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PREFACE

The American Shad (Alosa sapidissima) is a type of herring that
inhabits the East and West Coasts of the U.S., both in fresh water during
spawning, and according to Carleton Ray and Elgin Ciampi, in "mysterious
sea locations” during the non-breeding season (Ray and Ciampi, 1956).
Project SHAD was envisioned to remove some of the mystery, not of the
American Shad, but of the acronym with the same spelling. The report deals
with a complex series of diving and hyperbaric activities that have
provided considerable insight into the mysteries of Shallow Habitat Air
Diving (SHAD), which include excursion diving, human tolerance to high
oxygen and exposure to hyperbaric nitrogen, and the results of the switch
from one background inert gas to another when saturated. The name is
particularly appropriate because shad frequent the Thames River on which
the Naval Submarine Medical Research Laboratory is located, and are a
favorite delicacy of the local population. Caught in gill nets, usually at
night, the 4-pound fish have tasty fillets which can be removed from the
plentiful bones by a deft technique, and the females also have a delicate
roe.




w— -

SUMMARY PAGE
PROBLEM

Naval personnel, while conducting military missions in the undersea
environment, may intentionally or accidently become confined within an
environment of hyperbaric air for hours to weeks. Heretofore, the
tolerance for such environments could not be: predicted from Naval
operational experience nor civilian occupational exposures. Further; there
was limited information on how .to work with and use these environments.

FINDINGS

The NSMRL conducted a series of hyperbaric chamber research
experiments in which Naval volunteers lived either in compressed air or
nitrogen-oxygen mixtures beyond the time that their body tissues became
saturated with the gases. It was found that humans can safely live in
hyperbaric air at pressures equivalent to 50 and 60 feet of depth for up to .
30 days without incapacitation by pulmonary oxygen toxicity, and useful
excursions to greater and shallower depths can be made, but some oxygen
toxicity can be expected under certain circumstances. Life was not as
comfortable at a pressure of 7 atmospheres in nitrogen with a normal
pressure of oxygen; subjects developed nausea and vomiting a few hours
after beginning the exposure, and these symptoms were accompanied by
decrements in task performance. Slight elevation of the oxygen level to
0.3 atm was associated with improvement of the distressful symptoms.  After
recovery from the nausea, it was found that the performance in this very
dense atmosphere of exercise was poorly tolerated by the subjects in
comparison to their exercise performance at sea level. Near-normoxic
nitrogen was not at all unpleasant at shallower depths of 66 and 99 fsw,
where the subjects felt mildly lethargic. Such lethargy cleared when the
subjects made a sudden transfer from the nitrogen environment to a helium
environment at the same storage depth and oxygen 1level, Symptoms of
itching, skin rashes and joint pains occurring within hours of the isobaric
shift to heliox resembled decompression sickness, and were relieved by
recompression therapy.

APPLICATION

The NSMRL chamber experiments provided the Navy with validation of
tables for excursions, and for decompression from saturation exposures with
air and "nitrox."” Confirmation was made of predictions that isobaric
shifts from nitrox to heliox can produce symptoms of decompression sickness
in relatively mild hyperbaric exposures. Equally important was the
accunulation and publication of valuable scientific information concerning
the human tolerance for multiday exposures to hyperbaric nitrogen and
oxygen.

ADMINISTRATIVE INFORMATION

This report covers a series of projects carried out at NSMRL during
the period 1973 to 1976, principally, under work units M4306.02-3114
BEK9.02, M4306.01-8013, MPN10.003-7060, MR041.01-5057, MF51.524.014-9018,
M4306.01-2001BFM9, M4306.02-2110BAK9. The report was prepared by Dr. R.W.
Hamilton working as a consultant to the American Institute of Biological
Sciences under contract N0O0014-75-C-0348.
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ABSTRACT

Hamilton, R.W., G.M. Adams, C.A. Harvey and D.R. Knight, editors.
SHAD-Nisat: A composite study of shallow saturation diving. NSMRL Rept.
10XX. Groton, CT: Naval Submarine Medical Research Lab., 1982.

Seven dry chamber laboratory exposures at NSMRL explored the feasibility,
physiological effects, safe limits, and operational procedures applicable
to air and nitrogen-oxygen saturation diving. Objectives included
estabiishing Navy capability in nitrogen-based saturation diving and
improving certain submarine rescue procedures. The four SHAD dives looked
at air for breathing in saturation at 50 and 60 fsw. Excursions from these
depths demonstrated possible work procedures, covering depths ranging
between 5 and 250 fsw and for times as long as 8 hours. The exposures were
well tolerated but disclosed problems with oxygen toxicity in daily B8-hour
excursions to 100 fsw and an increased sensitivity to extra oxygen
breathing in several of the divers. The long air exposures caused red
blood cell 1losses; recovery began a few days after return to normal
pressure. The divers were also deconditioned, presumably because of the
confinement and several weeks of inactivity. Decompressions from
descending excursions were free of bends but some ascending excursions
caused itching and ultrasonically-detectable bubbles. Two of three divers
became nauseated 3 hours after beginning a saturation exposure in an
atmosphere containing 0.22 atm oxygen, balance nitrogen, at 7 atm abs; the
sick divers felt better after PO, was raised to 0.3 atm. All 3 of these
divers were "drunk” for several dgys as a result of nitrogen narcosis, but
recovered many aspects of normal performance after 5-6 days. In two
experiments divers saturated with nitrox (0.3 atm P0O,) at 66 and 99 fsw
were switched to a helium mixture. Itching followed “within 3 hours, and
was quite intense for the 99 fsw crew; one of these had to be treated by
recompression for "counterdiffusion sickness" manifested as knee pain.
Hyperbaric bradycardia was observed in most of the divers, intensifying on
the deeper excursions.

* ADAPTATION / BRADYCARDIA / COUNTERDIFFUSION / BREATHING MIXTURES /
DECOMPRESSION / DECOMPRESSION SICKNESS / ECG / EEG / ERYTHROCYTES /
EXCURSION DIVING / HELIUM / HYPEROXIA / ITCHING / NARCOSIS / NAUSEA /
NITROGEN / OXYGEN TOXICITY / PERFORMANCE / SATURATION / SELECTION /
TABLES /
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1.
INTRODUCTION

The U.S. Navy relies on helium for conducting its saturation diving,
but helium is expensive and involves complicated logistics. The use of air
or nitrogen-oxygen mixtures for saturation diving offered an attractive
alternative, but at the time of these SHAD-Nisat experiments little was
known about either the techniques, the hazards, or the physiological limits
of this approach. Commercial diving had made 1little use of air-nitrox
saturation methods, partly because of lack of knowledge of such things as
the role of oxygen toxicity, nitrogen narcosis, decompression, and possible
limits to exercise when breathing the dense gas. Operational knowledge and
understanding on these topics was needed for both the Navy's diving and
submarine rescue missions, and this was the incentive for NSMRL to
undertake this series of pioneering tasks.

This report covers seven hyperbaric exposures on several themes; these
include 1long duration saturation in air with. both short and Tlong
excursions, saturation with a nitrogen-oxygen mixture at an extreme depth,
and a switch of gas under saturation from nitrogen to helium as the inert
background gas. In addition to experience with excursions, saturation, and
gas switching, the projects produced significant data on Tlong duration
exposures to high oxygen levels and adaptation or accomodation to the
effects of nitrogen narcosis.

One might wonder why so many objectives are covered and why the
project has two names. SHAD and Nisat were in fact different projects with
different principal investigators; the history of the projects is given in
section I1.C below. While there was an early interest in undersea habitats,
the unifying theme for all of these experiments is submarine rescue. All
objectives and most of the findings of the SHAD-Nisat experimental series

. deal with the specific problems which may be encountered in the present

submarine rescue scheme or needed in the development of future or
alternative plans.

A multi-laboratory approach was taken. The Virginia Mason Research
Center, Union Carbide Corporation's Environmental Physiology Laboratory,
the Institute for Environmental Medicine at the University of Pennsylvania
and several U.S. Navy Diving Commands (including Submarine Development
Group One and the Naval Undersea Systems Center) cooperated with NSMRL in
support of the program, offering advice, computations, animal work,
personnel support and equipment.

This is an after-the-fact report, written some 5 years after the last
of the experiments. It uses the common aspects of the various themes to
tie together the loose ends of these experiments .into a single report
covering the overall objectives and summarizing the findings. Many
elements of the program have been reported by investigators with various
disciplines; these are recognized and referenced here. The report includes
details of the dive series, some as-yet-unreported data, and general
conclusions. We have attempted to put the results of the program into
perspective in light of the present state of the art.
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A. Background

1. The habitat diving concept

In the diving sense "saturation" is the state where a diver's body is
equilibrated with the ambient gas. A more practical definition is the
state in which the diver's decompression time for that depth (and that
inert gas exposure) is at a maximum and will not increase with additional
time at depth. Saturation permits divers to live at or near the depth of
their work. They may live on deck in a diving chamber and transfer to and
from work in a pressure capsule in a "habitat" on the sea floor.

