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Preface

The fifth major AAUS Workshop addresses the complexities of performing underwater research in
the polar regions under the auspices of the National Science Foundation, Division of Polar Programs.
The information contained in these proceedings is the result of the combined knowledge of nearly thirty
recognized polar diving experts. Their expertise covers a variety of scientific disciplines and different
methods and techniques of underwater research. The discussions reflect some differences of opinion
with regard to the options available to the scientist working under the ice. The message from these
experts is, however, quite clear. There is a risk associated with cold water, under ice diving. That risk
is managed by appropriate training in the type of diving equipment to be used before deployment to the
ice environment. Equipment used in polar diving activities requires special design and maintenance
considerations. Careful attention must be paid to dive plans and the management of emergencies due to
the remoteness of polar regions.

We are indebted to a group of experienced, dedicated scientific divers who gave of their time and
energy to discuss their polar diving experiences that represent the state-of-the-art in the
understanding of the complexities and preparation of Arctic and Antarctic scientific diving operations.
As a result of this workshop, we have a mechanism for the review, update and dissemination of polar
diving information that should provide guidance for AAUS and DPP training programs and challenges
for future polar scientific divers.

Finally, on behalf of the U.S. scientific diving community, I extend our greatest appreciation and
indebtedness to James R. Stewart, Diving Officer Emeritus - S.I.O., who has dedicated his career to the
advancement and practice of scientific diving. For over twenty years, Jim's pioneering efforts in
Antarctic scientific diving and as DPP Diving Officer, have essentially made the use of scuba a
valuable, scientifically accepted tool for the performance of our underwater research as we know it
today.

Michael A. Lang
President
American Academy of Underwater Sciences



About AAUS

The American Academy of Underwater Sciences (AAUS) is a non-profit/ self-regulating body
dedicated to the establishment and maintenance of standards of practice for scientific diving. The
AAUS is concerned with diving safety, state-of-the-art diving techniques, methodologies, and
research diving expeditions. The Academy's goals are to promote the safety and welfare of its members
who engage in underwater sciences. These goals include:

* To provide a national forum for the exchange of information in scientific diving;
* To advance the science and practice of scientific diving;
* To collect, review and distribute exposure, incident and accident statistics related to scientific

diving;
* To promote just and uniform legislation relating to scientific diving;
* To facilitate the exchange of information on scientific diving practices among members, and;
* To engage in any or all activities which are in the general interest of the scientific diving

community.

Organized in 1977 and incorporated in 1983, the AAUS is governed by a Board of Directors. An
Advisory Board of past Board of Directors members provides continuity and a core of expertise to the
Academy. Individual membership in AAUS is granted at the Member, Associate Member, and Student
Member categories. Organizational membership is open to organizations currently engaged in scientific
diving activities. Maintenance of membership is dependent on a continued commitment to the purposes
and goals of the Academy, compliance with the reporting requirements and payment of current fees and
dues.

* For the diving scientist, AAUS provides a forum to share information on diving research,
methodologies and funding;

* For the diving officer, AAUS provides an information base of the latest standards of practice
for training, equipment, diving procedures and managerial and regulatory experiene©, and;

* For the student, AAUS provides exposure to individuals, agencies and organizations with on-
going programs in undersea research.

Scientific diving means diving performed solely as a necessary part of a scientific activity by
employees whose sole purpose for diving is to perform scientific research tasks, Scientific diving does
not include tasks associated with commercial diving such as: rigging heavy objects underwater,
inspection of pipelines, construction, demolition, cutting or welding, or the use of explosives.

Scientific diving programs allow research diving teams to operate under the exemption from OSHA
commercial diving regulations. This reduces the possibility of an OSHA fine and some concern
regarding civil liability. Civil suits examine whether the "standards of practice of the community"
have been met Diving programs which conform to AAUS standards reflect the standard of practice of
the scientific diving community and allow divers from different institutions to perform underwater
research together. This reciprocity between programs is the product of years of (experience, trust and
cooperation between underwater scientists.
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I. Advances in Equipment and Technology

1. Thermal and Hand Protection - Bob Stinton, Diving Unlimited International.

For the thermal protection of a diver operating in cold water, passive systems consist of a suit and
underwear. These systems can keep the core and skin temperatures up for extended periods of time, such
as up to six hours in 35°F water, for divers at rest or doing moderate work like taking photographs. The
type of underwear is a little bit heavier than what we currently have. These are composite garments of
800 or 600 weight in which the joints have less insulation than the arms, to give some flexibility. With
effective insulation and a dry suit that maintains its insulation with depth, it is only necessary to add
a little air as one descends, to compensate for the squeeze. The biggest problem that remains is the
thermal protection of face, hands, and feet.

If a full face mask is used, the face is not a problem, because there is no exposed skin. One problem
with the hands is because suit systems are expensive, the gloves are often neglected. The geometry of
the hand limits the amount of insulation that can be used; layering insulation quickly gives a baseball-
glove effect so there is no dexterity for picking things up. The thumb is the main problem, and there is
wide individual variation.

The navy standard states that working divers should not let their hands get colder than 15°C. At
10°C your hands begin to hurt. They feel like somebody is working on the knuckles with an ice pick. If
you maintain 8°C for 30 minutes, you will develop a nonfreezing cold injury. To recognize a nonfreezing
cold injury, get out of the water and warm up. Your fingers will tingle and be numb, and your joints will
not work properly for a couple of days. If you prolong the exposure, you will develop something akin to
trench foot, which is the ultimate injury. Tissue will start sloughing off as in a typical freezing injury.
If skin or digit temperature reaches 6°C at any point, the nonfreezing cold injury occurs without the time
parameter. There is a 2-degree yield and a wide individual difference. A glove that works perfectly
for one person, may not be right for the next person. One variation may result from susceptibility you
were born with. It might also be that as a child, riding a bicycle in Kansas delivering newspapers in
the freezing rain, you developed a nonfreezing cold injury. That nonfreezing cold injury increases your
susceptibility to repeat injuries. In air, if your fingers are cold with gloves, you add mittens. In water,
adding more levels of insulation, merely reduces the rate of cooling. The person who has not had a
nonfreezing cold injury is just as susceptible, but it takes a few minutes longer. A person who is more
adapted still winds up at a certain point, and the cooling curves look exactly the same.

For dives of one hour or less, there are glove systems that will protect divers' hands with no
problem, although in the general population there are probably a few individuals who can develop a
nonfreezing cold injury within 30 minutes. We used a glove box for a series of tests in which we chilled
the water and had people submerge their hands. Some people responded so quickly to the cooling of
their hands that one person actually fainted from the experience. And this was in a warm environment.
Other work on gloves and hand protection is being done at the Naval Experimental Diving Unit and
Naval Medical Research Institute. The issue is important, and has been ignored for too long. The
British have done some tests and concluded that whether the hands are wet or dry, they still get
freezing cold. If they are wet, you can cover them with enough insulation to go around and club things,
but you cannot do any precision work. My personal experience is that whether I wear a five-fingered
glove with two wool liners or a mitt, my hand tests out exactly the same; it does not make any
difference. I have higher dexterity with the five-fingered glove. With a mitt, the thumb still gets
cold. One would expect the fact that the thumb has a little more muscle mass to be the limiting factor,
but it seems to be the blood flow. Blood flow to the hand decreases to about 25 cc a minute as the blood
cools. That is not much capacity to carrying blood out on the hand. Once vasoconstriction occurs in the
hands, hardly any blood flows into them. We have not tried pouring hot water into the gloves and
slipping them back on while running the tests. I would, however, assume - based on the idea of filling
the suit full of hot water - that would decrease the cooling rate. For short dives this might buy some
time. For longer duration, we are investigating heating the hands with immersible electric gloves, and
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other strategies to provide some heat. The two tools a diver has are mind and hands. As the mind sees
an action, the hands need to be able to do it.

The toes are somewhat similar. They are essentially put into a one-pocket mitt, and the amount of
insulation can be increased if bigger fins and ankle weights are used. The cooling effect is not as drastic
as with the fingers because at least the feet are inside the suit.

