first record of excitement. disturbed
locomotion, and eventual paralysis in marine (albeit invertebrate) animals exposed to
high hydrostatic pressures. For more than 30 years after Regnard’s original publication.
studies of effects of high pressure on excitable tissues progressed slowly. It was only
during the 1920’s that a scries of publications began to appear dealing with cffects of
high hydrostatic pressures on a vanety of excitable tissues. Among these, and almost
completely overlooked by subscquent workers, was the first report of effects in a vertebrate
which we should now recognize as maniiestations of the high pressure neurotogic syn-
drome {(Ebbecke. 1936). :

Since most of the effects observed by these carly workers occurred only at pressures
well over 100 atm. it is not surprising that when. during the 1960°s. investigators first
came across manifestations of what we now recognize to be HPNS in man. the possibility
that these cffects might reflect the influence of hydrostatic pressure did not at once come
to mind. Thus, the first observations of tremors and performance impairment in men
rapidly compressed to depths of the order of 1000 ft of seu water were attributed to helium
narcosis (Zaltsman, 1968). or to histotoxic ettects. possibly of oxygen or helium (Bennett,
1967). Tremors and convulsions in mammals compressed in heliox or hydrox atmosphere
were first recognized by Bruuer and coworkers as the result of the action of hydrostatic
pressure. rather than of pharmacotogic or respiratory effects of respired gases. based vpon
studies comparing effects of the two gas mixtures in both monkeys and mice {Brauer et
al., 1967). Subsequent work by this group led to description of the tremor and convulsion
stages of HPNS, to demonstration that thesc phenomena occur in all vertebrate orders.
and to description of the antagonisms of Inert gus anesthetics against these manifestatons
(Brauer et al.. 1971: Brauer et al.. 1968). A

Meanwhile Oxford investigators, pursuing the problem of pressure reversul of anes-
thesia. observed HPNS eifects in the mouse and extended the description of the syndrome
by inclusion of high pressure death. In wddition. experiments showing similar effects in
newts compressed hydraulically led these investigators-to infer that “’the loss of activity
in all cases resulted from the effects of high pressure alone™ (Miller ct al., 1967). Further
development of their observations led Miller and colleagues to formulate & more general
hypothesis to account for both pressure reversal of inert gas narcosis and HPNS in terms
of their “critical volume hypothesis™ (Miller, 1974). Attribution of these effects to
hydrostatic pressure as such was further supported by experiments showing that tremors
and convulsions could be induced in liguid-breathing mice in the absence of helium during

~hydraulic compressions (Kylstra et al.. 1967).

With these observations in mind. a Franco-American rescurch team conducted a
series of deep chamber dives which confirmed the occurrence of similar symptoms (short
of convulsions) in man and led to description of the essential features of what was now
first identified as the High Pressure Neurological Syndrome (HPNS) as it occurs in divers
(Brauer et al., 1969},
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Acceptance of this interpretation was by no means instantaneous. A number of
workers continued to feel that these effects should be attributed to impairment of respi-
ratory gas exchange by the dense high pressure atmospheres employed (Chouteau, 1971).
This view was disproved by animal experiments showing normal O, and CO, contents
in the blood of squirrel monkevs subjected to HPNS convulsions. as well as by HPNS
convulsions in mice occurring at the same total pressures in isonarcolic gas mixtures of
widely varying density (Brauer et al.. 1974). It was not laid to rest fully, however, until
workers at the University of Pennsylvania demonstrated that gas exchange of men breath-
ing high density atmospheres remained adequate even at gas densities far excecding those
producing HPNS symptoms (Peterson et al., 1976).

Attempts to minimize deleterious effects of HPNS upon divers followed two main
routes. Early work on the antagonisms of HPNS symptoms by inert gas anesthetics had
led to formulation of a “*hydrogen equivalent'” ternary gas mixtere comnsisting of helium,
nitrogen. and oxygen (Brauer et al.., 1968: Brauer et al.. 1974) to demonstrate its beneficial
effects in increasing HPNS tremor and convulsion threshold pressures in animal exper-
iments. Lever at al. (1971), comparing several anesthetics. likewise reported that addition
of nitrogen to heliox breathing mixtures caused a substantial increase in the pressure at
which high pressure death occurred in mice, that nitrous oxide and argon possibly caused
similar effects. and that remarkably effective protection was afforded by pretreating
animals with sodium pentobarbital. They suggested that “*addition of some N, to O,-He
mixtures at high pressures may prove beneficial.”” Bennett and coworkers subscquently
applied such mixtures in human diving experiments and confirmed the protective effect
of this “‘trimix’" against HPNS manifestations in man (Bennett et al., 1974).

