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Introduction

Archimedes observation, that a body immersed in
water is buoyed up by a force equal to the weight of the
volume of water that is displaced, has clearly benefited the
diving community. It hasalso provided frustration, amuse-
ment and occasional hazards to health. Proper buoyancy
control is being able to achieve neutral buoyancy at every
depth and to maintain it throughout adive. Itisaskill that
is fundamental for diving comfort and safety. Unfortu-
nately many divers do not seem to understand the benefits
of ahigh degree of skill in buoyancy control.

Neutral buoyancy

To teach neutral buoyancy in our training program,
we get students to do a one finger handstand on the bottom
of a5mdeep swimming pool. A onefinger handstand isnot
easy. Oneisnot actually standing on thefinger, but making
negative buoyancy keep the finger in contact with the
bottom. With adequate breath control one can keep afinger
onthebottom. A bigbreathwill start tofloat oneaway. We
use thisto get people to understand what they can do with
breath control. A diver can have about 2-2.5 kgs of differ-
ential volumesimply by exercising adequate breath control.
When oneis neutrally buoyant, weighted properly or with
thecorrect sized buoyancy bubble, onecanswingtopositive
or negative buoyancy with breath control alone.

The most important skill that hasto be learned with
any kind of buoyancy compensation system isto make the
specific adaptation to that piece of gear so that, as one
ascends, one can hover at any depth. | have to commend
thoseontheboatsthat | havedived from, they areall ableto
hover.

Gas expansion

Where in the water is the greatest danger of gas
expansion? Most peoplewill say “Inthefirst atmosphere of
additional pressure below the surface of the water”. Actu-
ally Boyle's Law produces an exponential curve and the
greatest pressure/volume change takes place in the metre
just below the air/water interface. Under certain conditions
one can develop lung over-pressure accidents with aslittle
as 90 mm Hg or 0.12 bar (less than 2 psi) differentia
pressure, which isarise of about 1.2 m. Rising1.8 mitis

not difficult to achieve an accident, and witha 2.4 mriseit
iseasy. Thestatement |’ veonly used scubainaswimming
pool”, tells me that they have only used compressed gasin
the most dangerous part of thewater column. If they do not
know what they are doing, they can easily get into difficul-
ties. Large volume buoyancy compensators (BCs) have
shown that very closeto the surface of the water isfar more
dangerous than we had believed. When we only had small
bladder BCs, it was more difficult to make arapid ascent.

Development of buoyancy compensators

Until the 1970s few divers used buoyancy compen-
sation devices. Being correctly weighted to beneutral at the
depth of the dive was considered adequate. If one needed
any additional buoyancy one would blow some air into the
wetsuit sleeve. This would form a bubble between the
shoulders. Toget rid of it, oneraised an arm and the bubble
ran out. Many peoplefelt no need for abuoyancy compen-
sator.

However as more people took cameras and other
heavy objects underwater, it became obvious that it was
handy to have someway to displace water so that one could
achieve additional buoyancy at depth. At first the bag was
in front of the chest. These did little to complicate the rate
of ascent because the bladders were generally small, with
only 6.8-8.2 kg of lift. Additionaly, the diversof thetime
rarely put air in the bladder unless the need was critical.
While thisamount of lift was sufficient to increase the rate
of ascent, the problem was not significant since the divers
were skilled in the use of the devices, which were only
intended to be used to maintain neutral states in the water
column or float them on the surface. Later back mounted
bladders and jacket configurations became popular.

Divers need to be able to displace water close to or
just above their centre of mass. On the surface thereis a
portion of the buoyancy compensator that isonly displacing
air. Tofloat thediver adequately there must beasignificant
amount of air underwater. Larger buoyancy compensators
displace more air when they are on the surface but displace
about the same amount of water assmaller ones, sothediver
isnot necessarily further out of thewater. Underwater they
can displace more water, but the bigger bubble causes
increased lift, which is a matter of concern.