The chamber or habitat may be at any depth within the safe diving
range as yet expliored. This report and the projects it covers are
concerned with relatively shallow diving, in the air range, where limits
are not as well defined as they are with deeper heliox saturations. The
practice of working out of a chamber on the bottom of the sea is referred
to as "habitat diving." The practice gives a dive team continuous access
to a work site. They may work at the same level or by use of special
procedures may excurse up or down, or out away from the habitat.

While the habitat diving concept increases capability, it 1is not
without its hazards. In addition to the obvious operational problems of
living in the sea (i.e., drowning, cold, navigation, etc.) the divers must
live in an artificial gaseous atmosphere and tolerate pressure variations.
The SHAD projects considered that some baseline data on habitat diving was
available; they sought details that would first permit an extension of the
concept, but would also serve to bring this technology into the Navy's
armamentarium. One distinct new approach was the use of compressed air in
a range beyond established experience. The use of air offered economics
and logistic advantages, but entailed new levels of the familiar problems
of oxygen toxicity, nitrogen narcosis and decompression.

For Nisat the habitat concept was expanded into another problem area,
with related physiology but quite a different operational objective -- the
rescue of a submarine crew exposed to increased air pressure. This also
touched on an area of practical interest in habitat diving, having a diver
saturated with air (or a nitrogen mixture) excurse using a helium-oxygen
mix. Thus two objectives were served in Nisat, excursions from a habitat
to depths well beyond the air range, but more importantly knowledge about
an inert gas shift-during submarine rescue.

2. Situation at the time of the experiments.

The first serious at-sea saturation dive was conducted by Dr. Edwin A.
Link in 1963. After an 8-hour exposure at 60 fsw with himself as a
subject, Link put a single diver 200 feet deep in the Mediterranean for an
overnight saturation in .a cylindrical, sealable, submersible decompression
chamber, and decompressed him on deck in a deck decompression chamber or
DDC (Link, 1963). This was followed soon after by the first of Cousteau's
saturation habitat operations (Cousteau, 1964; Chouteau, 1969) and the U.S.
Navy's Sealab program (MacInnis and Bond, 1969).




I-3

Although the benefits of saturation diving were appreciated by Haldane
and probably even by Paul Bert, the first practical advocate seems to have
been Behnke (1942), who proposed saturation as a means of solving some of
the decompression problems of tunnel workers. End and Noble spent 27 hr in
air at 101 fsw in 1938 in a hospital recompression chamber in Milwaukee
(Kindwall, 1975). It remained, however, for Bond and his group at the
Naval Submarine Medical Research Laboratory (NSMRL) through the Genesis
experiments (Bond, 1964; Bond, 1966; reviewed by Koblick and MilTer, 1in
press) to make the idea a reality. The Genesis experiments showed that the
lethal aspect of attempting to live saturated in hyperbaric air were
clearly due to the toxicity of the oxygen in the air, and they followed
through to show it could be done with both animals and man when the oxygen
toxicity was controlled (Workman, Bond and Mazzone, 1962). After "waiting
a discreet period" (which he admits was "about 45 minutes") before jumping
onto Bond's idea, Cousteau proceeded with his Conshelf series. Overlapping
with Conshelf, the Sealab series led by principal investigator '"Papa
Topside" Bond clearly proved the practical aspects of saturation diving.
Their work was all oriented toward sea floor habitats, but commercial
saturation diving has taken the "commuter" concept; nevertheless, it was
Bond, Cousteau and Link who made it all happen.

The Sealab, Conshelf, and Man-in-Sea projects had clearly shown the
feasibility of sea floor habitat diving, but some of the limitations had
come to the surface as well. Sealab in particular operated with a most
unrealistic restriction on the permissible excursion distance which the
divers were allowed. The Sealab divers were limited to a 25 fsw* vertical
excursion distance from the saturation storage depth. It was suspected at
the time that larger distances could be used safely; one clue that this was
tolerable was the successful use of an initial "pull" at the beginning of a
saturation decompression. In the Conshelf series an excursion to the
deeper station ({see Chouteau, 1969) was made but these excursions were
quite conservative -- they used essentially surface diving limitations.

The first experiment to show clearly that an excursion from saturation
could be for a greater distance than from the surface was the work of
Larson and Mazzone (1967). This experiment, though a relatively short and
simple one, was another significant NSMRL step in the development of
habitat diving technology.

Larson and Mazzone‘s work took a “Boyle's Law" approach. - Another way
of stating this is as Haldane ratios; if the base depth or denominator of
the Haldane ratio increases, the allowable dive for given decompression
will also increase. Boyle's Law states that the volume of a parcel of gas
(a bubble, say) is inversely proportional to its pressure, and that a
change in such a volume is a function of the relative change in pressure.
Thus.a given excursion would have less effect on bubble size if the dive
started from some water depth rather than from the surface. Boyle's Law is
not the whole story, but it now seems well established that deeper and
longer excursions can be made safely from an undersea habitat than from the
surface.

* The primary unit of pressure used in this report is the foot of
sea water, fsw, defined as 1/33 of a Standard Atmosphere..
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The Tektite experiments (Miller and Lambertsen, 1971; Miller, et al,
1971) demonstrated another type of habitat diving, this time in the shallow
range and using a nitrogen-oxygen or "nitrox" mixture instead of air. The
related Predictive Studies II at the University of Pennsylvania (Lambertsen
and Wright, 1973) showed under a rather comprehensive biomedical scrutiny
that saturation at a depth of 100 feet of pressure in a nitrox atmosphere
was tolerable. Experiments by Edel were intended to show that emergency
surfacing was a feasible alternative if needed from the shallow habitat
(Edel, 1971).

NSMRL participated in providing background material for Tektite by a
series of nitrox saturation dives conducted in the Genesis chamber. In 5
saturations with 13 subjects at a depth of 40 fsw, normoxic, it was shown
that the "classical" values used for computing decompressions with nitrogen
were grossly inadequate, and that more conservative values would have to be
used (Markham, 1970).

The last precursor to SHAD and a major impetus to it was the NOAA OPS
program (Hamilton, et al, 1973) 1in which NSMRL scientists participated.
The NOAA OPS investigators gathered together the available information
bearing on excursion diving and relevant decompression, developed a plan
for computing excursions, and carried out a series of air excursions from
nitrox saturation. The Union Carbide-Ocean Systems team which performed
NOAA OPS was primarily operationally oriented, but NSMRL provided extensive
biomedical monitoring throughout the series. This coverage included human
factors, blood chemistry and hematology, visual evoked response, Doppler
monitoring, bone necrosis x-rays, gas exchange, and pulmonary function, and
the divers were all given a thorough initial physical exam through the
NSMRL Longitudinal Health Study (Sawyer and Baker, 1972; Tansey, 1974).

The 1involvement of NSMRL in NOAA OPS was significant for both
projects, NOAA OPS and SHAD-Nisat. The biomedical coverage of the NOAA OPS
divers provided by NSMRL strengthened the conclusions about the suitability
of the concept, but also the idea for SHAD was enhanced by that
involvement. The habitat diving concept so enthralled NSMRL investigators
working in Tarrytown on NOAA OPS that in the face of a cutoff of travel
funds the NSMRL investigators completed their experimental programs, paying
their own travel expenses.

One significant new element to SHAD that distinguished it from NOAA
0PS, Tektite, Predictive Studies II and the other dives that had been done
before should be mentioned. These dives all used nitrogen-oxygen or nitrox
mixtures in the habitat as the saturation storage gas. SHAD explored the
use of air as the storage gas. This had the possibilities of substantially
broadening the application and reducing the operational complexity of this
diving mode,

Other details about the technical background of habitat diving at the
time of SHAD 1is well covered in the reports of the NOAA OPS project
(Hamilton et al, 1973; Miller et al, 1976*).
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B. History of the SHAD and Nisat projects

The concept for shallow habitat diving had been around for some time.
It was now time for this to be made relevant to Navy needs. Planning for
the first SHAD dive began in the latter part of 1972. The project
originally carried the tentative name Aura, which in Latin means "“air in
motion” or "to breathe." From the beginning a long dive was planned, with
air as the saturation gas and with excursions to be made on air as well.
(The relevance of the name SHAD is discussed in the preface.)

Some significant barriers had to be overcome. For one, human
experimental work in diving had not been done for some time at NSMRL, and
during this period a new national ethic on protection of human subjects had
emerged. It was necessary to secure clearance from the Secretary of the
Navy before the exposure could be carried out or even funded. This SECNAV
approval was received on 21 Feb 1973.

Further, there was still serious doubt in the minds of some medical
people that the concept was safe. Animal experiments had to be carried out
to show that it was. These were accomplished, first with an exposure of
rats for 60 days at 50 fsw, then a 36-day exposure at 60 fsw (Murray, et
al, 1974; Jacey and Tappan, 1974; Ferris and Shaffer, 1974; Heavers et al,
1973). Results of these tests were convincing -- there was no pathology or
any defects that looked at all likely to cause any damage to humans, and
even very little evidence of adaptative changes. There was a predicted red
blood cell loss due to oxygen, and some other evidence suggesting stress.