The face needs attention as well. Divers wear hoods and hold regulators in their mouths. The
upper part of the face is completely exposed. There are strategies to prevent that. If you cannot wear a
full face mask, which is not the most desirable thing to wear, there are hoods with cutouts for the
regulator. You have to learn to slip the regulator through the opening provided for it. This type of
hood provides a minor level of insulation. For Peggy Hamner I put together an item that looked like a
wrist seal cone stuck on the end of the regulator. When she pressed it into her mouth, it covered the lips
as well, which is where the nonfreezing cold injuries of the face can develop.

Diving Unlimited International (DUI) has guidelines that are designed so that divers can look up
the kind of dive they are going to do - light work, heavy work, photographic work - the depth and the
water temperature and develop a strategy for how much insulation is needed. The guidelines are set up
with what we call plus ratings. As we sit here in this room, some people are cold and while others,
wearing short pants and short-sleeved shirts, wonder when we will turn the heat off. There are such
individual differences and they must be adjusted for. You cannot put every person in a dive team in the
same configuration and expect the same results. A person who always wears a sweater inside, probably
has a lower set point and will require a little bit more insulation in the water. A person who is always
in shorts and a T-shirt may be that way because that is the only thing he can afford or because he has a
warm thermostat. The DUI guidelines also talk about weight, so that weight belt strategy can be
planned ahead of time.

People try to get more insulation with less weight by using other inert gases in the suit. The
questions have not all been answered on the use of argon. Cave divers, after they make a long dive, are
using it in the decompression stop and actually flood their suits with it. One question that is not
answered is whether it affects decompression from a long or deep dive. Some people have theorized
that the skin does not perspire sufficiently for enough argon to be absorbed to make a difference, but
nobody has really tested it. I have experimented by switching from air to helium which unfortunately
cancels 75 percent of the insulation. When you push the inflator button, the helium comes into your suit,
and it feels like cold water is being poured down the front of you, it is that dramatic. Switch back to
air, and it feels like you just spilled coffee down your front side. Carbon dioxide has been proposed,
because it can be carried in liquid form and it provides more volume. But some investigators have found
that carbon dioxide forms carbonic acid when exposed to moisture. You are very moist around
membranes, so it eats away at you. We do know that at one thousand feet, if you are surrounded by air
and breathe helium, there is nitrogen in your exhausted breath. The skin perspires enough nitrogen to
be detected in a gas chromatograph when you exhale. The theoretical advantage of using gases to
insulate an undergarment is that a diver who goes somewhere cold could change gas to have a garment
rated for a colder temperature. This has not been thoroughly tested, but probably deserves further
investigation.

There are guidelines for selecting underwear. The dry suit is only a shell; insulation comes from
what is worn underneath it. Not every person is the same, so one set of underwear does not offer
everybody the same level of protection.

Some work is being done with heat-piping in gloves to try to increase blood flow in the upper arm.
The problem is that heat-pipe technology is not sophisticated enough yet. In a passive situation, to
keep your hands warm, you need 20 watts per hand in a five-fingered glove with two pairs of heavy
wool liners in 35°F water. If you start sucking up 20 watts from your body and pumping it out through
your hands, you may lose in the long run. That is a lot of dissipating heat, similar to adding a radiator
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to yourself. For a short-term dive, maybe it has an advantage. Heat-pipe technology is not the
leading research topic; nobody is really interested. NASA is willing to spend $16 million to cool a
robotic arm, but no one is willing to pay $16 million to help a diver transfer heat to the end of his
finger.

Some divers insert heat packs in their gloves. But there are only 100 Btu's per pound if it is good
material. At 20 watts of dissipation, that does not last very long. In addition, heating the hand does
not heat the tip of the finger. I can heat my hand or my body up to 100°F, until I am nauseated from the
heat, but the tips of my fingers will still be cold. The difference is so dramatic that you can lose 10°F
per knuckle from the palm temperature, back-of-the-hand temperature, to the tip of your finger.

Heat-providing breathing gases, such as the hydrogen catalytic, were experimented with in the
past. I am not sure that they offer anything in terms of providing heat. If you plug all the heat leaks,
the body is still generating heat, and if there is no place to dissipate it, you overheat and die. You can
die from that a lot faster than from getting cold, and there are fewer warning symptoms.

Another thing to be careful ot is underwear with a radiant barrier. This reflects 90 percent of the
heat back to your body. The first thing you need to know is that the radiant heat loss from your body is
not that great, maybe 10 percent. When you are immersed in water, it is probably zero. It is said that
the barrier reflects 90 percent of that 10 percent. As a demonstration, right out of the NASA
astronautics handbook, a flare provides 100 percent radiant aspect to the environment. A rolled tuck
provides 70 percent, in which case you do not feel that much warmer.

The small diver, a person of about a hundred pounds, is probably at the greatest risk, because if
that person loses heat at the same rate as everybody else, the core temperature is dropping faster and
he or she has to wear more insulation. A small diver is going to require more protection than a big one,
who may lose a lot of heat, but who has got a lot of mass to give it up, so the core temperature will not
drop.

In a diving situation it is important not to precool the hands and feet. If you get into the water with
hands that are already cold, you are starting further down on the cooling curve. Your feet will get cold
because they perspire a lot, and the insulation there gets wet. You can pretreat your feet with
Mitchum's antiperspirant for a couple of weeks, which cuts your perspiration to almost zero. Or you can
just wrap your feet in Saran wrap and a plastic bag to keep the insulation from wetting by condensing on
the inside of the suit. Wet thinsulate underwear takes about 20 to 30 minutes to dry on low heat in a
dryer. Be careful to keep the synthetics on low heat or the fabric will melt. Hanging in an engine room,
thinsulate takes about two days to dry out.

Surgical gloves underneath gloves help a diver who is out for a long time. Depending on the
duration of the dive, the amount of protection is very, very important. We ran tests with mitts over our
five-fingered gloves. Once the hand got too cool, taking the overmitts off did not make any difference.
Once the hands got cold, they were cold, and once the stability points were met, all that extra bulk did
not add anything. Dexterity is most important at the beginning of the dive. As your hands begin to get
cool, you will lose dexterity.

If you take your gloves off after the dive and your hands hurt, you are approaching a nonfreezing
cold injury. If they are still tingly or numb the next day, you have got it, and once you have it, you
cannot get rid of it.

Heat from inside the suit can be pumped to the hands, as a sort of air shunt system. Reaching up
reinforces the insulation effect. Raising the hand makes about a two-foot difference, a one psi pressure
differential. Lowering the hand changes it from one positive psi to one negative, a total two psi
differential. Almost all of the insulation is compressed at about 0.5 psi differential so just that simple
motion changes the insulation of your glove. Some people suit up and keep the thumb loops on with
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their hands in the gloves. This provides a channel for warm air to pass. I left the thumb loop on in one
test, and within 10 minutes my thumb felt about ready to fall off. I retracted my hand, working to get
the loop off, and this warmed the thumb back up. Anything that impairs circulation can have a drastic
effect.

Thermal creams were investigated in the 1950s. Pilots were to smear the creams on their bodies to
keep warm. The cream was a skin irritant, caused vasodilation, and gave the feeling of warmth. In
reality, it caused heat loss. The Canadians made some reactants of magnesium and iron called tea bags.
When the two parts were mixed together, compressed, and dropped into seawater, they made a dead-
shorted sea battery, which could be inserted in the back of the glove. Unfortunately, the heat being
applied to the back of the hand also produced blisters.

Without a wet glove to carry the warm water out to the fingertips, the tips of the fingers are
almost impossible to insulate. To insulate a cylinder, one considers the log mean area; take the inside
diameter and the pressure ratios go way out. Spheres - the tip of the finger - are even worse. It is very
difficult to put the heat where it is needed - out on the fingertips.