Suggestions that low onset pressures for HPNS manifestations in the British, Russian,
and Franco-American experiments were related to the relatively rapid compressions em-
ployed led to successful experiments proving the effectiveness of slow compression in
postponing onset and perhaps in reducing severity of HPNS manifestations in divers
(Bennett and Towse, 1971). This line of thought was developed further by Fructus and
colleagues, who sought to optirmize compression schedules (Fructus et al., 1973). They
used animal experiments to define guantitative relations between the time course of
compression and onset of HPNS manifestations, further revealing the complex nature of
HPNS. During saturation dives. it became clear that. in man, at least some of the HPNS
symptoms continue to manifest themselves even after sojourn at depth for periods of at
least 1 week (Rostain and Lemaire, 1973).

Thus, by the end of 1974, the general outlines of both the clinical appearance and
etiology of HPNS had become fairly well established. It had also become clear that as
the result of action of high hydrostatic pressures upon the CNS of man (and indeed of
all vertebrates tested), substantial and reversible changes in performance and locomotor
behavior could be induced, and that further exploration of these effects promised con-
siderable rewards not only from the point of view of improving the deep diving capabilities
of man, but also in terms of improved understanding of CNS function, and indeed, of
behavior of excitable tissues in very general terms.

[1-6-2
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ABSTRACT

BENNETT, P.B.

Psychometric impairmeht in men breathing oxygen-helium at increased
pressures,

Roy. Nav. Personnel Res. Comm. Rep. NSTIC/08342/66, 12 p. Sept. 1965.

(1) Opportunity was taken during recent deep diving experiments
seeking safe decompression procedures from 600 feet and 800 feet

in men breathing 5%/95% oxygen/helium to examine their psychometric
performance. (2) Six men at 600 feet and 4 at 800 feet were required
to carry out an arithmetic test (ab x c¢) and a test of neuromuscular .
control. In addition, at 600 feet a 5 choice reaction time test was
used. (3) During the first hour of exposure to 600 feet there was

an 18% fall in the number of sums correct and a 25% loss of efficiency
of the neuromuscular test. This increased to a 42% fall and 53% loss
respectively at 800 feet. (4) The loss of efficiency was accompanied
by dizziness, nausea and tremor of the hands, arms and even the whole
body. (5) With increasing time at pressure these signs and symptoms
of physiological and psychological impairment became less marked until
after 2-1/2 hours the men appeared normal. (Author's summary}

SUMMARY

1. Opportunity waé taken during recent deep diving experiments seeking
safe decompression procedures from 600 feet and 800 feet in men breathing
5%/95% oxygen/helium to examine their psychometric performance.

2. Six men at 600 feet and 4 at 800 feet were reguired-to carry out an
arithmetic test (ab x ¢} and a test of neuromuscular control. In addition,
at 600 feet a 5 choice reaction time test was used.

3. During the first hour of exposure to 600 feet there was an 18% fall
in the number of sums correct and a 25% loss of efficiency of the neuro-
muscutar test. This increased to a 42% fail and 53% Toss respectively
at 800 feet.

4. The Toss of efficiency was accompanied by dizziness, nausea and tremor
of the hands, arms and even the whole body.

5. With increasing time at pressure these signs and symptoms of physio-

logical and psychological impairment became less marked until after 2 1/2
hours the men appeared normal.
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LIMITATIONS OF PHYSIOLOGICAL PERFORMANCE
AT EXTREME AMBIENT PRESSURES

27 | PETER B. BENNETT

Performance Impairment
in Deep Diving Due to
Nitrogen, Helium, Neon
and Oxygén |

Among the major factors likely to cause performance impairment at
depths in excess of 300 feet are inert gas narcosis (17) and oxygen toxicity
(16). An associated factor is carbon dioxide retention as a result of hypo-
ventilation and the increased oxygen partial pressure (11, 13-15, 30, 38).