With the high sensitivity of this operation the NSMRL command felt
that especially thorough preparations needed to be made to deal with
virtually any emergencies that could arise during the dive, and that this
plan should be well thought out and documented. This was done; the essence
of this comprehensive plan is given in the section on medical preparations.

Contracts were made with the laboratory at Union Carbide Corporation,
Tarrytown, NY, to compute the excursion profile for the first 30-day
experiment and to provide decompression procedures for use in emergencies
and 1in case there were deviations from the profile. A saturation
decompression table was also computed on specifications agreed upon by both
groups.

Engineering and mechanical work on the chambers was carried out during
1973 to bring the support equipment to readiness for 1long human
experiments. Things appeared in order, but a "habitability" dive was
carried out to "shake down" the facility and the operation, and to verify
the saturation decompression profile. This dive, Pre-SHAD, gave the SHAD
principal investigators an opportunity to evaluate their experimental
medium, disclosed some difficulties in running the chamber (humidity was
high), and showed that the planned SHAD decompression was inadequate by
causing bends in both divers.

This was followed (after some corrections) by SHAD I, in October of
1973. SHAD I consisted of a long air saturation at 50 fsw with some 18
excursions scattered over that period. Excursions were both "up" and
"down" from the habitat depth, from near surface to 235 fsw in depth; they
were for durations of up to 60 minutes and were all without stops.




A listing of all the dives covered in this report is given in Table
I-1. The "experimental period"” spans the first to the last data point, but
many parameters were monitored for shorter times.

SHAD I went well and proved the concept of saturation on air at 50
fsw. This confirmed the plans to carry on with SHAD II and extend the
saturation depth to 60 fsw. This second SHAD dive was begun in March of
1974. The pattern for SHAD II was similar to SHAD I, with a habitat level
of 60 fsw (air) and 15 excursions covering the range of 5 to 250 fsw over
26 days. The same monitoring pattern was followed. Operationally SHAD II
was uneventful but the insidious onset of what might loosely be called
"hematological oxygen toxicity" was a matter of concern. There was now
reason to doubt that the logical next step to 70 fsw could be done without
real problems.

SHAD I and II were conceived and the project led by Medical Service
Corps officer LCDR George M. Adams, who had the official function of
"Project Coordinator" but by all recognized criteria shou]d be considered
the Principal Investigator.

The next step was uncertain. This and other factors, among which was
that Mr. Adams was not a Medical Officer, led to project responsibility
being handed over to Dr. (laude A. Harvey, LCDR, MC, USN. He became
coordinator and medical supervisor of SHAD III and was Principal
Investigator of the Nisat series.

SHAD III, held in December 1974, took a more pragmatic opproach to the .
excursion, simulating a full work day. Eight-hour excursions to 100N fsw
from a base of 50 fsw were conducted every day for 6 days, all with air.
The decompression profile for SHAD IIl (and the Nisat dives) was calculated
by Dr. Harvey with the assistance of the Naval Undersea Systems Center
across the river in New London.

The first Nisat dive was designed to verify that saturation for 7 days
at 7 atmospheres and its ensuing decompression could be carried out in case
treatment at this depth was needed in subsequent Nisat dives. It was run
in March of 1975.

The last two Nisat dives carry the designation Misat/He in this
report, to show that a switch to helium was used. These two dives were
designed to emulate possible rescue profiles of the DSRV (Deep Submergence
Rescue Vehicle) in case a crew of rescued submariners happens to be
saturated with air. Depths of 66 and 99 fsw (3 and 4 atm abs) were used.
These two dives were both done in June of 1976.

Adams had left the Navy earlier, and within a month following the
third Nisat dives Harvey departed NSMRL. Most of the work of individual
investigators has been reported, but nothing in the way of an overall
project report has been issued prior to this one. The foregoing tells the
.general story of SHAD-Nisat; more details on specific objectives and their
rationale follow.
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Table I-1
Summary Chart: SHAD and Nisat Experiments

Dive; Exptl period; Bottom Decomp . Divers Description; saturation depth,
Year t at pressure time time gas; excursions; NCS; etc.

Pre-SHAD 10Sep-14Sep 2 days 10 hr 1. GA Habitability test, no inves-
1973 2. TT tigations; 50 fsw, air; DCS
. ~ in both divers, at. surface.

d

SHAD 1 175ep-30Nov  29.5 days 13.5 hr 1. WB 30-day saturation w/excursions;
1973 1 0ct-300ct 2. SW 50 fsw residence depth, air;
* 18 air excursions to depths
from 5 to 235 fsw.

SHAD II  25Feb-3May 26 days 28 hr 1. GS 26-day saturation w/excursions;
1974 15Mar-12Apr 2. RF 60 fsw residence depth, air;
** 15 air excursions to depths
“from 5 to 250 fsw,

SHAD II1 18Nov-30Dec 7 days 46 hr 1. DM Saturation w/long excursions;
1974 3Dec-12Dec 2. PP 50 fsw residence depth, air;
3. RO 6 daily 8-hr air excursions
to 100 fsw. DCS during sat'n
decompression at 18 fsw.

Nisat I 4Mar-2Apr 7 days 7 days 1. NT Deep nistox saturation; 193
1975 12Mar-25Mar 2. J8 fsw; normoxic nitrogen-oxygen
3. Rd mix; no excursions.
Nisat/He 31May-22Jun 6 days 28.7 hr 1. JC 1Inert gas switch; 66 fsw sat-
I1 8Jun-15Jdun 2. MH uration, nitrox; isobaric gas
1976 3. RO switch from normoxic nitrogen

to helium on 4th dive day.

Nisat/He 17Jun-73ul 5 days 54.3 hr 1. T6 Inert gas switch; 99 fsw sat-
11 233un-30Jdun 2. RE wration, nitrox; isobaric ges
1976 3. RL switch from normoxic nitrogen
to helium on 4th dive day;
DCS after switch,

* SHAD I control subjects cl. PD (thru Oct 2)
, c2. PP (Oct 10 on)
c3. GS
** SHAD II control subjects cl. WB

c2. SW (Mar 7 on)
c3. TW (thru Mar 15)




C. Project objectives

The SHAD-Nisat experiments covered in this report constitute a series
of more or less distinct elements converging on a few broad objectives.

1. Overall objectives

The SHAD experiments were designed to assess the biomedical
feasibility of man's extended residence in compressed air at relatively
shallow depths and his ability to perform in excursions above and below the
fixed residence depth.

In contrast to this general goal, Nisat had a crisply pragmatic bent,
to assess survival capability of submariners trapped in a compressed air

environment who might be required to switch to a helium-oxygen atmosphere
during rescue.

2. Specific objectives

Each of the dives fit into this pattern in a specific way, with the
environment that was simulated and the work that was done experimentally.

a. Pre-SHAD: Habitability

Pre-SHAD was conducted to confirm the "habitabilty" of the Genesis
chamber and to check the saturation decompression schedule proposed for use
in the longer SHAD runs. Habitability here comprised more than just the
bunk, shower and environmental control, but included also the procedures
for managing shifts and maintaining the chamber system around the clock. A
significant but unstated purpose was to give the Principal Investigator a
chance to "be the first"” to tolerate the exposure.

b. SHAD I and II: Long air saturation with excursions

These exposures fit the overall SHAD objective of biomedical and
performance assessment of habitation in compressed air at shallow depths
with upward and downward excursions. The exposures were relatively long by
ordinary diving standards, about one month. SHAD I tested habitation at 50
fsw, and SHAD II was set at 60 fsw. Both involved excursions 1in both
directions--deeper, and back toward the surface--covering a variety of
excursion distances and times within the no-decompression (i.e.,no-stop or
NOAA OPS) limits. The oxygen effects of the 60 fsw exposure were also of
interest.

c. SHAD III: Air saturation with long excursions

The pattern changed slightly for SHAD III. This dive like SHAD I was
set at 50 fsw, but the excursion pattern was to simulate a working day at
the excursion depth of 100 fsw. The excursion was repeated daily for 6
days. To evaluate the excursion decompression and the divers' response to
this level of hyperoxia were secondary objectives.
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d. Nisat I: Deep nitrogen-oxygen saturation

The first Nisat dive was to verify that decompression could be carried
out from the deepest depth that might reasonably be needed for treatment
following a nitrox-heliox switch. A secondary objective was to study the
effects of several deys exposure to high nitrogen pressures.

e. Nisat/He II and III: Nitrogen to helium switch

These dives were to investigate the effects of switching the
background inert gas 1in saturated divers from nitrogen to helium, at
progressively increasing depths. These two were at 2 and 4 atm abs., hh
and 99 fsw. The motivation for this switch was its possible need in
submarine rescue.

D. The specific exposures and their rationale

Whatever the objective, the series provided exposure to several
environmental stressors. The parameters chosen were a compromise of
various factors; the factors and the logic we followed in selecting them
are given in the following sections.