Discussion

M. Lang: Does face protection interfere with handling out-of-air emergencies such as buddy breathing?
B. Stinton: There are two strategies. A conical piece of neoprene, locked into your face, can be pushed up

into your face to breathe. The hood has the same problems because you have to go in from the side
with the regulator which does not work for buddy breathing, so you wind up using an alternate air
source. The other item is a hood with eyes, nose and mouth. It is an arctic face protector that is
usually used with seals; you seal your mask to it and swim about. The other piece is a hood with
eyes and a mouth hole through which you have to slip the regulator. You could opt to just cut the
hole bigger, but then you have lost the point of it; the upper lip, which is vulnerable to nonfreezing
cold injuries, is exposed again. The cone was the best. At least if it was aimed in the right place it
could get there, but the possibility of snagging or hang-up were present. This is specialized
equipment, and you have to be trained to use it. Do not assume that your other skills will carry you
through.

J. Stewart: Let me describe the hydrogen breathing device that we came up with 30 years ago. It did
solve the core temperature problem. We obtained premixed hydrogen (3 percent) in air, which is
noncombustible. We took a 72-cubic-foot tank in which we filled 750 psi with 3 percent hydrogen.
We topped it off to 2250 psi with air, bringing the hydrogen level effectively down to 1 percent.
We used a standard single-hose regulator. We built a catalytic converter, just like on a car, with
platinum-coated aluminum pellets. For the second stage we simply made a neoprene sleeve and
then insulated it. One percent hydrogen in air wields an effective 120°F air temperature that can be
breathed along with moisture to eliminate the dehydration problem; as the hydrogen is
catalyzed, heat and moisture are produced.

B. Stinton: Jim said it produced 120°F. We must remember that there is a distinction between
temperature and heat. When something is heated, its temperature goes up, but does it have any
heat capacity? When you investigate some of the claims that a system will keep your hands at
110°F, you may discover a great difference between theoretical and actual heat delivery. In areas
where respiratory heat loss becomes a big factor, similar strategies or techniques are used to
provide respiratory protection against heat loss in an emergency.

D. Long: We can bring the inhaled gas to 100 percent humidity and 150°F, but a diver can die breathing
that kind of temperature. Some of the advanced work done on hypothermia shows that breathing
enriched oxygen gas that is 100 percent humidified still does not put enough volume of heat into the
body to raise the temperature significantly. But it can stop someone from losing consciousness in the
case of a severe hypothermic event. We talked earlier about making the back of the hands so warm
that they are burned, while there can still be a cold injury at the fingertips. I would suggest that
breathing an elevated temperature, putting the heat into the lungs, and trying to pump it out to the
fingertips, will not work. Furthermore, I think it is more dangerous than it is worth to mess around



Lang and Stewart (Eds.): AAUS Polar Diving Workshop, San Diego, CA, May 1991.

with the central system. We already have a passive insulation system that works rather well.
We also have breath-regeneration systems. We are working on some systems to actively heat the
hands. We do not believe that we are going to be able to solve your problem of spending time in cold
water without addressing the hands. And we are not talking about the back of the hands; we are
talking about the fingers. Unless those fingers can be kept warm, we cannot give you any realistic
work capability in the Antarctic or Arctic.
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2. Buoyancy Compensation and Dry Suit Use - Dick Long, Diving Unlimited International.

I believe in what is called management by walking around. Several times a day I walk through
the factory, past the glue tables and the testing platforms, and I know that one of the suits I am looking
at will come back in a body bag. If 1 knew which one it was, I would take it out of the line. After a
tragedy has occurred and we go through all of those questions to see what I could have done to make
things come out differently, I try to make sure I have done everything I can. That is why I welcome the
opportunity to participate in a workshop like this.

At DUI our policy is that safety is a noncompetitive issue; therefore, you are welcome to anything
we know that could make your operation safer. You are also welcome and encouraged to disseminate it
to others. The only thing we ask is that whenever you can, you give us feedback, because what we give
you will not be the purest possible. Second, when you develop any kind of information that may be of
some value, please make it available to us, because all we will do is turn it around and feed it back into
the system. Our manual is just for generic DUI dry suits, but most important, from your standpoint, is
that it is filled with warnings. You are faced with the same liability crisis that is pressing the nation,
and the manual contains many warnings that you might find useful in preparing your literature or your
training material.

We have also drafted a course outline for teaching dry suit diving. The course only covers diving in
water 40°F and warmer. We consider anything below 40°F ice diving. The thermal guidelines were
developed for sport dives that are longer than 20 minutes but less than an hour. The guidelines cannot
be directly applied to an ice diving situation. Think of this as our mathematical model, developed to
determine the loss of heat and the correct amount of insulation to use in differing circumstances. If these
determinations are not done well, what we call the misery index comes into play; it can tell you how
cold you are going to be in advance. The difference between a small diver and a big diver can be as much
as if they are using the same equipment but the small diver is diving in water up to 20°F colder. Their
cooling rates will be about the same.

From my perspective, sharing information is the only way that we are going to make divers safer in
the water. Diving will never be safe. It will always be an adventure, whether on a professional level
or on a recreational level. The danger can be elevated dramatically by sea conditions or by colder
water. It can also be elevated dramatically when a diver does stupid things, and our job is to make
diving safer. We do that by giving divers knowledge about what is going on. They can then make their
own decisions based on the skills that they have developed and the application of their knowledge. I
know of no other way to do it, because once divers enter the water, they are on their own. They must
make their own decisions and take their own actions to take charge of the situations they find
themselves in. Only perfect practice makes perfect, and therefore the type of training we do is equally
important as the fact that we do any training at all. We simply do not have people in the field who
have the knowledge or the skills to be able to train divers adequately in the use of dry suits. Therefore,
we are using a small percentage of the capacity of this very powerful piece of equipment. I try to get
this information out into the field, to develop these skills, and at least to make people aware that
they do not have all the answers to all the problems, nor do we.

I view the diving that you are doing in Antarctica, through the ice, as a totally different class of
diving. Therefore, the preparation for such a diver is obviously different; we all agree on that. What
we need is a partner system where the partner is, in fact, the backup system. The partner knows
everything about your equipment, and you have both trained and practiced various kinds of emergency
skills that may be required at the dive site.

One thing that concerns me about insulation is that, as a manufacturer, we have developed
insulation strategies so powerful that rather than keeping divers in thermal equilibrium, we can easily
drive them into hyperthermia. Hyperthermia is far more dangerous than hypothermia, because cold
hurts but heat kills. With the hot-water system in the early days we actually had people, because
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they had been cold for so long, keep turning the water temperature up then put on breathing gas heaters.
We would bring divers up, who would report dizziness, take off the mask, take one breath, and pass out.
It is possible in very cold water to actually go into hyperthermia, so I simply raise the flag of caution,
particularly for some of the insulation strategies that we now have.

A wet suit's ability to keep you warm is controlled more by water depth than by water temperature.
Any dry suit's insulation ability to keep you warm is controlled more by your exercise rate than by the
water temperature. Therefore changes in insulation will be more predicated upon a diver's work rate
than upon water temperature. In most cases people think of it the other way around: the colder the
water, the more insulation they put on. As we begin to learn more about how to apply this science of
what we call insulation strategies to the work at hand, we will find out that we will really have a lot
of valuable tools. What we want to do is employ simplification times three.

Thermal insulation strategies vary, beginning with the workload, the water temperature, and the
individual. The insulation is, in fact, trapped air, so all the insulation equates to buoyancy. Therefore
we do not end up issuing a 40-pound weight belt to each diver. Divers have to be able to change their
weight every time they change their insulation systems. We are learning to use zone insulation instead
of solid insulation. For instance, we do not use the same insulation over the chest as over the arms and
legs; we need more movement in the arms and legs. In the muscles - the heat generation system - the
circulating blood moves the heat around. So for most divers doing any form of work at all, we use less
insulation in the arms and legs than in the torso. If we are going to change this insulation a bit, we
usually change it on the torso and not on the arms and legs. But we know of no way to insulate the arms
and legs enough to be able to run the hands out there bare. We are going to sacrifice the hands, the tools
with which we do the work. Actually, all we need for a diving system is something that holds two
eyeballs and a pair of hands.