Buoyant ascent rates

A study at theUniversity of California, LosAngeles,
(UCLA) Underwater Kinesiology L aboratoryin 1980tested
a number of buoyancy compensators, with positive
buoyancies of 5 to 24.5 kg,*?in our fresh water pool. The
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diver, infull ocean gear, 7 mm wet suit, bootiesand gloves,
tank, regulator, backpack and an adequate amount of weight
for neutral buoyancy was placed horizontally at a chest
depth of 2.85 m (9 ft 4 inches), holding the sides of a
weighted box. The BC was filled until the overpressure
relief valve was activated. The diver wasthen signalled to
exhale fully, relax and let go. The ascents were timed and
video taped. All the divers changed from horizontal to
vertical on the way to the surface. The smallest buoyancy
compensator brought the diver up at an average speed of
20.6 m (68 ft) per minute.

Average ascent rates were calculated for the whole
2.85m(9feet 4inches) ascent. Wedid hundredsof buoyant
ascents. Some people came up awfully fast, although they
were only coming up two to two and half times faster than
they weresupposed towhen welooked at theaverage ascent
rate.

When we studied the video tapesfor thelast 1.2 mit
wasadifferent story. Thesmallest vest cameupthelast 1.2
mat aslower ratethanit did overall. Theexplanationisthat
the divers started horizontal, became vertical and then,
because it was a small bubble high on the chest, they were
arched backwardsby thevest. Thisputthemat asignificant
angleand consequent they wereslowing throughthelast 1.2
m. On the other hand the medium and larger vests were
accelerating through the last 1.2 m. These took the divers
vertically, right up to and straight through, the air-water
interface. Sometimesthe diver came out of thewater to his
waist. Someof thelarger over the shoulder model sreached
ascent rates of 76.5 m per minute. Table 1 summarizesthe
data derived from this study.
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Ascent rates

Since 1951, the USN Diving Manual hastold usto
come up at 18 m per minute. About two and half years ago
| wastold how the USN chose 18 m per minute. Doctor Ed
Lanphier had the job of recommending an ascent rate. He
realized that there were two populations of Navy divers.
One was swimmers who wanted to pop out of submarines
and go asfast asthey could to the surface. They werehappy
with 54-60 m per minute, and there were the Navy hard hat
diverswho were very satisfied with, and used to, 7.5 m per
minute, which wasthe ascent rate for the then USN decom-
pressiontables. Hereasoned that if thehard hat diverscame
up alittle faster and the swimmers came up alittle slower,
things would be alright. He suggested that 60 ft (18 m) a
minute, afoot asecond, wasaniceround number that sailors
could remember. The committee discussed and acceptedit.
The 18 m per minute ascent rate has been used countless
thousands of times, and it hasturned out to be areally good
guess. That it wasnothing morethanacompromiseand had
no significant research behind it was a bit of ashock to me.

Divers are often told to ascend at the rate of their
smallest bubble. To find abubble that goes up at 18 m per
minute, one has to be pretty selective. The tiniest bubbles
that one can see come up between 13.5 and 18 m aminute.
That isthe fuzz in the water. Anything bigger than fuzzis
coming up faster than 18 m per minute. One of the worst
thingsthat adiver can doisto fix on abubble and follow it
up, because as it expands, it goes faster and faster.

TABLE 1

BUOYANCY COMPENSATOR SIZE, SHAPE, DESIGN AND ASCENT RATES

Size Shape Volume
Inches cm litres
20x7" 51x18 Single bladder HC 51
23x18" 59x46 Single bladder HC 12.7
23x19" 59x49 Bladder in bag HC 155
24x19" 61x49 Bladder in bag HC 17.2
24x18" 61x46 Bladder in bag HC 175
25x20" 64x51 Bladder in bag HC 17.3
19x16" 49x41 Bladder in bag HC 21.6
Large Jacket type 21
26x10" 67x25 BIB Backmounted 24.9
BIB Overshoulder 21.2

Ascent rates
Full distance Last part
Lift (94" =2.85m) (4 =122m)

Ib kg fpm  mpm fpm mpm
11.2 51 68 20.6 433 131
27.9 12.7 122 37 147.8 44.8
34.1 155 132 40 185.8 56.3
37.8 17.2 138 41.8 187.8 56.9
385 175 143 433 205.7 62.3
381 17.3 149 45.2 208.7 63.2
475 21.6 156 47.3 2133 64.6
46.2 21 149 45.2 2259 68.5
54.8 24.9 168 50.9 2453 74.3
46.6 21.2 150 455 254.7 77.2

HC donotes horse collar type of buoyancy compensator. BIB indicates bladder in bag. Wet suit expansion was assumed

to be constant during the ascent..
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In one study of ascent rates there was awide varia-
tion with few ascents being slower than the recommended
18 m per minute. It was commonplace to witness divers
ascending at two to three times this rate who, when ques-
tioned, would indicate they were travelling at the rate of
their smallest bubbles as they did on all of their ascents.
Telling peopleto follow the smallest bubbles as they come
up may not be the best advice one can give.