1. Oxygen toxicity, obvious and insidious

The long exposures to compressed air in SHAD provided a test of the
existing criteria for long term pulmonary oxygen toxicity. Central nervous
system (CNS) toxicity was not a factor in any exposures except perhaps in
the deep excursions (250 fsw, P0,=1.8 atm); for the duration &nd level of
.exercise usad in these excursions no CNS problems were expected (Clark and
Lambertsen, 1971) and none was seen.

The level of oxygen partial pressure which had been generally accepted
as safe for continuous exposure was 0.5 atm (Clark and Lambertsen, 1971).
This level was chosen for SHAD I. SHAD II used a slightly higher level
(P0,=0.58 atm), thereby extending this 1imit. It has been determined in
spaCe experiments that exposures to slightly higher oxygen levels for
similar durations in the absence of inert gases weare safe, and there was no
reason to believe that the compressed &ir environment would be any more
stressful. The animal exposures carried out in preparation of SHAD (Murray
et al, 1974; Jacey and Tappan, 1974) showed no pathology or abnormalities
at 50 and 50 fsw, for periods longer than was planned for SHAD,

The SHAD III profile of daily 8-hour excursions to 100 fsw from 50 fsw
saturation was chosen to provide a meaningful work capability using
excursion techniques. 1t resulted in an oxygen exposure that exceeded the
limits defined by the CPTD approach to management of lung oxygen toxicity
as ?efined by Wright (1972; CPTD is discussed in more detail in Chapter
VII).

We justified this exposure in several ways.. First, the CPTD exposure
"limits” were levels that might cause a measurable decrease in vital
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capacity, but one that we felt would be easily tolerated. The development
of pulmonary toxicity is gradual, and in the event that a given subject
proved to be unusually sensitive to oxygen it would still be possible to
stop the progress of the toxicity effects at any time by reducing the
oxygen level. The continuous daily monitoring of biochemical as well as
pulmonary parameters was expected to reveal any disturbances as they might
develop. The success of SHAD I and II--exposures, monitoring, and
operations--added to our confidence that the risk was acceptable in SHAD
III. The Nisat experiments did not involve hyperoxic exposures.

2. Effective excursions

SHAD I and II were planned to simulate a diversity of excursions which
might be used on habitat operations. The excursions were scattered about
the day and evening to observe any diurnal effects on performance; their
frequency was intensified toward the ends of the saturation periods. They
were planned so as to minimize the effect of descending excursions on
subsequent ascents. The excursions were planned by depth and time of
occurrence, and durations were calculated according to the decompression
criteria (see Chapter VI).

Excursions for SHAD III were planned to simulate a full work day of 8
hours and the desired excursion distance was calculated to be acceptable.

3. Nitrogen narcosis and adaptation to it

Traditional diving provided an experience base for the narcotic levels
used in SHAD, and these had be quantitatively investigated in NOAA OPS.
Narcosis during excursions was a subject of study but not a risk factor.

The 7 atm exposure of the first Nisat dive was unprecedented in its
degree and duration. The objective was to demonstrate saturation and
decompression capability in the event a deep treatment was needed following
an inert gas switch planned for the later Nisat dives. We chose to go as
deep as we could, as long as we could be sure the exposure would be well
tolerated. One exposure to this depth and one slightly deeper had been
made by DFVLR, the German Institute for Aviation and Space Research
(Hartmann and Fust, 1966; 1967). The published reports have few details,
but undocumented discussions revealed that they had had no problems at 7
atm but the divers had been "sick" at 8 atm. We chose 7 atm (198 fsw),
feeling we could "retreat" back to 165 fsw in a short time if necessary.

Another aspect of the exposure to narcosis to be researched in the
SHAD experiments and Nisat I was the question of "adaptation" to narcosis.
There had been evidence that an individual continuously exposed to narcotic
gas begins to recover from the performance decrements caused by narcosis
within a few hours and may return to normal in a day or so (Schmidt et al,
1974). This is perhaps the same phenomenon as that affecting divers who
make repeated daily dives and in the process become more tolerant of
narcosis. It was planned that Nisat I would be long enough to aliow
physiological and psychological adjustments to take place, or until medical
evaluation indicated further exposure would -be detrimental to the divers.
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4. Switch of inert gas

Nisat/He II and III were planned to evaluate the effects of
counterdiffusion following an isobaric switch of inert background gas from
nitrogen to helium. These were planned as "mormoxic"” to avoid confusion of
the resuits by oxygen toxicity.

Originally plans had been to conduct the first switch at 99 fsw and
the second at 132. The 132 fsw or 4 atm abs. level had been chosen
arbitrarily by the Navy as the maximum Jevel of exposure to compressed air
which a submarine crew could presumably tolerate for the two.day period
required to effect a rescue. The 99 fsw level was to be a step toward the
deep one. Only a few days before going to pressure (at 99 fsw) in Nisat/He
IT we decided to make the first run at 66 fsw instead; this decision turned
out to be appropriate. It was based on firdings with goats at Virginia
Mason Research Center that a significant number of Doppler detectable
bubbles were found in goats following a similar switch (D'Aoust, 1977a).

E. Published material on SHAD and Nisat

From the time of the experiments up until the time of this report a
number of publications have been issued that deal with the SHAD and Nisat
experiments. Many of these reports deal adequately with parts of the
experimental results and in a sense should be considered as "chapters" in
this report. Results of the published material are summarized here, but in
most cases we have not chosen to reproduce the data. For this reason the
level of coverage of this report varies somewhat from topic to topic.

A listing of all the documents which are known to us that contain SHAD
and/or Nisat original experimental results is given in section VIII.A.
When cited in this report, references in that 1list are marked with an
asterisk after the date [*].

The SHAD experiments, including profiles, were covered briefly in the
monograph edited by Miller and published by NOAA (1976*). Adams and
associates presented an overview of the SHAD experiments at the Sixth
Symposium on Underwater Physiology held in 1975, (1978*), and Dougherty
_discussed pulmonary function results of SHAD at the same meeting (1978*).
A report on CO, retention and EGG responses to exercise has recently been
submitted by Sghaefer et al, (in press). Biochemical results in SHAD III
and Nisat I were published by Heyder and colleagues (1979*) and hematology
was reported by Murray and Jacey (1977*). ECG changes observed in SHAD and
Nisat I were reported by Wilson et al, (1977*). Harvey's observation on
the gas switching carried out in Nisat/He I! and IIl1 were mentioned in an
extensive report on the counterdiffusion phenomenon published in Science by
D'Aoust and colleagues (1977*).
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Two reports cover the SHAD-Nisat effects on vision, VER's, and the
EEG--a ‘1974 NSMRL report (Kinney et al, 1974*) on SHAD, and coverage of
Nisat in Undérsea Biomedical Research (McKay et al, 1977*). A long report
by Weybrew covers the selection of the SHAD I divers (1974*), and another
describes the psychological evaluation and methodology used in assessing
the diver's response to living in high nitrogen pressures (1978*). Human
factors work has been reported by Moeller (1974*; '1976*). A short report
?{ ?gn?i and colleagues describes how the gas shift was made in Nisat/He

977%). -

Numerous abstracts have also been published and those are included in
the list.

F. Progress to the time of this report

For a project stretching over this many years it is appropriate to
mention the happenings since the experiments. There were several U.S.
habitat-type projects, all sponsored by the National Oceanic and
Atmospheric Administration, NOAA. These include the SCORE project
involving saturation at 60 fsw and excursions to as deep as 300 fsw, the
PRUNE experiments in Puerto Rico, and the continued operation of the
Hydro-Lab habitat. Other laboratory projects include the Tonofond
experiments of de Lara in Spain, the Airsat series at NSMRL, and .a few
commercial operations. (Some of these are covered in the monograph by
Miller et al, 1976*, and in the NOAA Diving Manual, 1979.)

The SCORE operation began with laboratory runs at Duke University
(Miller et al, 1976*). The plan was for saturation on air at 60 fsw, with
60 minute excursions to 200, 250 and 300 fsw. The excursions were longer
than those allowed by NOAA OPS for that depth, so were calculated using a
slightly less conservative modification of the original criteria. One case
of decompression sickness (DCS) was encountered in the laboratory runs
following a 300 fsw, 60 min excursion. In the at-sea operation excursions
were limited to 250 fsw and 45 minutes (with tables calculated for one
hour) and there were no bends reported.

There were several problems with oxygen toxicity, but none were at
storage depth. Numb fingertips were noticed by two subjects, once
following an excursion, another following a treatment. One subject had an
oxygen convulsion after 54 min at 300 fsw on air, and another went into
shock (this happened after decompression and was diagnosed as due to
dehydration). Later when the project was at sea another subject had a
convulsion at 140 fsw while swimming with a recirculating closed circuit
rebreather and had to be rescued; the actual cause of this incident was not
determined, but it was likely attributable to the apparatus.

Saturation decompression from 60 fsw was conducted using a staged
modification of the NOAA OPS II schedule (the original eone used 1linear
ascent), without problems. This decompression has been used on other
occasions since and is considered reliable for ascent from no deeper than
60 fsw. .
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Another objective of SCORE was to evaluate the "adaptation to
narcosis” observed in NOAA OPS. Test results were equivocal. Subjects
operating at 250 fsw felt they were not limited by narcosis, but they did
feel it. In terms of the NOAA OPS observations the 50) fsw saturation depth
would be expected to be of limited benefit.