We want to be able to change the insulation system inside, and therefore we are going to change the
lead we use to counterbalance it. The whole idea for controlling buoyancy control is to have the least
possible amount of air floating around inside that dry suit. The number one cause of problems with
divers in the water is overweighting. They just throw on enough lead to make sure they go down. Then
they put in air to compensate for the lead. As they begin to roll, the air starts rolling around to the
feet. The actual process of learning to gauge how much lead you need is almost a science. One can
change the ordinary underwear and take a lot of the buoyancy out of it. If you take the pockets out, you
take out some insulation that is not necessary, and therefore you can reduce the amount of lead you are
carrying. The leg can be modified to use less insulation, but then it has to be custom-fitted because the
leg is a taper. When I raise my arms in a one-piece suit, my legs have to come up to accommodate the
changed arm length. Therefore I have to make sure I do not make the calf so tight that it stops me from
lifting my arm. We have a set of exercise tests in our literature.

We often find that when someone is restricted in a dry suit, the restriction is in the underwear, but
they do not understand it until they get into the water and the underwear collapses around them. Just
before going into the water, a diver should take the excess insulation material that is down around the
ankles and pull it up in between the knee and the hip bone so that the material is already up there and
it's possible to bend the leg when necessary. That is a very simple thing, but it can make a big
difference. If the diver is just going to go down, look at something, and come back, there is no problem.
The margin may not seem like much, but if there is a problem and a diver has to fight for life, it may
make the difference in whether he or she can shimmy out of that hole or not.

Training disciplines are important. As the water gets colder, we put more things around the hands
and face. My suggestion would be to say that below certain water temperatures buddy breathing is not
realistic, because you cannot get the mouthpiece out of your mouth and into another person's mouth. In
29°F water, you cannot orally inflate buoyancy compensators as you could in 40°F or 70°F water. It is
important to understand that the emergency procedures we are used to are not applicable in such cold
water.
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The amount of insulation a diver wears can change from day to day, from job to job. Therefore the
amount of lead changes from job to job, depending on the amount of insulation. We have worked out a
system for taking insulation into a pool or somewhere else to identify how much lead a particular piece
of insulation requires. A diver can carry a chart and know ahead of time what will happen.

Once in the water, we want to use the amount of air carried on our back. If a diver is wearing a
single 80-cubic-foot tank, that tank has six pounds worth of positive buoyant weight of air, so the diver
must enter the water six pounds heavy to achieve neutral buoyancy at the end of the dive. A diver who
wears a set of twin 80's on the bottom must carry 12 pounds of lead, and that amount of weight has to be
compensated for.

As manufacturers, we insist that people wear buoyancy compensators not for compensation under
water, but as a surface flotation device. In case all else fails, there must be a backup system. Therefore,
we change the requirement in the water by virtue of using air in the suit, not by putting air in outside
bladders. The reason for this is that any inexperienced diver, regardless of age, with two bladders
containing buoyancy who suddenly loses buoyancy control may begin punching buttons and pulling
things, trying to figure out what is going on. Some tragedies have resulted from this. Therefore, we
want you to use a buoyancy compensator as an emergency backup. Divers are supposed to change their
neck seals regularly, just like spark plugs in a car, but often they do not. A diver could 'blow-up'. We
have seen one case where a diver was wearing a suit a little smaller than he should have been and had
a full zipper failure on the back.

We have some real problems with people wearing big weight belts and then dropping them. A lot
of the deeper wreck divers have died of air embolism. They wear a big weight belt and drop all the
weight at one time. They probably have some air in the suit, and by the time they have 40 pounds of
positive buoyancy when they are coming up, they have extra air in the suit because they probably were
overweight to start with. That extra air in the suit is trying to expand out through an exhaust valve,
but there are harnesses going over the body as well, and it is hard for the air to transfer from one side to
the other. The diver is probably not lifting an elbow on the way up, which means all the air in one arm
is expanding and creating positive buoyancy. Over 300-foot-per-minute ascents are made, and a diver
who passes through that last 33 feet at a velocity of 300 feet is going to be hard-pressed to exhale
enough air not to embolize. This issue of weighting and buoyancy control is really important. The best
thing we can do is keep the amount of lead a divers has to carry to a minimum, so that the amount of air
carried in the suit is down to a minimum, so there will be the least possible amount of expansion to begin
with.

Just how deep does a diver wearing a foam suit have to get before that foam suit is no longer in and
of itself, without any air inside, positively buoyant? With some of the very soft materials, it can be as
little as 80 or 90 feet. But even in the best G231N material, you can get down to around 130 or 140 feet
before it will be neutrally buoyant. If a diver loses the neck seal and gets all the air out of the suit,
then - added to that the negative buoyancy with tank and all the other things - there is trouble.
Therefore, with a foam suit our strong recommendation is to use a buoyancy compensator as standard
policy, although many divers use it only for surface flotation or emergency backup.

I want to finish by saying that as a company we have berated the training agencies about as much
as we can to start teaching their dry suit instructors. I think it is a tragedy that all someone has to do is
send in a course outline, indicate he has been an instructor for two years, say he knows how to use a dry
suit, and then the agency will send out a rubber stamp. Nobody has ever evaluated this person, or ever
seen this person in a dry suit. Therefore, we have taken an unusual step in going out and soliciting
diving instructors to participate in a research program. We have dry suit systems out now with
instructors across the nation. Each quarter those instructors pick out an area of personal interest - what
they feel they are the best in - and send us back a report of what they tried, what worked, and what
did not work. Then we, in turn, put that information into a newsletter.
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Discussion

M. Lang: Which type of buoyancy compensators are most appropriate for use with dry suits?
D. Long: I think a lot of that has to do with the type of scuba cylinders a person is wearing, the size of

the person, the type of work being done, the type of suit being worn, and the location of the valves.
The buoyancy compensator has to fit your needs. It must not cover the valves.

B. Hamner: Horizontal trim is important to talk about.
D. Long: Most scuba divers look like scallops out bobbing on the bottom. We came up with buoyancy

compensators so that when people were neutral, they were not swimming around like big plows,
with their heads up and fannies down. They plow a lot of water in front of them wherever they go.
We have been experimenting a lot with what we call zero-G diving. We want to be able to go
anywhere in the water and lie in whatever attitude and stay there without moving. We want to
make the divers neutrally buoyant. Now they slowly begin to take a position so that the heaviest
part is down and the lightest part is up. So we have designed a buoyancy system in which we can
move the amount of lead up or down. When you wear an ankle weight, you have to kick it up and
down, and that is tiring. There is also the laminar flow of water going down on the end of that leg
and which is disturbed by that kick up and down. The knee moves only about three or four inches,
six inches at the outset if someone really puts power into it. We put the lead on the top of the
thigh. It has got to be high enough up that it cannot get down over the top of the knee. Then you
can change those weights, going from a couple of pounds to three or four pounds depending on what
you want to do.

After years of saying otherwise, I am now going to heavier tanks, because the tanks are
naturally negatively buoyant in the backpack and they lie in the middle of the shoulders. By
minimizing the amount of insulation and only using it where it will do some good, then knowing
how much lead to carry for it, a diver can put the lead in places so that the body comes out in trim.
There is an immense amount of life between zero and 30 feet in a kelp bed. When the dive computer
says you have got to come up, but maybe you had better slow down, you may come up and spend 10 or
15 minutes floating around in that upper level. When you are in proper trim, you will be surprised
at how fast you can swim. By simply choosing where you put your weights, for instance, even to the
point of taking the weights out of thigh pockets, and putting them in BC pockets, you can easily
change attitude. When you drop lead, you can drop only part of it, not all.

B. Hamner: There is an additional advantage to horizontal trim that we have used for years, because
we do primarily blue-water diving. We never really get cold, even in the Antarctic when we blue-
water dive, because when we are horizontal, the air is uniformly distributed throughout the suit.
If we are vertical or on the bottom and our hands are down, those parts of the suit are compressed. If
we are horizontal in the water, the suit pressure is uniformly distributed, and the air moves easily.