Danger s of buoyancy bubbles

As buoyancy chambers got larger, there were more
problems with rapid ascents. The development of larger
bladder configurations, which could hold abubble of gasin
avariety of positionsdepending on whether the bladder was
front mounted, back mounted, over the shoulder or around
the body, requires careful attention to the size of the bubble
sincelarger bubblesleadtolarger changesinbuoyancy with
changes in pressure.

Large bladders, with buoyancy potentialsupto 34.4
kg or more in some extreme cases, offer another potential
risk for divers with poor water skills, as the large bladders
can compensatefor significantly greater amountsof weight.
The diver could, by inflating or deflating the BC, move up
or down in the water column with considerable speed. No
longer wasthere the need to devel op surface diving skillsto
overcomethedlightly positive state which normally existed
onthesurfaceat the beginning of adivewherethediver was
properly weighted. “Push button diving” permitsthe diver
to constantly adjust buoyancy throughout the dive and the
ascent.

Unfortunately the management of alarge bubblein
abuoyancy compensation systemisinfinitely moredifficult
than the management of a small bubble if one is not,
unintentionally, to become positively buoyant during as-
cent. Ninety per cent of thefatalitiesin our areaover thelast
5 yearswere, in our opinion, overweighted. They also had
large buoyancy compensators. People are wearing 7 mm
wetsuits, with 11.8t0 12.7 kg of lead. Many of them insist
that ishow muchthey needto get down. That may besowith
some of the newer, thicker foam materials. A thicker suit
needs more lead to sink. But as soon as it goes down, the
bubblesin the suit compress and the diver becomes consid-
erably negatively buoyant. Wenolonger believethat oneis
correctly weighted for adivewhen onefloatswith the water
level with one’ seyesand if one exhalesonesinks. Now we
want our divers neutral at 3 m rather than on the surface.

Additional buoyancy does not create a major prob-
lemwhentackled properly. Anythingthat onedoes, putting
one’ sarms out to the sides, spreading one’'slegs or arching
one's back, will slow the ascent rate. All these will cause
one to rise at an angle rather than vertically, in which
positiontheascent rateisfaster. Butthey needtobeinitiated
early in the ascent to be most effective in ensuring control
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through the entire ascent. Ascent control isaprecautionary
skill that must be put into effect early and reinforced often
during the rise to the surface.

Jacket type compensators have loose arm holes for
easy entry. Wheninflated underwater thebubblerisestothe
highest part of the jacket. When ascending the bubble is
over theshoulderslifting thejacket up besidethediver’ sear.
During ascent, the diver may haveto reach up well over his
head to find the dump valveif it has floated free. Thereis
plenty of roomfor air to expandintheselarge compensators.
If adiver leaves 27 m with a partialy filled compensator
when he or shegetsto about 6 m the gaswill have expanded
to practicaly fill the buoyancy compensator and he is not
going to be able to stop.

Many people favour back mounted compensators
because they want to have the front open. They need to
understand that should they become unconscious, they will
float face down. Once | watched a man wearing a newly
purchased, back mounted compensator hanging off alineat
theend of thedive. Hegradually changed position. Hisfeet
came up and up. When he got horizontal, | recognised that
somethingwasgoingwrong. Heultimately went feetupand
ashedid, helet go of thelineand madean attempt to pull the
dump valve, which was located on the shoulder. Unfortu-
nately, thedump valvewasnow below theair bubbleand he
shot to the surface. Heembolized but not seriously. Hedid
not have the insight to manage his bubble. As a conse-
quence, he got himself into trouble.

Unfortunately the maority of the diversdo not have
good buoyancy skills. Most are buying equipment that will
give them alarge bubble and they do not take the time to
learntheskillsof how tomanagealargebubble. Diversneed
to be able to vent gas from buoyancy compensators as they
swim along. Around the world, we see people who put air
in the buoyancy compensator, which isabsolutely fine, and
then when they start to ascend they forget that they haveto
start venting early and often. When they get up to some-
where around 4.5 m, even if they start thinking about
venting air, inthetimeit will taketo initiate the dump, they
are going to continueto ascend and lose control. Accidents
occur when a diver loses control. If oneis able to regain
control, thenoneavoidsinjury, but onestill had the accident
but avoided injury. If one does not regain control, then one
can expect there is going to be injury.