Another series of .open sea dives were zonducted from the La Chalupa
habitat in Puerto Rico (Miller et al, 1976*). PRUNE I involved nitrox
saturation at 100 fsw with ascending excursions, and PRUNE Il saturated at
106 fsw for the purpose of testing descending NOAA OPS excursions. Divers
reached depths as deep as 265 fsw, with no decompression or oxygen
problems. At 265 fsw one diver terminated his descent because of a feeling
of “impending narcosis.” Limited performance testing failed to show
evidence of "adaptation" to narcosis but subjectively the divers did not
perceive narcosis as a prob]em, at depths normally considered to be too
deep for air. Decompression in both 2-week dives was by the Tektite 49-hr
profile (NOAA D1V1ng Manual, 1979).

In operation since 1971, the Hydro-Lab program continued, and through
1975 a total of 343 divers had made saturations at 42 fsw from 1 to 13 days
(Miller et al, 1976*). NOAA OPS excursions were made to as deep as 200
fsw, and were without problems. Some extended-duration excursions to 200
fsw were also successfully conducted. The Hydro-Lab  saturation
decompression from 42 fsw has caused no bends except a qupst1onab1e case in
a team of 4 divers while flying after decompression.

A series of experiments known as Tonofond were conducted by de Lara
during 1971-75 at the Submarine Medical Laboratory of the Spanish Navy
(Centro de Buceo de la Armada, 1976; also reviewed by Miller et al, 1976*).
These involved laboratory saturations (0.35 P9,, balance nitrogen} at 30
and 35 meters of sea water (98 and 114 fsw) with excursions to as deep as
80 msw (261 fsw). Some were shorter, some longer than NOAA OPS but
considering their independent origin were remarkably similar. It was felt
by de Lara that these aquanauts adapted to habitation completely; they were
not bothered by nitrogen narcosis during excursions.

The habitat Helgoland was emplaced at 112 fsw off Maine in 1975 for
marine biological (mostly herring) studies, Project FISSH (NOAA Diving
Manual, 1979). This project did not use excursions; it received publicity
because of a fatality, due, it was felt, to cardiac failura provoked by
embolism {Bond, 1975). '

The NSMRL followon to SHAD and Nisat is a project called Airsat, begun
in 1977. The project is not yet complete, but preliminary data has been
reported (Dougherty et al, 1981; Eckenhoff et al, 1981). Airsat I followed
the same pattern as SHAD III but with saturation at 60 fsw; Airsat II
involved 60 fsw saturation with daily 2-hour excursions to 150 fsw
(followed by 2:40 decompression). Airsat III involved both excursion’ and
gas switch. Normoxic (0.3 atm PO,) saturation in nitrox at 132 fsw with
5-hr air excursions to 193 fsw was followed by a shift to air in the
habitat 24 hr before decompression. Airsat results to date have shown
decrement in forced vital capacity (FVC) in 26% of the subjects, some
substantial. Incidences in I were 1 of 11; 1I, 3 of 11; III, 5 of 12. Al}
returned to normal but in some divers it took several days. Decrements
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were as high as 23% (III). A1l subjects that did not show a decrease in
FVC showed a slight increase. This increase has been noted in numerous
other saturation exposures, and 1is thought to be a combination of
improvement in FVC technique ‘and a real effect of the environment.

A control dive at NSMRL (not, unfortunately, called SHAM I) showed
this FVC increase in subjects kept in the chamber and not subjected to
pressure or PO, increase, but it was less than is observed in dives. The
Airsat subjecté' ability to exercise was minimally reduced. Narcosis was
apparent in the excursions, and though there was an improvement in
psychomotor capability during habitation, it never returned quite to
normal.

The U.K. Department of Energy has initiated a program at the British
Navy's AMTE Physiology Laboratory to extend and expand the air
saturation-excursion concept and work out the delay necessary after the
last excursion before saturation decompression can commence ({Hennesey et
al, 1981). Wisely they worked out an air saturation (from 15 msw) first,
then titrated the delay necessary after a 3-hr excursion to 34 msw before
starting saturation decompression. For this excursion using delays in
steps of 9 hr they found an 18-hr delay satisfactory; further details will
have to await their report.

Documented commercial development of the habitat diving concept has
been rather 1limited, but there have been a number of commercial
applications which have not been reported (CIRIA UEG, 1978). Typically
saturation depths have been at around 100 fsw or slightly deeper, with
excursions to 160 fsw or so. No bends following excursions have been
reported but decompression from nitrox saturation is a consistent problem.
One documented job used excursions to train welders and included a switch
to heliox, necessary for the welding; there were no decompression problems
(Peterson et al, 1979).

G. Summary findings and conclusions

The principal findings from the SHAD-Nisat experience are summarized
here.

1. Operational overview

Seven dry chamber exposures were conducted over a 3-year ‘period
covering a mixed set of objectives, including shallow saturation (50 and 60
fsw) using air with short upward and downward excursions, day-long working
excursions to 100 fsw, habitation in a dense narcotic nitrox atmosphere,
and a gas switch of saturated divers from nitrox to heliox. A
comprehensive monitoring and testing program covered blood and urine
chemistry, hematology, physiology and vital signs, pulmonary function,
psychological assessment, human factors, oral biology, sensory and brain
function, microbiology and Doppler ultrasonic bubble detection.
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2. Diver selection criteria

Selection criteria based on characteristics of a normal diver
population were used successfully in crew selection for SHAD I. These
included congruent personality profiles; similar aptitudes, interests and
motivation; no neurotic trends or emotional problems; and relatively more
deep diving experience.

3, Shallow excursions

The NOAA OPS excursions with air from air saturation proved quite safe
from a decompression point of view. Short descending excursions in SHAD I
and II resulted in Doppler-detectable bubbles only one time, but bubbles
were heard after all except the first of the 8-hour SHAD III excursions.
Some ascending excursions resulted in itching and rashes which resolved on
return to saturation depth, and bubbles were detected during a few of these
excursions but bubbles and itching were concurrent in only one case.

4. Blood changes from long exposure to hyperbaric air

Living in air at 50 and 60 fsw, with occasional excursions, causes no
lasting damage but some adaptive responses. Most striking is the reduction
of red blood cells, apparentiy due to an inhibition of erythropoesis.
Extensive blood sampling exacerbated the RBC loss, but control subjects
verified that the primary effect was due to the exposure. Parotid gland
secretions were reduced, also apparently due to oxygen excess.

5. Deconditioning following long saturation

After the 30 days of saturation in SHAD I both divers suffered from
deconditioning and loss of aerobic capacity. There were four exercise
periods during the dive; more exercise was scheduled for SHAD II, and these
divers were less affected. The SHAD II divers had a greater drop in red
blood cells, suggesting that this was not the primary cause.

6. Pulmonary function changes

“The Tong SHAD I and II exposures to PO2 of 0.52 and 0.58 atm caused no
observable changes in pulmonary function “except those due to density.
Living at 0.52 atm PO,, one subject in SHAD III had chest pain and showed
cyclical reductions inh forced vital capacity coincident with daily 8-hour
exposures to a PO, of (.84 atm, and another showed a definite reduction in
vital capacity fgllowing hyperoxic treatment near the end of the dive.
Treatment for decompression sickness after Pre-SHAD showed an intolerance
to oxygen in both subjects. From a pulmonary point of view residence at a
PO, of up to 0.58 atm is acceptable, certainly for short periods. Neither
CP?D nor COTi dose formulas correctly predicted the toxicity observed.
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7. Sickness in 7 atm nitrox

Exposure to a nitrogen-oxygen mixture having an oxygen partial
pressure of 0.22 atm and nearly 7 atm of nitrogen caused nausea and
vomiting in 2 of 3 divers, starting 2-3 hours after compression and lasting
2 days. The divers were partially relieved within a few hours after oxygen
was raised to 0.30 atm. The exact etiology of this sickness is not known;
it may have been low oxygen, the high nitrogen, a combination of both or
some other unknown cause. Low oxygen in the dense breathing mix was
undoubtedly a factor, but the symptoms were not those characteristic of
hypoxia; they were not typical of narcosis either.

8. Performance and “"adaptation"

Performance tests during the SHAD dives showed minimal evidence of
adaptation, either to the extreme depths covered in the excursions or to
the saturation itself. Interestingly, however, the scores on performance
tests performed during SHAD II (60 fsw saturation) excursions showed less
difference from controls than those of SHAD I (50 fsw saturation), perhaps
because of the deeper residence depth. Performance was reduced at first by
the Nisat I environment of 7 atm nitrox, but returned essentially to normal
after 4-5 days. In some tests there was a secondary drop in performance
scores after 3-4 days. Nisat I divers felt quite "drunk" the first few
days, and were aware of the narcosis until the first half of decompression
was complete.