D. Long: We have found that one-half psi makes a big difference in the thermal insulation available
in a given insulation. There is also another consideration. With pile, where all the hair sticks
straight up, you get a certain spring effect from each hair as you compress it. Therefore, as you are
going up and down in the new pile system, particularly the heavier piles, you can get a change of
buoyancy by virtue of the attitude of your body. That is why we like thinsulate so much. Once it
goes down, it does not change much.
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3. Thermodynamic Model for Coldwater Survival - William G. Van Dorn, Scripps - UCSD

Starting from first principles, an approximate thermodynamic heat flow equation for the
human body is proposed, assuming whole-body specific heat and thermal conductance to be
independent of time. Solutions to this equation are nested curves giving expected survival time
as a function of water temperature and equivalent fat thickness. The curves are consistent with
survival records, and the equation can also be used to estimate supplemental body insulation
necessary for survival for an arbitrary period in water of any temperature. Although
formulated for passive survival in a vasoconstricted state, the equation unexpectedly predicts
well the hypothermal endurance of active swimmers. This is shown to result from the fact that
whole-body thermal conductance increases in proportion to heat production, so that their
respective effects on the heat-flow equation tend to offset one another.

Present Status

The two principal data bases for current cold water mortality models date from World War II:
1. Nazi experiments with Dachau volunteers, dressed in flying attire and immersed in ice water,

suggest that "...death impends at core (rectal) temperatures T < 30°C."(Alexander, 1945);
2. Molnar's (1946) empirical curve of immersion time versus water temperature Tw for wartime

ship-sinking survivors (Fig .1).

Both data sets suffer from inadequate medical and physical documentation; the former having
been questioned as fraudulent and the latter because of other possibly life-threatening circumstances.
Nevertheless, lacking better evidence, death in both categories is generally considered to have
resulted from hypothermia - the physiological response to cooling of body tissues that leads
progressively to muscular paralysis, mental disorientation, coma, and cardiac or respiratory arrest.

Since 1945, despite extensive study of the body's physiological responses to cold, there is still no
generally accepted prescription for survival time in terms of relevant variables such as internal heat
production, body mass and area, and internal and external insulation. Such a prescription is the object
of this paper.

Background

After Rennie (1987), consider the human body as a thermodynamic engine, comprised of a liquid
core, surrounded by a musculo-skeletal framework, and bounded exteriorly by a fat layer of thickness, a
(mm). The body has mass, M (kg), and area A (m2) - assumed independent of a. The fat layer is assumed
to have a constant thermal conductance Q = 0.21 kW.nv2.°C mm-1, while the muscle layer acts like a
counterflow heat exchanger, whose thermal conductance changes with vascular perfusion so as to
regulate heat flow from the body and stabilize its core temperature near T = 37°C. Over a limited range
of water temperature Tw, a motionless body is able to maintain its core temperature within a fraction of
a degree by automatic vaso-constriction (thermoregulation).

Because both muscle and fat thickness are series impedences to heat flow, the lowest (critical)
temperature Tcw at which the body can stabilize itself by thermoregulation varies with the
individual. If the body is placed in water colder than its critical temperature, it can only attempt to
stabilize its core temperature by additional heat production, either involuntarily (shivering), or by
physical exercise. However, Rennie notes, a motionless body's stability range appears to diminish
slowly with time, and involuntary shivering may commence after several hours exposure to a nearly
thermoneutral environment.

Exercise produces metabolic heat at a rate of about three watts per watt of mechanical power; but
it also greatly augments heat loss through convective cooling. Moreover, exercise perfuses the muscles

10
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with blood, thus increasing their heat conductance. Thermoregulation now depends upon whether heat
production exceeds heat loss. If the former prevails, equilibrium will be achieved with the skin at
water temperature, the fat-muscle interface near Tcw, and the core near 37°C. With net heat loss,
despite the body's attempts to conserve heat by muscular vasoconstriction, core temperature will fall
exponentially toward Tw. Death is presumed to occur when rectal temperature has dropped to Tr < 30°C
(Hayward et al, 1975).
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Figure 1. Duration of shipwreck survivors in ocean waters of diverse temperatures
(from Molnar, 1946); dashed curve is a plot of equation [1] (from Hayward, et al., 1975)

Numerous tank experiments under controlled conditions have convinced physiologists that physical
activity among average subjects always leads to a faster rate of body heat loss than does passive
cooling (Keatinge, 1969; Hayward et al, 1975). Further, passive experiments indicate that even
shivering cannot produce thermoregulation in lightly-dothed subjects in water colder than 25°C. By a
large, linear extrapolation of rectal cooling rates, averaged among 12 subjects, Hayward, et al. (1975)
proposed the following survival time equation for passive cooling:

t » 0.25 + 0.12/00785 - .0034Tw) hours [1]

which says nothing about the physiology of the test subjects, and is invalid for Tw > 23°C. A dashed
curve computed from [1] is shown in Fig. 1, and bears a qualitative resemblance to Molnar's empirical
survival curve, although less favorable interpretations are possible within the authors' stated error
bounds. Figure 2 is a later representation of [1] to which shaded bands have been added (Hayward,
1986): "...representing mean attempts to indicate a portion of the large amount of individual variation
that exists in cooling rate and predicted survival time." Various other interpretations of Fig. 2 have
received wide distribution in aquatic publications, including the National Search and Rescue Manual
(NASAR, 1986), which is distributed to all branches of the Armed Forces. All carry the adjurement
against exercise as deleterious to survival.
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Figure 2. Widely circulated representation of passive cooling model (Hayward, 1986).
Heavy curve is same as dashed curve in Fig. 1. Shaded band is estimated area of
uncertainty.

Transient Heat Flow Model

In the above work, physiologists have specifically exempted from consideration conspicuous
examples of protracted cold water activity. The physiology of channel swimmers and Korean sponge
divers have been examined (Pugh et ah, 1960; Rennie, 1987), but excepted for: "excess fat and endurance
heat production" (Hayward et ah, 1975). We shall return to this question in the next section, but
consider now only (nearly) passive cases of transient heat flow.

In a thermodynamic sense, [1] is not an appropriate cooling law, because the cooling rate is
independent of time. Instead, one expects the cooling rate of a solid body with an insulating layer to be
proportional to the temperature difference across the layer, which leads to an exponential decrease in
the temperature gradient with time. Any internal (metabolic) heat being generated within the body
must also be considered. The appropriate transient cooling rate equation has the form:

rate of heat change = heat produced - heat lost
MCpdT/dt = E-ACe(T-Tw) [2]

where, in addition to quantities already defined, dT/dt is the differential rate of body core cooling
CCh1), E = metabolic heat generation (W), C p = mean specific heat = 3.9 kj-kg-1 'C1, and Q = 11.4/(1 +
0.1a)Yf.mr2.oO1 is effectively Rennie's algebraic approximation of whole body heat conductance for
passive, vasoconstricted Korean sponge divers in stirred cold water (Rennie, 1987). Both Cp and Q are
assumed independent of time.

Separating variables, and integrating between the limits T = 37 °C at t = 0 and T = 30°C at t=tg, we
obtain for the survival time expectancy

MCP

ACe
log*

E-ACe(37-Tw)

E-ACe(30-Tw)
hours [3]
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Evaluation of [3] requires specification of A and M, which cannot be conveniently generalized.
However, I have found that their ratio M/A = 40 ± 1 kg.nv2 applies to a wide spectrum of aquatic
individuals, including female sponge divers (Rennie, 1987), channel swimmers (Pugh et ah, 1960), and
military SEAL trainees (H. Bradner, pers. comm.). Equation [3] can be put in this form simply by
dividing both numerator and denominator of the logarithmic argument by M, and defining Q = E/M =
metabolic heat per unit mass (W-kg-1).