In any deep dive all of these factors are presént to varying degrees and
the resulting impairment is usually a function of all three. This paper will
consider the extent of this mutual involvement and the effect of these
factors on the efficiency of the diver at depths down to 800 feet.

Compressed Air Intoxication

The problem of compressed air intoxication has already been considered
in some detail in my recenty published monograph (17). It is however
clear that the cause of the narcosis is the increased tension of nitrogen,
associated causes being the density and oxygen partial pressure of the
regpired mixture. These may cause an increased carbon dioxide tension
which synergistically potentiates the narcosis (11-14, 17, 25, 26). '

During deep diving to depths in excess of 300 feet, Adolfson and Muren
(2, 3) have studied compressed air intoxication on 30 subjects at 400 feet.
In an arithmetic test the number of sums correct was reduced by 61.6%

327
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with 25% more errors. Subjectively the narcosis was severe, being more
sunilar {0 that found with hallueinogenie drugs such as [SD 25, rather
than with aleohol.

Barnard, Hempleman and Trotter (8) and Albano (4) have compared
the nareotie effeet of air at 300 feet with mixtures of 95% Na-h % Qs or
96 % No-1 9% Oy respectively, In the former experiments, wherens air
breathed at 300 leet caused an impairment of 44.4 % n arithmetical effi-
ciency, the mixiure induced o 60.7% decrement. In the experiments by
Albano (1), the mean impairment with air at 300 feet was 40.6 % compared
with 50.6% in men breathing 96% Ny-4 % O, . Deereasing the oxygen
partial pressure and thercby inereasing the nitrogen therefore potentiates
the narcosis, Convcrsély, increasing the oxygen partial pressure at a con-
slanl nitrogen pressure wny also pofentinte the narcosis due to the asso-
cinted increase in earbon dioxide tension and its synergistic action (13, 14,
17, 25, 26).

It should be remembered that the levels of narcosis described were
derived from pressure chamber experiments with men usually at rest. The
narcosis 18 likely to be greater in men wearing breathing equipment, swim-
ming and working underwater due to the presence of exogenous or endog-
cnous earbon dioxide. IFrequent exposure will however result in some
acelimatisation. I is also possable to dive for brief periods to 500 feet or
perhaps even deeper with little or no narcosis, provided compression is
extremely rapid (18).

Raie of Compression

It is gencrally believed that rapid eompression enhances nareosis due
to carbon dioxide retention as n result of compressional inflow of gases into
the lungs (1, 5, 9, 22).. However, if insufficient time is permitted for the
nitrogen lension in the brain to reach the critical molar concentration
necessary to induee narcosis, the earbon dioxide factor is less important.

Men have been compressed 1o 400 and 500 feet in 20 seconds and their
performanee examined until decompression at 5-6 ft./sec. 40 seconds later
(18). A= the time al depth was only 40 sceonds, two choice reaction time
was used Lo iest for nareosis, No {esis could however be made during the
20 sccond compression, ag the men were far too busy ensuring that their
cardiums remained intael, At 400 feet the expected value of reaction time
due o learning fnetors in 10 subjects was not significantly different. from
control values; bul at 500 feet there was a significant 14-15% deerement,
in reaction tine accompanicd by cuphoria (Table 44).

Thiz level of impairment compares with o decrease of some 209% in two
chotee reaction time reported by Kiessling and Maug (29) in 10 subjeets
breathing air ol 100 feet and o 10 % decrease in 14 subjects at 150 feel of
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TABLYE 4

Fﬁprf of Very Rapid Compression with Air lo 400 Fi. and 500 Fi. on Twe-choice Reaclion
Time (1/100th sec) (18)

400 Fr. 500 Fr.
Atmospherie pressure.. ..., B L 40.1 + (.8 30.7 £ 4.4
Expected result {learning). ... ... .. ... .. 37.8 £ 5.8 20.9 & 3.7*
Acetnal result at diving depth............. .. 37.2 % 4.8 34.2 4+ 4.0
Difference expected-actual ... ........... ... 14006 4+ 2.3 "] k4.4 £ 22
Return to atmospheric pressure. ... ... ..., 36.1 £ 5.8 30.0 = 3.8

= 0.02.