.9. Heart rate decrease

The resting heart rate of the SHAD and Nisat I dives showed a decrease
on compression followed by a gradual (8~day) return to normal. Rate
decreased further during descending excursions and speeded up again on the
short ascents and during decompression. Heart rate rose prominently
postdive to SHAD I and II. These are felt to be changes in autonomic
control of the heart, and though it involves oxygen, pressure, and gas
density, the exact etiology is unknown. Extensive monitoring of EKG
parameters failed to disclose any deleterious effects on the heart
detectable by these methods; there were deviations during periods of
nausea. One Nisat I subject showed disappearance of the p wave and
arrhythmia during heavy exercise, causing his exercise to be discontinued.

10. Visual function and EEG

Visual effects were slight and included a predictable shrinkage of
retinal vessels in the hyperoxic exposures. Changes in evoked responses
were typical of air diving. Some EEG changes, though slight, could not be
attributed to the known stresses. These resemble generalized CNS
dysfunction with no identified cause. Recovery was complete and immediate
on decompression. ‘
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11. Counterdiffusion following gas switch

Switching the inert background gas in saturated divers from nitrogen
to helium with the oxygen level unchanged provoked problems. In saturation
at 66 fsw this caused itching 3 hours after the shift, lasting 5-6 hours.
At 99 fsw itching began within 1 hour and caused rash and welts
predominately on covered areas of the body; it lasted 5 hours and was
intense. The itching was promptly relieved by shielding the diver from the
helium environment. Eight hours after the switch one diver got classical
bends in both knees which responded to conventional treatment by
recompression. '~ An economical method was devised to make the gas switch,
saving both gas and time.

12. Saturation decompression and effect of excursions

The use of the 480 minute halftime tissue compartment was found to be
unsatisfactory for nitrox saturation decompression. Long excursions (e.g.,
'8 hours) that do not cause overt decompression sickness apparently created,
through gas 1loading and/or bubble formation, a decompression obligation
that required more than a few hours to clear. Decompression sickness
occurring during decompression from saturation after SHAD III seemed to be
related to the 8-hour excursion completed 16 hours before. A conservative
decompression from the heavy 7-atm nitrogen load in Nisat I was without
problems.

H. Photos

Figures 1-1 to 1-12 were taken at the time of the dives. They show
the facility, personnel, and some of the experimental apparatus. All
photos were made by the NSMRL photo lab; Figure I-1 appeared in U.S. Navy
~ Medicine (Adams, 1974%*).
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Figure 1-2. SHAD I Divers WB and
JW working at controls in SHAD II.

Figure 1-1. Topside crew and
investigators during SHAD 1.

Figure 1-4. Awaiting the
surfacing of SHAD II.

Figure 1-3. Diver GS placing
electrodes on RF during SHAD II.




Figure 1-5. Overall view of Figure 1-6. Nisat I crew, JB in
chamber area during SHAD II. foreground, with NT (1) and RJ.

Figure 1-7. Nisat/He II divers Figure 1-8. piver RO doing

e Rt samples - ‘pulmonary function, Nisat/He II.
: .
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Figure 1-9. Diver RE adjusting

. L .
ECG on RL, Nisat/He III. Figure 1-10.  Topside Doppler

monitoring, Nisat/He II1.

Figure 1-12. Some of the
topside crew during SHAD III.

Figure 1-11. Adjusting mass spectro-
meter in  area behind chamber.



IT.
GENERAL . EXPERIMENTAL SETUP

R.¥. Hamilton and J.E. Jordan

This chapter covers most of the consistent functional details involved--
in conducting the SHAD and Nisat experiments, including facilities,
operators, schedules, subjects, safety, and specialized laboratories.

The experiments were conducted over a 3 year period during which some
changes were made in both procedures and the facility. However, most
functions were the same throughout the series, and these are discussed in
this chapter. To a certain extent the use of past tense in the discussion
about the facility helps identify functions that are no longer the way they
were at the time of the experiments. Any special procedures and
environmental differences significant enough to have an impact on either
the divers' environment or experimental results are covered with the
individual experiment,

A. Facility

All exposures were performed in the hyperbaric facilities of the
Environmental Simulation Branch, NSMRL. The facility occupies two large
rooms of Medical Research Laboratory Building #141 and some outside space.
The facility is capable of conducting non-saturation (bounce), saturation
and excursion diving with either air or mixed gas, in the range to 350 fsw.

The pump room houses heavy machinery and equipment such as
compressors, heaters, chillers and water pumps. The chamber room contains
two hyperbaric chambers designated as 1 and 2, their associated equipment,
a briefing and conference area and a small kitchen alcove (stove, sink,
refrigerator, etc.). A water cooling tower for the compressors and gas
storage equipment are outside the building. The layout of the laboratory
is shown in Figure 2-1. This figure was taken, with modifications, from a
manual of the hyperbaric complex prepared by Potomac Research, Inc. (1981).
Figures 1-1 and 1-5 show the chamber area.

1. Chamber system

a. Physical characteristics

Chamber 1, also known as the Genesis chamber, is a horizontally
oriented cylindrical steel pressure vessel 25 feet long and 9 feet in
diameter. It 1is divided into two independently controllable 1locks,
designated "inner” and "outer;" their volumes are 1000 and 700 cubic feet.

The useable length of the outer lock is 8 feet; it serves as the
entrance way into the chamber. A 48 inch exterior hatch (door) swings
inward and seals under pressure when the lock is pressurized. A 48 inch
inner hatch also swings into the outer lock and makes it possible for the
outer lock to be pressurized independently of the inner lock. There is a
single large viewport between the locks.
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The outer lock was equipped with:

gas supply manifold

built-in breathing system (BIBS)

overboard dump manifold

shower and sink

2-way speaker for diver communication system
headset junction boxes

depth gauge (caisson gauge, provides internal pressure)
physiological monitoring penetrations

fire hose

oxygen sensor

storage locker

single exterior viewport

TV camera (inside)

emergency lighting

sound powered phone

The useable length of the inner lock is 13 feet; it is entered from
the outer lock. The inner lock was equipped with:

gas supply manifold

built-in breathing system

overboard dump manifold

food and medical transfer lock

2 bunks

2 TV cameras (inside)

physiological monitoring penetrations

3 shelves

2 storage lockers

2 exterior 13" viewports

2-way speaker for diver communication

headset junction box

sound powered phone

entertainment speaker -

fire extinguisher

emergency lighting

oxygen sensor

depth gauge (caisson gauge, reads internal pressure)
life support system

nitrogen purge system, for electrically powered instruments

A food or transfer lock (often called the “"medical® lock by divers) of

30 x 18 inch internal diameter built into the wall of the inner lock

enables the transport of small items between the hyperbaric chamber under
pressure and the outside. Transfer with this lock can be accomplished
quickly if necessary, or alternately it can be decompressed at a slower
controlled rate by employing the flowneter installed on the vent line.




During SHAD and Nisat the chambers were operated with a set of
controls located at the side of Chamber 1 (Fig. 1-3). Controls for each
lock included 2 pressure gauges (primary and backup), valves for
pressurization and decompression, and a communications terminal. Since
SHAD-Nisat this has been replaced by a remote console about 15 feet away,
but it still serves a backup direct-control function.

b. Air supply system

Compressed air is stored in a 1000 cu ft 350 psi volume tank located
outside the facility. The pressure in this tank is displayed on several
gauges in the chamber room.

The facility has two compressors for chamber pressurization: one main
and one auxiliary. The main compressor 1is a 1966 Ingersoll-Rand model
ESH2NLZ2 horizontal non-lubricated teflon ring compressor with a discharge
pressure of 350 psi and a suction volume of 158 scfm. It is powered by a
50 hp electric motor. It is equipped with an Ingersoll Rand type TD-1Q0
Tendamatic control which serves as a remote, centralized, control and
monitoring station for the compressor and as an operating station for the
auxiliary compressor.

The auxiliary compressor is a Sulzer model 2E130-2A, Tlabyrinthine
ring, non-lubricated compressor which generates a pressure of 350 psi and a
suction volume of 160 cfm. It is driven by a 70 HP electric motor.

Compressed air from both the main and auxiliary compressors is
delivered to the large volume tank.

c. Gas supply

For- the SHAD dives only air was needed; Nisat required in addition
both nitrogen and helium. The nitrogen "pure" gas supply was stored in a
tube trailer (approx. 40,000 cubic feet) located just outside the building.
Gas pressure was reduced at the trailer to 275 psig with a dome loading
regulator, and the gas was piped to the chamber via a high pressure hose
equipped with a relief valve. The helium gas supply was also stored in a
tube trailer and handled in the same way. During use the individual tubes
were opened one at a time ("cascaded”) to maintain maximum available
pressure in the unused gas. The tube trailers also served as a backup
"air" supply in the event both compressors were not functioning; by
addition of oxygen a "synthetic air" mix could be supplied.

Pure oxygen was introduced directly into the chamber for maintenance
of the required oxygen partial pressures, ("metabolic" 0,; see g, below)
and for the BIBS manifold (section f). Oxygen is stored” outdoors and is
reduced to 90-125 psig before it enters the building.