The test of this model is that it reasonably simulates Molnar's survival curve (Fig. 1) for an
appropriate average fat thickness, and is also consistent with other relevant data. For Molnar's
victims, I have taken a = 6 mm, obtained from body-weight and percent fat for 1,010 U.S. Army
personnel (Vogel et at, 1986), assuming neutral density for the fat layer and, again, M/A = 40 kg.mr2.
Having a, eq. [3] was then normalized to Molnar's curve by iterating Q until a best-fit was found. The
dashed line in Fig. 3 is the solution of [3] for a = 6 mm, Q = 1.8 Wkg-1, which coincides everywhere with
Molnar's curve within 0.2 hr. Indeed, one could hardly hope for better agreement.

The solid curves in this figure correspond to 6 mm increments of fat from 0 to 30 mm. Energy-wise, for
a 70 kg man, Q = 1.8 W.kg-1 of metabolic heat corresponds to about 42 W of mechanical power,
equivalent to dog-paddling or treading water, and seemingly attainable by anyone in normal health.

A second, and critical, test of this survival model is provided by the sudden capsize and sinking of
the dive boat Santa Barbara at 330 a.m. on Jan. 1,1990, off Guaymas, Mexico. Five survivors clung to a
wooden door, four clad only in pyjamas, and one (Opha Watson) in a full wet suit, which had
fortuitously bobbed up beside him. A sixth survivor, crewman Vincente Mandlla, unbeknownst to the
others, clad in sweatshirt and Levi's and wearing a Kapok life vest, swam for 35 hours in 16.7°C water
to intercept the Guaymas - Sta. Rosalia ferry, which alerted a rescue boat to the accident scene. It
found only Watson, the others having slipped away at intervals chronicled by Watson's diving watch.

From interviews with Watson and relatives of the deceased, I have assembled the data and
survival predictions in Table 1. Percent body fat was computed from height and weight (McCance et
at, 1951), and converted to thickness assuming M/A = 40 kg.nr2.

Table 1. Dive boat Santa Barbara accident statistics.
Calculated values are underlined. * denotes survivors.

Name

Opha Watson
V. Mancilla
John Ream
Jerry Lyons
Janet Ream
Norma Malloy

Age

62
29
63
35
56
45

Height
cm
178
1Z§
183
180
168
164

kg
91
10J
83
86
73
68

Weight
%std
1.23

2 L56
1.41
1.41
1.25
1.09

Fat
mm
2k
1Q
2
2
§
Z

Survival time
obs.
38*
35*
14
12
11
9

calc.
oo

IS

12m

(0
0

For the deceased/computed survival times agree with those observed within one hour, which is
better than might be hoped, considering the many assumptions involved. For example, there is no
specific evidence that the victims core temperatures had dropped to 30°C, but assuming a terminal
temperature of, say, 34°C reduces their survival expectancy to only 3-4 hours. I conclude that Fig. 3 is a
fairly reliable guide for search and rescue operations.

Because of his thick wetsuit (8 mm fat + 6 mm neoprene = 26 mm equivalent fat thickness), Watson
is predicted to have achieved thermoregulation (infinite survival) at Ti = 16.7°C. However, without
food or water for 48 hours, he was suffering from exhaustion and thirst, and felt that he might not have
survived another night.
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Mancilla's height and weight, estimated from opinions and photographs, lead to a calculated 10
mm fat thickness and a predicted survival time of 18 hrs. But, if we credit him with an additional
millimeter of insulation for his sweatshirt and Levi's, the prediction increases to 36 hrs, which agrees
well with his observed survival and shows the effect of a relatively small amount of insulation in the
region of Fig. 3 where the relevant survival curve is steep.
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Figure 3. Proposed survival model. Curves were computed from eq. [3] for 6 mm
increments of body fat s 2 mm neoprene foam, any combination of which can be
combined to give total whole-body insulation. Although intended for passive survival,
curves also provide reasonable estimates for onset of hypothermia among expert
swimmers.

Steady-State Heat Flow

Mancilla's survival is remarkable, not only because of his long exposure, but also because he was
swimming strongly, which would be expected to have significantly reduced his effective whole-body
insulation. But swimming would also have increased his metabolic heat production, tending to offset
his enhanced heat loss, and suggesting that eq. [3] may have wider application than to purely passive
survival.

This hypothesis is tested in Table 2, which shows comparative physiological data for five English
Channel swimmers (Pugh et at, 1960), together with their respective water temperatures, exposure
times, survival times calculated from [3], and rectal temperatures taken immediately after swimming.

We note immediately that the calculated passive survival times of the first two swimmers exceed
their actual times of immersion, whereas the reverse is true for the latter three. Second, rectal
temperatures decrease in almost the same order; Guiscard finished in a hyperthermic condition, i.e., he
was fully thermo-regulated. Heif, the winner, was almost neutral, but beginning to fade, while the
latter three were all hypothermic (Park had to be helped from the water).

14
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Table 2. Channel Swimmer Statistics (England - France), from Pugh et al. (1960).
Calculated "survival" times were obtained using equation [3].

Name

G. Guiscardo
A. Heif
T. Park
B. Pereira
E. Soussi

Age

25
26
31
34
27

Ht.
an

172
179
173
160
170

Wt.
kg

82
86
82
77
87

Fat
nm

8.5
7.4
6.2
7.5
10.9

Water
Temr/C

18
18
18
16
16

Survival time
Obs.

14.5
11.7
12.1
12.5
18.0

Calc.

23.5
13.9
9.7
8.0
17.8

Rectal
Temp°C

37.8
36.1
34.0
35.5
34.8

Lastly, we cite the well-documented case of an Icelandic fisherman with an equivalent fat
thickness of 14 mm, who swam vigorously in thermal equilibrium for over five hours in 5.6°C water
(Keatinge, 1986), and for whom equation [3] predicts a 5.2 - hour survival.

From these comparisons it appears that, in addition to forecasting the survival expectancy of
passive subjects, eq. [3] can also be used to estimate the onset of hypothermia in active swimmers, and
that Sr. Mancilla would be a likely candidate for a new Channel record.

Discussion

This study was undertaken with the objective of finding a practical formulism for estimating
passive human cold-water endurance that was substantially in accord with observation and physical
and physiological principles. While reasonably succeeding in the former, eq. [3] does not take into
account two well-recognized physiological responses to cold water immersion:

1. I have assumed constant heat production (Q), whereas the body attempts to stabilize Q at a
level proportional to the temperature gradient T-Tw, presumably until lapsing unconscious
(Hayward, 1986).

2. I have assumed constant muscle conduction, whereas it is observed to decrease with falling
shell temperature and to increase exponentially with increasing physical activity (Rennie,
1987).

But the model's successful extension to channel swimmers suggests that these oversimplifications
may not be as significant as one might suspect. To quote Rennie (1987): "...insulative resistance is
progressively reduced as voluntary exercise intensity increases to (about) three times resting
metabolism, almost exactly offsetting the increased heat production, and leaving the insulating fat
alone as the sole barrier to heat loss in the heavily exercising subject."

As a relevant example, consider channel swimmer A. Heif (Table 2), who was in nearly thermal
equilibrium, so that heat production equalled heat loss. During time trials in a 50 m pool, his energy
production is given as E = 15.4 kcal.mhv1 = 797 W (Pugh et al, 1960), of which 75 percent is expended as
metabolic heat: Q = .75 x 797/86 = 7.0 Wkg-1. His whole-body heat conduction is approximated by:
Ce = (QM/A)/(T-TW)= (7x86/2)/(36.1 - 18) = 16.5 W. 'Cm-2 . This is to be compared with the (passive)
value used in eq. [3]; Ce = 11.4/(1 + 0.1 x 7.4) = 6.55 W ^ C n r 2 . The ratio of active to passive heat
conduction is, then, 16.5/635 = 2.50, which is to be compared with their corresponding ratio for heat
production: 7.0/1.8 = 3.89.