The buoyancy compensator isasignificant problem
but it isnot the only problem. Drysuitswith large amounts
of gasarea sodifficult to control, and divershavedied after
becoming inverted and being unableto get head up again at
the surface. Drysuits must have a reliable rapid exhaust
valve which can be used effectively whether the individual
isinthehorizontal or thevertical position. Itisclear that the
dry suit manufacturers, and instructors, who are advocating
significant instruction prior to the use of the suit are provid-
ing fundamental knowledge and skill to the diver who
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wishes to use these devices. The American Academy of
Underwater Sciences (AAUS) has made it in as arequire-
ment, for scientific divers, to use a buoyancy compensator
with adrysuit, largely because of the problems associated
with trapping air in the legs and not being able to get back
into a upright position.

How to stay out of trouble

One should make it a routine to weight oneself and
deal with onesbuoyancy so that onewill be ableto comeup
slower than 18 m per minute. Sixty feet per minute doesnot
seem to create problems for most people. The recommen-
dation however isto slow down and come up at a reduced
rate, something of the order of 12 m per minute. This has
some advantages.

The safety stop that has been the largest single step
for safety that we have taken in the last few years. In my
view its purposeisnot to provide additional decompression
time. It doesand that isabenefit. The major benefit isthat
whatever a person’s ascent rate was, a stop close to the
surface means they are far more likely to be in control
throughthelast few metresof ascent. They arefar lesslikely
tohavethe BC expanding so rapidly that they will berushed
to the surface and into trouble.

Safe ascent recommendations

A recent workshop, conducted by the American
Academy of Underwater Scientists, published Safe Ascent
Recommendations®, with the comment that “It has long
been the position of the American Academy of Underwater
Scientists that the ultimate responsibility for safety rests
with theindividua diver. Thetime has cometo encourage
diversto slow their ascents’. Therecommendationswere:-

1 Buoyancy compensation isasignificant problemin the
control of ascents.

2 Training in, and understanding of, proper ascent tech-
niques is fundamental to safe diving practice.

3 Before certification, the diver isto demonstrate proper
buoyancy, weighting and a controlled ascent, including
a“hover” stop.

4 Divers shall periodically review proper ascent tech-
nigues to maintain proficiency.

5 Ascentratesshall not exceed 60 feet of seawater (fsw) or
18 m per minute.

6 A stopinthe3-9mzonefor 3-5minutesisrecommended
on every dive.

7 When using adive computer or tables, non-emergency
ascent areto beat therate specified for the system being
used.

8 Eachdiver shall haveinstrumentation to monitor ascent
rates.

9 Diversusing dry suits shall have training in their use.
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10 Dry suits shall have a hands-free exhaust valve.

11 Buoyancy compensators (BCs) shall have a reliable
rapid exhaust valve which can be operated in ahorizon-
tal swimming position.

12 A BCisrequired with dry suit usefor ascent control and
emergency floatation.

13 Breathing 100% oxygen above water is preferred to in-
water procedures for omitted decompression.

It was the consensus of the group that produced the
recommendations that, because there is no way to stop
people from using whatever equipment they want, divers
must learn how to to slow down their ascent rate and need
to be taught buoyancy control as a skill. They need to be
tested on buoyancy control and they need be to able to
demonstrate that they can hover in any position before
certification. This can be adifficult skill to learn.

Implicationsfor training

The implications for diving instruction are clear.
Thetraining agenciesaredoing afar better job than they did
in the past in getting their instructors to recognise that
buoyancy control has to be taught as a skill. Diving
instructors have to pay more attention to making sure that
their studentsare skilled in the management of whatever the
buoyancy system they are using. It takes time to develop
these skills. Divers must understand that the controls for
different buoyancy compensators work in different ways.
They should take a good look their buddy’s buoyancy
control system before adive to ensure that they know how
to dump gas rapidly from it if the buddy loses control and
startsfloating rapidly to the surface. Buoyancy compensa-
tionisatool and not a crutch.
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