Other breathing gases (except air) used on the BIBS system were
supplied from cylinders and connected when needed. .
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d. Pressurization and decompression

Both chambers are designed to operate with a pressure range from 0 to
156 psig or a simulated depth of 0-350 feet of sea water. The main lock
can be pressurized at a rate of up to 75 fsw/min. Decompression can be at
up to A0 fsw/min when deeper than about K0 fsw. Decompression from 60 fsw
to the surface takes 3 1/2 to 4 min; from 10 fsw, 1 1/2 to 2 min.
Pressurization rate for the Nisat I dive (the deepest one in the series)
was limited by flow from the tank truck; it took 51 minutes to reach 198
fsw.

Manually controlled valves on the chamber were used to control gas
flow into and out of each lock, separately or together.

e, Life support system

During SHAD-Nisat a life support system controiled and monitored -the
atmosphere for the inner lock of the Genesis chamber. This system uses
conventional methods to remove CO, and humidity and adjust the temperature
of the chamber gas. Bas- is cf;cu1ated through an external loop. On
leaving the chamber, still at chamber pressure, the gas passes through a
cannister filled with high moisture (medical grade) Sodasorb (W.R. Grace
and Co.) for CO2 absorption. The gas then passes through a heat exchanger
supplied with cold water where humidity 1is removed by condensation,
followed by a warm water heat exchanger to reheat the gas. A blower then
forces the gas back in at the top of the chamber; normal flow is 90 acfm.

. The temperature of both the dehumidifier and reheater coils was

controlled manually by adjusting the water flow rate, or with a timer.
Condensate from the cold coil drained into a collecting tank which was
periodically emptied. The blower 1is a squirrel cage type that has a
"canned" motor which is considered fire safe. Humidity was monitored, but
diver comfort was the main determinant of the humidity control.

The CO, absorption cannisters hold about 50 pounds of Sodasorb and
have to be %hanged every 4 man-days of chamber occupancy or every 24-36
hours. The life support loop can be isolated for servicing.

Odors were controlled by the addition of Purafil (activated alumina
pellets impregnated with the oxidant potassium permanganate) to the CO?
scrubber cannisters. - )

Since SHAD-Nisat a scrubber has been added to the life support system
of the outer lock, and automatic controls have been installed for the
dehumidification and heating coils.

f. Built-in breathing system and overboard dump system

The BIBS (built-in breathing system) provides a means of delivering
breathing gas to chamber occupants by mask. It is used to deliver selected
gases (oxygen, air, heliox, nitrox) during treatment, experimentation, gas
switching or emergency operations.




The BIBS system consists of gas supply manifolds running the length of
the top of the chamber on either side. Hansen quick disconnect outlets are
located overhead in the center of the chamber about every 2 feet. The
users wear Scott 800238-01 series divers inhalators (oronasal masks)
equipped with demand type supply and exhaust regulators.

Exhaled gas from the exhaust regulator on the face mask goes to an
“overboard dump" manifold. It is then piped through the chamber shell and
into a collection tank equipped with a Moore model 63BU constant
differential flow controller. The flow controllers (one for each tank) are
referenced to the lock's ambient pressure and maintain a constant 3 psi
negative pressure on the overboard dump line.

g. Oxygen makeup

Within each lock is an oxygen probe containing a primary and backuo.
fuel cell type detectors. Signals from these are sent to two Teledyne
model 323D solid state oxygen controllers and readout meters; these
controllers were installed after SHAD II. These add 0, through a
solenoid-controlled 1/4" line into the suction line of the %ife support
system as it leaves the chamber. During SHAD oxygen was added manually,
and it is still done this way on occasion. When needed pure oxygen is
added directly into the chamber. The operators add oxygen for 20-30
seconds, then wait for a reading in order to avoid overshooting.

h. Electrical system

Main power to the hyperbaric facility includes 440 VAC, 220 VAC, 110
VAC and 6 VDBC systems; the DC power is from a Hewlett-Packard (£Q6)
variable DC power supply unit. Emergency power sources include a 220 VAC
portable generator and three 12 VDC batteries.

In the event of main power failure during chamber operation, the
facility can be switched to a standby emergency generator. It is a 60
cycle, 60 KW, 3-phase 220 VAC generator driven by a portable diesel engine
and is capable of powering the complete complex, except the air
compressors. Other procedures taken during a power failure are described
in the safety section, 11.B.6.

i. Communications

Communication between the divers in the chamber and topside personnel
in the chamber room was by means of an audio amplifier using headsets, a
Marvel Dive-Com system, and a sound powered phone.

The principal method for audio communication was the headset system;
using headsets with boom mounted microphones. Four channels of headset
communication were available for isolated or semi-isolated discussions
between the individual divers and various topside personnel.
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The Marvel dive communication system is essentially a two way intercom
system. The divers talk into a transceiver box from which the sound
signals are transmitted vo a transceiver in the chamber room. The divers
do not press a switch,to talk or listen, but a switch must be pressed by
the topside operator when talking into the chamber. The transceiver in the
chamber room is usually turned off temporarily during pressure changes to
reduce noise.

These systems were effective under routine conditions but at'times,
such as during excursion pressure changes, etc., were intermittent and
_inadequate. A new multi-channel system was installed after Nisat.

The sound-powered phone looks like a standard household phone but uses
no external electrical supply. The power to the receiving set is generated
by the speaker's voice acting on a piezoelectric microphone. The signals
are low level and the phones are considered fire safe.

For SHAD I and II the video system consisted of a Hydro Products model
100 helium-proof underwater television camera installed in the inner lock.
An additional TC 125RA camera was placed in the inner lock after Nisat I,
and one was installed in the outer lock and all major areas of that chamber
can now be visualized. Visual display is on 3 Conrac model SNA9 17"
monitors mounted on a shelf above the chamber control console.

An AM-FM radio and hi-fi tape player was patched into the intercom.
Movies used this amplifier and speaker for sound while the movie was
projected into the chamber via a viewport.

In the event of total failure of electronic communications and the
sound powered phones, mallets were kept on board for rudimentary
communication using the standard diver/tender signals.

Jj. Lighting

Canty lights provide all normal lighting with minimal heat and without
the need for electrical power in the chamber. Canty lights have high
jntensity lamps in fan cooled housings on the outside of the chamber wall
and transmit light into the chamber through transparent solid acrylic
"Jight pipes" that pass through conventional pressure fittings and seal
with pressure. Each lock can be individually controlled for 1luminous
intensity. Chamber 1 has eleven Canty lights, eight in the inner lock and
three in the outer. This is sufficient for ambient-1light photography.

The emergency generator provides backup power to the Canty lights. A
battery powered emergency lighting system located above the chamber room
entry is automatically activated during a power failure and 12V bulbs
provide emergency chamber lighting. As a further backup a battle lantern
is kept in the chamber room.
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k. Personal hygiene system

A wash basin and shower with hot and cold water is available in the
outer lock. The water is drained into a covered bilge coilecting pan in
the outer lock and periodically purged into an external drain. Domestic
water is pumped by a Hydro model 5200 electrically driven pump to the
shower, sink and fire suppression hose inside the chamber. The pump is
needed when the chamber is pressurized in excess of 60 fsw; it is turned on
and off by the operator. Check valves prevent chamber pressure from
entering the building system. '

Prior to SHAD II solid waste was collected in plastic bags installed
in a portable stainless steel commode ("camp stool") in the outer 1lock.
Urine was collected in plastic jugs. A portable toilet (without the
chemical additives) was used in SHAD III and subsegquent dives; it was
locked in and out when needed and was serviced by topside personnel.

1. Fire suppression system

The fire suppression system in each chamber has two components: a
Navy-type stainless steel fire extinguisher containing water and
overpressurized, and a fire hose connected to a cold water line. The same
piston pump used for personal hygiene water provides water to the fire
hose. There is no deluge system.

m. Nitrogen purge systém

The nitrogen purge system consists of two nitroqgen flasks and a gauged
and valved delivery line which enters the rear of the chamber. The system
is used for all scientific equipment that uses 110 volt power within the
chamber. In operation, nitrogen is purged into the case of the instrument
at a flow of 1/2 liter/min. This surrounds electrical components to
prevent or reduce the fire hazard due to raised oxygen.

2. Backup or standby chamber

The backup chamber or Chamber 2 is kept in readiness for treatment of
decompression sickness or embolism whenever the main chamber is used for
human dives. It has an internal diameter of 6.5 feet and an overall length
of approximately 15 feet. It has dual locks (inner and outer), and is
capable of pressurization to a depth of 350 fsw {156 psig) at a rate of 100
fsw per minute.

The outer lock is 4 feet long and the inner lock is 10'7" long, and
there is a transfer lock in the far end of the inner lock.

Chamber 2 is primarily designed for short duration dives. Unlike
chamber 1, it has no heating or chilling equipment for temperature and
humidity control, but can be controlled by a combination of venting and
room temperature control. It is however, equipped with a BIBS (Built in
Breathing System), with overboard dump capability, and an external loop 002
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scrubber {installed 1974). It is suitable for any USN treatment procedure
or for any of the special ones which might have been needed in the SHAD and
Nisat series.