Thus, Mr. Heif s increase in heat production by swimming far exceeded his increased conductivity,
which explains why he was able to maintain nearly normal core temperature for almost as long as his
passive survival expectancy. Is Mr. Heif an exception? Not by present standards. The current Channel
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record stands at 7.7 hours (Penny Dean, USA, 1978). We note that Jerry Lyons (Table 1) had a
physiognomy and passive endurance potential very similar to that of Heif, and regularly swam five to
ten miles per week. By Coast Guard report, the Santa Barbara sank about 44 km from its port of
destination - approximately the width of the English Channel. Given these circumstances, he might
better have elected to swim for it.

Applications

Equation [3] can also be used to make estimates of supplementary insulation required for fixed-term
immersion at any temperature; e.g., the design of wet suits for special applications. All that is
necessary is to change the terminal rectal temperature fro 30°C to 36°C, a thermal depression that most
individuals can sustain without shivering. Such a calculation, for example, shows that Opha Watson's
8 mm fat thickness plus his 6 mm neoprene suit would presumably have enabled him to spend an hour in
freezing water. In fact, before the advent of dry suits, wet suits made of 6 - 9 mm foam neoprene were
routinely used in the Scripps Institution's diving operations around Antarctica.
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4. Scuba Cylinders - Jim Stewart Scripps Institution of Oceanography - UCSD

One question that has come up over the last several years with the evolution of the new compressed
gas cylinders is, what do we need to dive with, considering the kinds of diving suits that we are using in
cold water? The heavier the cylinder, the less weight you have to carry on your person to compensate
for the buoyancy of your suit.

Historically, we have used twin steel 72's at McMurdo. We have broken some of those out and used
them as singles. This year for the first time we had steel 95's with slingshot valves. I would like to get
a response from those of you who worked with these cylinders. Are they more or less appropriate than
the doubles we have been using?

J. Mastro: We had nine steel 95's this last season, and judging from how much they were used, they were
quite popular. They offer more flexibility for air than a single 72, yet less weight and less air than
a set of twin 72's. They are also heavier than a single 72 so a diver needs to wear less weight on the
belt.

J. Bozanic: The slingshot valves will not accommodate Royal Aquamasters with any other backup
regulator because of the bulk of the housing on the canister.

L. Austin: Do the heavier cylinders make divers feel top-heavy when swimming horizontally?
J. Stewart: Not in my experience.
D. Long: The distribution of the weights has more to do with it that than the tank being positive or

negative.
B. Stinton: The only experience I have had with the 95's is that when I enter water through the surf, I

feel that the center of gravity is a little high. You do not have surf in Antarctica, but there is a
higher center of gravity out of the water.

J. Bozanic: For my diving outside the polar environment, I find the stability and the comfort of twin
tanks more pleasant than a large single cylinder.

J. Mastro: John Oliver pointed out one advantage. We have boxes for transporting cylinders by
helicopter, and they fit a set of double 72's. If you can only take two or four of these boxes on a
helicopter, you can choose between taking two or four sets of twins or four to eight single 95's. With
the singles, the number of dives can increase. We found that to be very advantageous sometimes.

J. Stewart: For years the cylinders of choice were the twin 38's. Unfortunately, they were a little
buoyant at the end of the dive, so we floated tail up, but they worked well.
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5. Regulator Function in the Antarctic - Jeff Bozanic and Jim Mastro, McMurdo Dive Locker

Single and double-hose regulators were evaluated during use under actual field conditions
through the 1989-90 and 1990-91 austral research seasons at McMurdo Station, Antarctica. A
total of 1191 dives were conducted using eleven different regulators. Single-hose regulators
were found to be more reliable (6.8% failure incidence) than double-hose regulators (17.4%
failures), challenging conventional views. Single-hose regulators with the highest reliability
include the Poseidon Cyklon 300 (4.0%) and the Poseidon Odin (5.3%). Given specified
regulator models, proper care and maintenance was felt to be the most significant factor in
operational reliability.

Introduction

The harsh nature of Antarctic diving challenges both divers and their equipment. This is
particularly true of diving operations in the vicinity of McMurdo Station, Ross Island, the site of the
most southerly - and coldest - water in the world. The -1.8°C temperature of McMurdo Sound stresses
equipment to a point unmatched elsewhere, including the slightly warmer, but still frigid, waters on
the Antarctic Peninsula.

In any environment, it can be argued that the regulator is the most critical piece of equipment the
diver has, for without a reliable supply of air there is no dive. In the icy waters of McMurdo Sound, the
regulator also takes on the distinction of being the one piece of equipment most strongly and adversely
affected by the cold.

For many years, the double hose Royal Aquamaster was considered the only regulator reliable
enough to be used in the polar waters (Jenkins, 1976; Bozanic, 1991). Its design, with both first and
second stages contained in the same housing, theoretically made it resistant to free-flow failure.
Single-hose regulators were considered inappropriate for the Antarctic environment, both because they
allowed moisture-laden exhaled air to cross the second stage mechanism, and because the high pressure
reduction spring was not protected from the ambient aqueous environment.

A few single-hose regulators, primarily Poseidon Cyklon 300s and Poseidon Odins, have been used
since the 1984-1985 austral season in McMurdo to provide a redundant capability to the standard issue
U.S. Divers Royal Aquamasters (RAM). It had become clear to many divers that a single RAM was
insufficient for safety, but attaching two RAMs was impractical. Unfortunately, Poseidons exhibited a
tendency to spontaneously malfunction, particularly after prolonged periods of disuse.

A small variety of other single-hose regulators were also used to provide redundancy, with divers
reporting mixed effectiveness with regard to free-flow failures. Verbal dissemination of experience
with such failures and occasional references to regulator reliability (Sharkey and Griffin, 1987) were
communicated within the scientific diving community, but the validity of such reports could not be
reliably established. This led Harbison (1988) to conduct a limited study evaluating eight different
single-hose regulator models in waters of sub-zero temperatures in the Arctic. However, he did not
include in his evaluation a comparison with the reliability of double-hose regulators in the same
environment.

In the New Zealand Antarctic Research Program, several regulators were evaluated for use, with
only one regulator being approved (Mercer, 1989). However, testing protocols, quantitative data, and
specification of types of regulators evaluated were not provided. This significantly reduced the utility
of that study.

This study was initiated to provide quantitative data on effectiveness of both single and double-
hose regulators utilized in actual field conditions. It was specifically intended to examine the
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traditional views of the superiority of double-hose regulators in polar diving conditions, as well as
identify single-hose regulators with acceptable performance history.

Methods

Antarctic Services, Inc. employed a full-time Dive Technician for the first time during the 1989-90
season. This provided the mechanism to collect the necessary data to evaluate regulator reliability.

Diving researchers and technical personnel were provided regulators from the diving locker on-site,
or used regulators they had brought with them as part of their personal gear. Initial issuance of the
type of regulator was based on specific request of the diver. However, late in the season designated
researchers were requested to dive with specific regulators selected to broaden the results of the study.
Regulators used included: U.S. Divers Royal Aquamaster, U.S. Divers Conshelf Supreme, Poseidon
Cyklon 300 with environmental cap on the first stage, Poseidon Odin with environmental cap on the
first stage, and ScubaPro G200. All dives were conducted normally; no special procedures were
implemented to bias the performance of the regulators.

Regulator maintenance was provided by the Dive Technician as part of his normal duties,
minimizing skewing of results by varying maintenance procedures. However, by the end of the season
lack of specialized equipment and spare parts for particular regulator models had forced the
cannibalization of regulators to provide a minimum stock of operational units. Because regulators were
placed in service containing previously used parts, some minor proclivity towards higher failure rates
may be inferred in the later seasonal data. This pertains primarily to the Poseidon models.

All divers were required to submit dive logs to the Dive Technician on a regular basis. As part of
the logs submitted, information on duration of dives, depths, types of equipment used, and failures was
collected. This included specifically the type of regulator utilized as the primary breathing source and
description of any regulator malfunctions. In addition, predive handling of equipment was summarized,
as was categorization of the dive sites. Information from the dive logs was reviewed by the Dive
Technician, clarified if necessary, and computerized for later analysis.

Because analysis of various regulators was not planned until arrival on the ice, no special attempts
were made to evaluate representative units of particular manufacturers. All regulators utilized were
already in inventory on-site at McMurdo, or were provided by individual researchers. Thus, many
manufacturers' models are not represented in this study.