TABLE 45
Oil Solubililies and. Qlher Physical Constants of the Incrl Gases (27, 28, 81)

Gas M?‘}F‘Tr‘i“';‘“ Sor. IN OLIVE O1L Temr {° C) g{:'ﬂ“‘é’ﬂ[‘;
He................ 4 0.015 37 1.7
Ne ... ............ 20 0.019 37.6 .2.07
Nooo oo 28 : 0.067 a7 5.2
Ar...o..oo L 40 0.14 37 5.3
Kr oo ... 83.7 0.43 37 - 9.6
Xe.....o........... 131.3 1.7 37 20.0

air reported by Shilling and Willgrube (37). The narcosis at 500 feet was
therefore minimal but there can be no doubt that a slow compression rate
such as 100 ft./min. would have resulted in the men being incapacitated
on reaching depth.

The Narcotic Potency of Neon

TFor more prolonged diving to great depths however other Jess potent
inert gases must be used instead of nitrogen. The narcotic potency of inert
gases has been related with varying success to most of their physical
characteristics such as partition coefficient and molecular weight (10),
adsorption eocfficients (22), thermodynamie activity (20, 24} and clathrate
formation (34, 35). The best relationship is found with oil solubility (10,
27, 28, 31) (Table 45), '

On this basis neon is 3.5 times less potent than nitrogen and helium
4.5 times less potent. The latter has therefore been the choice for deep
diving but neon could be a useful alternative. Marshall (33) seems to have
been the first worker to have studied the narcotic potency of neon. She
found the pressure required to produce reversible inhibition of reflex
activity in the tibial nerve of frogs was 10 atmospheres of argon, 17 at-
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TABLE 46

Comparative Effect on Performance of Exzposing 10 Men to a Partial Pressure of 4.6
Atm. Abs. (162 Feel) of Nitrogen or Neon (17)

NEow
NITROGEN (65.67 Nr-16.4%
{ATR 190 FT.ARS.) He-18%, O
233 FT.ABS.)
Sumscorroet. ..o e —12* —3.3f
Sums attempted.........o oo —12* —1.71
No. of.ball bearinga, ........ ..ot —15.6* 2,7+
* P < 0.001.
** P < 0.05.
t P <001,

1 Not aignificant.

mospheres of nitrogen, 54 atmospheres of neon and no effect even with 82
atmospheres of helium.

We have exposed ten men to 200 feet breathing a mixture of erude neon
(80 % neon and 20% helium) and oxygen giving an absclute ncon partial
pressure of 152 feet, This was compared with a similar partial pressure of
nitrogen by exposing men to compressed air at 180 feet absolute,

The tesis for narcosis wore simple two figure by one figure multiplication,
the score being the number of sums attempted and correct in two minutes
and a test of manual dexterity and neuromuscular coordination, in which,
n 40 seconds, as many ball bearings as possible were picked up one at a
time with a pair of smooth ended tweezers and dropped into a tube whose
diameter was just sufficient to permit entry of a ball bearing.

The results indicated that neon caused little or no narcosis at this partial
pressure (Table 46).

Similar experiments in 2 subjects at 300 feet with a neon partial pressure
equivalent Lo 212 fect add emphasis to its low narcotic potency. The mean
number of sums correct iImproved from 8 on the surface to 11.5 at 300 feet
and the sums attempled improved from 10 to 12. The number of ball
bearings in the tube also improved from 11.5 to 13 with no subjective
sensalion of narcosis. Many more experiments are required with this gas
a8 it does scem o be of low nareotic potency. However at present British
neon i8 twice the cost of helium and some reduction will be required if
neon 18 to be used more extensively.

At present we are therefore left with oxygen-helium as the mixture of
choice for deep diving. Using this mixture what is the potential hazard of
such & mixture as regards oxygen toxicity?
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The Effects of Inert Gases on Oxygen Toxicity

In 1961 Linaweaver (32) carried out-experiments at depths down to 130
feet which suggested that breathing oxygen-helium rather than air, the
depth-time oxygen limits could be exceeded. Lanphier {30) showed that
this was because air at 100 feet causes hypoventilation which, with factors
such as the inereased oxygen partial pressure and the increased respira-
tory work due to the breathing apparatus, produces a serious carbon dioxide
retention.