During SHAD I and Il the backup chamber was the chamber at the
Submarine Escape Training Tower. Transfer to that chamber was rehearsed
and could be accomplished in under 10 minutes (see II.D.11.a).

3. Monitoring

Chamber 1 is equipped with about 50 multi-wire electrical penetrations
containing over 200 leads for physiological and other monitoring equipment.
These are used for EKG, Doppler ultrasonic bubble detector, stabilimeter,
ergometer, spirometer, and a variety of other instruments and equipment. A
single 32-wire penetration (Lundy) was used exclusively for EEG signals.

a. Timing

A primary digital clock was used for the log and as a reference for
other timing devices. It was checked daily by radio and corrected whenever
necessary.

b. Pressure

Large (16") Heise pressure gauges of .the Bourdon tube type display
chamber pressure at the operator's station; these were used throughout
SHAD-Nisat for primary pressure control. Following Navy tradition a
1ighted magnifier permitted the operator to maintain the needle to within a
few inches of sea water; pressure rarely varied throughout the series.
Saturation decompression is conducted in 1/4 fsw (3") steps. .

Mercury and water manometers are used for pressure measurement when
chamber pressure approaches atmospheric.

The pressure unit used for this report is the foot of sea water, fsw.
In normal usage the foot of sea water 1is defined as 1/33 .standard
atmosphere or 23.03 mmHg or 0.445 psi. The calibration used for the Heise
gauges is presumed to be this.

The gauges are calibrated by the base instrument shop at regular
6-month intervals.

c. Oxygen analysis

A Beckman F3 paramagnetic analyzer was used as the primary oxygen
monitoring system. Chamber gas was reduced to atmospheric pressure, dried
with silica gel, and passed directly into the oxygen analyzer. Oxygen
percentages recorded on the working logs were read directly from the F-2
meter. These were converted to partial pressures for the logs included in
the appendix. A Teledyne Model 323D oxygen controller was used to control
oxygen in the chamber and as a secondary oxygen monitor.
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The Medspect mass spectrometer {Scientific Instruments Model MD-8)
used for respiratory studies served as an additjonal back up monitor for
oxygen and COZ'

Also backing up the primary monitors and available for trace gas
analysis was a Hewlett-Packard Model 7620B gas chromatograph with Por-a-pak
Q columns and sub-ambient temperature programming capabilities.

d. Carbon dioxide analysis

Chamber carbon dioxide Tlevels were monitored by means of
non-dispersive infrared analysis using a Beckman IR-315 having a range of 0
to 1% full scale. This instrument is sensitive enough to deal easily with
the chamber gas after it has been reduced to sea level. CO0, readings were
entered in the working logs as percentages but are shown in“this report as
partial pressure.

Carbon monoxide was periodically checked by introducing spot samples
into an Ecolyzer €O analyzer.

e. Humidity and temperature

Humidity was monitored by a conventional hygrometer in the inner lock
(Abbeon AB-167) during SHAD, later changed to a Hygrocon impedance type
humidity sensor. The detector element of the latter instrument uses a
plastic wafer that has on it a conductive layer separated by a chemically
treated polystyrene which changes its impedance as it absorbs moisture.
The change in impedance (resistance) is measured by a bridge circuit and
displayed on a meter. This sensor was not reliable in our hands, and RH
readings were occasionally not. available.

At times a Dwyer wet bulb/dry bulb thermometer was used. Diver
comfort was the primary factor in setting the humidity level.

Temperature was read from the monitor of a Honeywell 12 channel
controller/recorder using copper-constantan thermocouples. In addition
Yellow Springs thermistors were used.

B e
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B. Operations

The operational aspects of the project were planned in some detail in
advance, and from a safety point of view it was treated as a high risk
exposure.

1. Crew staffing

Total responsibility for the maintenance and operation of the chamber
facility (Environmental Simulation Branch) during the SHAD-Nisat series
rested on the Facility Supervisor, a highly experienced retired USN Master
Diver.

The chamber crew consisted of a minimum of 5 people on each shift,
with one extra during the day and occasionally an extra during the evening
shift. Shifts were the classical ones, 0800-1600, 1600-midnight, midnight
to 0800. Crew positions were supervisor, operator, recorder, gas analyst
and messenger. When an additional person was on duty he had the duty of
second operator. Also, a regular cook worked during SHAD I and II. "“Watch
bills" for each dive were prepared in advance, and changes were arranged as
needed. Chamber operators and analysts were hospital corpsmen trained at
NSMRL for hyperbaric nursing or qualified by examination; diving experience
was not required. Recorders and messengers were enlisted personnel, with
no special training requirements. Watch standers filled out the physical
examination forms for the person doing the exam, handled urine volume
measurement and sample handling, ran EEG's, etc.

The Supervisor was trained to operate every facet of the facility.
Supervisors were always ex-USN divers (retired or active) with considerable
experience. There were no specific criteria for Supervisors, but they were
trained and qualified on the facility, then personally selected by the
Facility Supervisor.

In addition to these shift jobs certain duties were assigned during
the course of a dive. These were project coordinator and assistant,
experiment scheduling coordinator, watch scheduling and training, medical
supervisor, food procurement, purchasing and supply, financial recording,
communications and engineering, diving supervision, and movie procurement.
Some people did more than one of these jobs. These jobs were in addition
to the crew duties for many individuals.

A medical officer was present in the chamber room or in the building
24 hours a day whenever divers were at pressure; his location was always
known by the shift Supervisor. More detail on medical backup is given in
section II.D.

For most of the scientific measurement procedures one or more
investigators were present during data gathering periods.
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A "pass down log" was maintained for items which were of interest or
had to be taken care of by a succeeding shift. This was used for medical
procedures, but also for operational discrepancies.

2. Diver personal requirements

To minimize discontent of the subjects the topside crew was,
generally, gquite responsive to personal needs.

a. Food

During SHAD I and Il a temporary culinary specialist was employed to
prepare hot breakfast and dinner for the divers. Lunches and snacks were
from a cold chest in the chamber which was refurbished each evening. Each
SHAD diver was supposed to maintain a log of his food intake with respect
to time of day, type, and quantity, and all divers were required to keep
fluid intake logs. Certain foods were prohibited because of biochemical
tests. The SHAD divers were not allowed to smoke and were limited to 2
ounces of alcohol per day during the pre- and post-dive periods.

For subsequent dives food was preparad at thz base hospital, delivered
to the chamber area on trays and rewarmed if necessary in a microwave oven.
Comments about the food's quality or taste are rarely noted in the logs,
and leftovers were seldom returned to the surface. An effort was made to
provide good meals, and this was regarded as an important morale factor
during the Tong confinements.

In later dives the person responsible for food was also charged with
maintaining proper food sanitation according to Navy preventive medical
procedures (U.S. Navy Medical Dept., 1972).

b. Hygiene

In the early part of the program (SHAD 1) waste bags from the camp
stool had to be handled through the small medical lock. The bags of course
were vented before being decompressed. There were a few minor mishaps in
this routine but these were without further consequences. In modern.
commerical saturation diving this handling of waste, particularly feces, is
considered unacceptable because of the incredsed liklihood of external ear
infection. Later in the series a chemical toilet was left in the lock and
it was not necessary for the divers to deal with it. Urine was collected
for measurement and analysis sO was passed out immediately.

The shower and lavatory facilities worked well and though the divers
were not especially pleased with the arrangements they were regarded as
primitive but acceptable. Each diver was able (and expected) to shower
each evening.

Periodically during the long dives a crew of two technicians medically
qualified for pressure exposure were locked in to scrub the chamber's
inside surface with soap and water. The divers performed a "field day"
(cleanup) on their lock twice weekly.
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Divers wore loose fitting coveralls made of fire resistant material,
regular underwear, and sneakers or slippers.

c. Entertainment

“Full Tength" movies were shown almost every night and were an
important morale factor. These were obtained through normal government
channels on a regular basis and followed a schedule. The projector was set
up to project through a porthole onto a screen inside, where the divers
listened on speakers installed for the purpose.

Hi-fi music, news, and entertainment was also available from
recordings or local radio, and newspapers and magazines were locked in
daily. -

The main source of entertainment was the old standby, conversation;
among the divers, between divers and topside, with visitors qualified to
enter the chamber, and otherwise over the communication system. Telephone
calls could be conducted also.

d. Sleep

Subjects slept between 6 and 7 hours each night. Lights were out
usually by 2300 hours and divers were awakened at 0600 or soon after. Some
divers napped frequently an hour or two during, the afternoon when the
schedule permitted. Comments were recorded in the 1logs regarding
drowziness, however, no complaints were made or insinuated about
insufficient sleep time or inadequate sleeping quarters. The logs reflect
that on occasion testing procedures delayed bedtime. When 3 divers were in
the chamber one of them had to sleep on a mattress on the floor of the
chamber. There was no in-chamber<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>