Prior to the 1990-1991 austral season, the regulators of one manufacturer were singled out for testing,
with the intention of testing the products of other manufacturers in subsequent seasons. The purpose was
to find reliable replacements for both the RAMs and the Poseidons. The manufacturer selected was
ScubaPro. Three models were chosen which spanned the scale in cost and sophistication. These models
were: Mk 200/G200, Mk 10/G200 and Mk 10/D350.

In addition, a complete servicing capability for the Poseidon regulators was established prior to
beginning research diving for the 1990-91 season. All malfunctioning Poseidon regulators could then be
overhauled using new replacement parts and proper tools.

During the 1990-1991 austral season, research divers were given their choice of single or double-
hose, Poseidon or ScubaPro. Where no preference existed, regulators were issued according to available
stock or the needs of the study. Divers were asked to note on their dive logs several factors pertaining
to regulator function, including model of regulator used, whether the regulator malfunctioned, type of
malfunction, and elapsed time of dive before malfunction occurred. These records were maintained in
another database.
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Results

During the 1989-90 research season, 532 scientific and technical dives were conducted by twenty
divers. During the 1990-1991 season, the McMurdo Diving Locker supported 659 recorded individual
dives. Two major variables changed between the 1989-90 and 1990-91 research seasons. These were an
improved regulator servicing capability for 1990-91, and a personnel change in the Dive Technician
position. Therefore, the data have been presented individually by season (Tables I, II), as well as in
combination (Table III).

Double HO881

RAH

Single Hose:

Cyklon 300

Cyklon/AGA

Odin

Conshelf Supr

Kk200/G200

Totali

Dives

133

399

226

3

164

5

1

532

Failures

10

15

4

0

8

2

1

25

Percent

7.5

3.8

1.8

0.0

4.9

40.0

100.0

4.7

Table 1. Regulator Failure Data 1989-90
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Table 2
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1
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10

4.5

10

14

14

10
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* During 94 of the Mark 10/G200 dives, the first stage
remained on the surface as discussed in the text. Thus,
these figures more accurately reflect the performance of
this regulator combination.

Table 2. Regulator Failure Data 1990-91
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Table 4. Failure information by site type, 1989-90

Table 3. Regulator Failure Data 1989-91
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During the 1990-91 season, 94 dives were conducted by Kooyman, et al. at Cape Washington using
the ScubaPro Mark 10/G200. All of these dives were of short duration (10 minutes or less) and shallow
(3 msw or less). In addition, the first stage of the Mark 10 remained on the surface, with the diver
supplied by a G200 second stage at the end of a 8-meter intermediate pressure hose. These divers
experienced no free-flow failures. However, we feel these conditions do not provide adequate
information on the true performance of the regulator. For this reason information and comparisons in
Tables II and III show lines for both total dives and dives as corrected by omitting the Cape
Washington dives.

Research diving in McMurdo Sound is conducted from heated huts as well as from open sites exposed
to ambient weather conditions. During the 1989-90 season, the type of dive site was noted, and later
correlated with regulator failure data. These data are summarized in Table IV. The total number of
dives performed using each type of regulator in each of the two types of site is listed in the first two
columns of this table. The adjoining columns specify the failure rates for each regulator as a function of
the type of site.

During the 1990-91 season, all
regulator service information and
details on specific malfunctions were
maintained. Functional performance of
each individual regulator was tracked.
Table V summarizes this data.
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1
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1
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100

100

100
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Q£bS£

9

88
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62

0

0

0

0

0

Table 5. Regulator Service Data

Discussion

Our data indicate that certain single-hose regulators are between two and three times more
reliable than the double-hose Royal Aquamaster. The difference in reliability between single-hose
models, however, is considerable (see Table III). Of all regulators evaluated, the Poseidon models were
the most reliable. This data agrees with the results of Harbison (1988) and the recommendations of
Mercer (1989).

The reliability of RAMs may have been superior when they were initially introduced for use in
Antarctic diving. However, since no early quantitative data exist it is impossible to determine the
degree of deterioration in performance through time, if any. We do feel that the age and condition of
these regulators, all manufactured in excess of twenty years ago, plays an important role in their current
dependability.

Past problems with Poseidon regulators may be attributable to poor servicing by scuba equipment
repair companies. We found that Poseidon regulators repaired in New Zealand or the U.S. showed a
tendency for spontaneous failure, while the same regulators repaired or serviced by the Dive
Technicians in McMurdo experienced fewer failures, and no spontaneous failures at all. We attribute
this to the intermediate stage pressure setting. We consistently fixed the pressure at 130-135 psi while
the manufacturer recommends setting it just below that which causes the second stage to free flow.
However, other factors may be involved.
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It became necessary at one point during the 1990-91 season to attach Poseidon Odin second stages to
Cyklon 300 first stages. This combination proved extremely reliable. For reasons that are still unclear,
the Odin second stage seemed less prone to free-flow than the Cyklon when dives were conducted
through fresh water lenses. The Odin first stage proved to be somewhat less reliable than the Cyklon
first stage under normal diving conditions.

A recurring problem with the Poseidon environmental caps was noted. These caps are highly
exposed, leading to their frequent puncture. While this was never a dive-threatening problem, it did
lead to the need to replace these caps on a constant basis. At McMurdo, an average of two replacements
per season per regulator was necessary. We feel this problem can be minimized with proper regulator
handling, but an adequate supply of caps and glycol should be maintained on-site where their use is
required.

Use of the AGA full-face mask with second stage attached to a Cyklon first stage worked as
designed. This mask is designed to be a positive pressure system, and continually free-flows. Because of
this, a discussion of free-flow failure with this regulator combination is not applicable.

Most ScubaPro models did not fare well. The Mk 200/G200 proved itself to be completely
inappropriate to the Antarctic environment. All Mk 200s free-flowed on the first and every subsequent
use. The Mk 10/G200 fared only slightly better. While this regulator combination functioned well at
first, it demonstrated a tendency to free-flow after about 14 minutes. Once a free-flow failure had
occurred on one dive, it had a tendency to repeat on subsequent dives.

The ScubaPro Mark 10/D350 proved to be more reliable. This regulator was used by one diver, and
it functioned almost without mishap. On the two occasions where free-flow occurred, it was slight and
was directly attributable to water introduced into the second stage mechanism during rinsing. Once the
regulator was cleaned and dried, it did not fail again. We hasten to note, however, that this positive
assessment is based on only one regulator and 14 dives. In addition, the regulator was never used in a
repetitive dive situation. Because it shows promise, this regulator should be tested further.

A number of personal regulators were used on occasion. These include the U.S. Divers Pro Diver,
U.S. Divers Conshelf Supreme, and ScubaPro Mk 10/G250. While all of these regulators experienced
free-flow failures and their use was ultimately abandoned, insufficient data exists on their use to draw
any final conclusions.

Many of the free-flowing single-hose regulators we serviced had water present in either the first or
second stage, or both. Elimination of this water often solved the problem. It seems clear to us that
proper attention to the details of regulator care may prevent failure in regulators that are normally
reliable. This agrees with the findings of Somers (1987) in his work on under ice diving. Additional
discussion of the causes of free-flow in single-hose regulators and ways to minimize or prevent it are
contained in Appendix I.

Many of the scientists deploying to the ice in the 1989-90 season had no previous polar diving
experience. In this group, regulator failures reached almost 100% during the initial dives of the season,
regardless of regulator utilized. Instruction in proper care eliminated this problem.

Data compiled in Table IV indicate that regulator failures tended to occur with greater frequency
when diving from open sites. Often compounding this problem was the manner in which the regulators
were transported to the dive site. Equipment was generally transported on the back of open vehicles,
such as tractors or snowmobiles. When exposed to these conditions, the regulators were pre-chilled, and
had a higher incidence of failure.

Another environmental consideration involves diving through fresh water lenses. These lenses
develop later in the austral season, as the sea ice surface melts. Divers passing through these lenses
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