At shallow depths most of these problems ¢an be overcome by breathing
helium-oxygen and using more efficient breathing equipment. Lanphier
however predicted that with the advent of very deep diving these problems
would oceur even breathing helium-oxygen. Wood (38) added emphasis
to this prediction by reporting a marked reduction of maximum breathing
capacity in men breathing helium-oxygen at 15 atm. abs.

The time to oxygen convulsions was therefore compared in Wistar rats
exposed either to 5.3 atm. abs. oxygen or a 90% He-10% O, mixture at
53.3 atm. abs. In the presence of helium there was a dramatic reduction
in the time to convulsions (Table 47).

It seems probable that the reduction is due to hypoventilation as a result
of the increased density of the mixture causing carbon dioxide retention
which synergistically potentiates the toxicity. Support is given by studies
of the comparative influence of argon, nitrogen and helium on oxygen
toxicity in rats at a pressure of 18.6 atm. abs. It was cbserved that the

TABLE 47

Effect of 48 Atm. Abs. Helium on the Time to Convulsions in Rals
Ezposed to 5.8 Alm. Abs. Ozygen

GAs MIxTURE 5.3 Atu, ABs. OXYGEN ;83 "}\TT':‘ ‘1‘:_,;' %i‘:é’:"

Time in minutes from 22
atart of compression 17
to & convulsion 18

15

23

22

21

25-

16

24

N o

N

"Mean time 20.3 + 3.62 6.3 £ 0.67
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TABLE 48

Effect of 13.83 Aim. Abs. Helium, Nilrogen or Argon on the Time lo Convnlsions in Rals
Ezposed lo 5.3 Alm. Abs. Oxygen (16)

Gas Mictmne |53 Ane Avs. 0n 33 A00 A0 ) 5% i, . S ) 315 R0 %A
Time in minutes 206 25 20 16
from start of 25 24 17 19
compression o 20 20 24 18
& convulsion i0 20 20 18
i 21 23 18 16
27 27 20 15
2 22 20 16
25 19 24 17
27 25 21 20

Mean time 23.8 £ 3.03*t | 22.8 &£ 2.74 { 20.4 £+ 2.36* | 17.2 & 1.64%

*P <0001,
t P < 0.001.

TABLE 49

Changes in Cortical Oxygen and Carbon Diozide Tension in Chloralaosed Cals al 8.67
Atm. Abs. Helium, Nitrogen or Argon and 2.34 Atm. Abs. Ozygen (18)

alh* {mm Hg) Pcos (mm Hg)
8.67 alm. abs. [{e-2.34 atm. abs. Os......1 +297.9 *+ (9.6 -4+5.1 = 2.18
8.G7 atm. abs, N,3-2.34 atm. abs, O, ... +121 £ 52.7 +12.1 = 3.56
8.67 atm. abs. A,-2.34 atm. abs, O,...... +91 £ 62.4 +20.5 + 5.29

* a0, denotes cortical available oxygen,

greater the density of the mixture the shorter the timne to convulsions
(Tublc 48).

Turther support is given by measurements of cortical carbon dioxide
and oxygen in chlornlosed eats (13, 16). The greatest increase in carbon
dioxide tension, in eals exposed to 11 atm. abs, of cither argon-oxygen,
nitrogen-oxygen or helium-oxygen, is found with the argon mixture and
the least with the helivm mixiure. Conversely, the greatest increase in
cortical oxygen is founl with the hellum mixture and the least with the
argon (Table 49},

In addition to this problem of potentiation of oxygen toxicity by helinm
and olher inert gases is the question whether, even with a gas of low nar-
colic potency such as helium, men will be able to perform cfficiently at
very great depths.

-6-12



. Perfarmance Imparrment in Deep Diving 333

Performance Impairment due to Ilelium-Oxygen

B‘\sod on fab solubilily, narcesis equivalent {o air at 100 feet should he
present with heliuni-oxygen at some 450 feet and that equivalent {o air at
300 feet would be expected at about 1,350 feet. When factors such as
carbon dioxjde relention due to the density, viscosity and inereased oxygen
pariial pressure are also included, the limits ns regards performance effi-
ciency are likely to be only about 1,000 feet.

