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Bubble M echanics;
| mplications for
Safe Ascent

by David E. Yount, Ph.D.

Atypical decompression schedule for divers consistsofa
seriesof relatively rapid ascents interspersed with appro-
priate safety stops at progressively shallower depth. This
isaconvenientway of approximating, in practical situa-
tions, atheoretically more ideal profile, whichwould be a
smooth curve describing a gradual but continuous pres-

surereduction. The objective of such aprofile or schedule
istoallowtimeforgasdissolved inthebody toexitthrough
the lungs, thereby avoiding excessive supersaturation, the
formation of bubbles, and the onset of decompression
sickness.

Previousstrategies for decompressing humans have been

Figure 1 - Candidate nuclei found in agarose gelatin. From left-to-right top-to-bottom are phase-contrast, Nomarsky, dark-field,
and transmission electron micrographs.
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based mainly on trial-and-error in-
formed by past mistakes aswell as by
asetof unsupported algorithms and
assumptions, some of which are now
known to be wrong. Tables differ
widely, both in the duration of the
stopsandintheascentratesbetween
stops, with noapparent justification.
Under these circumstances, itmay be
useful totry anewapproach basedon
verifiable physical principlesand es-
pecially on the mechanics of bubble
formation.

Bubble Nucleation

Theoretically, bubble formation
should not occur in pure water until
the driving pressure exceeds 1,000
atm. This is very different from the
experimental situation inwhichordi-
nary samples of seawater, tap water,
orevendistilled water begintobubble
attensile, ultrasonic,orsupersatura-
tion pressures as small as one atm.
This thousand-fold discrepancy can
only be explained by assuming that
there are impurities, called "bubble
formation nuclei,” which are present
innearly allagueous mediaincluding
plantandanimal tissue.

Whatis the nature of these nuclei?
Numerous experiments have demon-
strated that thresholdsfor bubblefor-
mation can be raised by degassing or
by apreliminary application of static
pressure. Since solid or liquid nuclei
would notbe affected, these tests show
that nuclei must consist mainly of
gas.

The existence of stable gas nuclei,
like the early onset of bubble forma-
tion, istheoretically very surprising.
Gasphaseslarger thanonemicronin
radius should float to the surface ofa
standing liquid, whereassmallerones
should collapse in less than one second
duetosurfacetension. Toresolvethis
dilemma, anewmodel, called thevary-
ing-permeability or VP model was in-
troduced.

The essence of the VP model is that
bubble formation nuclei consist of
spherical gas phases (tiny bubbles)
that are small enough to remain in
solution via Brownian motion and
strongenoughtoresistcollapse caused
by surface tension. The mechanical
strength of these objectsis provided by
an elastic skin or membrane com-
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posed of surface-active molecules,i.e.,
molecules like those found in soaps
and detergentswhich are attracted to
aliquid-gasinterface and reduce sur-
face tension. Like the thinfilmsthat
surroundsoap bubbles, VP skinsare
normally permeable to gas, but can
become effectively impermeable when
subjected to large increases in pres-
sure, typically exceeding eightatm.
Figure 1 is a photomontage of
microbubble nuclei found in agarose
gelatin. From lefttorightare phase-
contrast, Nomarsky or interference-
contrast, darkfield, and transmission
electron micrographs. The largest
nuclei in each case have radii on the
order of one micron. The structures
identified as nuclei with phase-con-
trastand Nomarsky micrographs, the
shadowing of the nuclei is opposite
that of the surrounding gelatin, im-
plying that nucleiare spherical cavi-
tiesrather than solid or liquid impuri-
ties. Thisinference hasbeenverified
bydirectmicroscopicobservationsthat

nuclei subjected to changes in pres-
sureexpandor contractinthe manner
expected.

Near the center of the phase-con-
trast micrograph in Figure 1 are two
osculating nuclei, thatis, two nuclei
thatare justbarely touchingand ap-
pear to be spherical in shape at the
point of contact. Binary nuclei have
also been photographed in distilled
water. The fact that there binary
nuclei in nature and that binary nu-
cleiarestable provide further evidence
thatindividual nucleiareenclosedin
gas-permeable skins.

The idea is that permeable skins
allow each nucleus to reach diffusion
equilibriumwith thegasdissolvedin
the surrounding liquid. Since both
membersofabinaryconfigurationare
indiffusionequilibriumwiththesame
liquid and one another, they retain
their gas contents and relative size.
Thissituationdoes nothold for binary
soap bubblesin air, where it is well-
known thatthe smaller member of the
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Figure 2 - VPM and USN profiles for a 60-min. dive to 200 fsw. Calculations
suggest that the longer "first pull" of conventional tables results in a larger
supersaturation, a larger bubble number, and a larger total volume of released gas.
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pairwill loseitsgastothelarger. The
factthatnucleioccur indistilled water
suggests that they probably can be
found inalmostany aqueous medium
including blood and tissue.

CalculatingDiving Tables
Theoretical curvesarecalculatedin
the VP model by tracking the changes
in nuclear radius that are caused by
increasesordecreasesinambientpres-
sure. Thisisfacilitated by the"order-
ing hypothesis"which states that nu-
clei are neither created nor extin-
guished by a pressure schedule and
theinitial ordering accordingtosizeis
preserved. Itfollowsthateachbubble
countisdeterminedbytheproperties
of a single critical nucleus, since all
nuclei with larger than critical radii
will form bubbles and all those with
smaller than critical radii will not.
Themain propertiesthatgointosuch
a calculation are the radius of the
nucleusandthecrumblingstrength of
its skin. The main scientific prin-
ciplesare the diffusion equation and
Boyle's law.
Intheearliestapplicationsof the VP
model to decompression sickness, it
was assumed that tables which pro-
duce the same number of bubbleswill
yield the same degree of safety, aone
percentincidence rate for bends, e.g.
This hypothesis works very well for
thatclassof divesforwhich the bottom
timeis long. For shorter exposures,
however, constant bubble number
must give way to a "critical volume
hypothesis," thatis, totheassumption
thatitis the volume of free gas accu-
mulated in bubbles which must be
held constant if the desired degree of
safety istobe maintained.
Thecritical volume hypothesis per-
mits more bubbles to form on the
longer ones, because thereislesstime
forthemtogrow. Ifthedecompression

strategy isworkingcorrectly, theend
result will be the same, namely, the
totalvolumeoffreegasandthedegree
of safety will be constantfor all of the
tables produced in thisway.

A feature of this application of the
critical volume hypothesis is the as-
sumptionthatbubbles presentinthe
venous blood are efficiently trapped
anddissipatedasfreegasbythelungs.
Meanwhile, dissolvedgasinthetissue
iscontinuously coming outof solution.
Becausegasissimultaneously leaving
andentering the gasbubble phase, the
term "dynamic critical volume hy-
pothesis"hasbeenused.

With the dynamic critical volume
hypothesis, the VP model canserve as
the basis for a "global theory"” which
describes the entire range of decom-
pressionexperiencewiththesamesmall
set of parameter values. Included
among the applications tested so far
are no-stop decompressions, satura-
tiondives, repetitive dives, both nitro-
gen and helium gas mixtures, and
altitudebends.

Global theories have the advantage
that they can be tested globally, that
is, by bringing tobear the full statisti-
cal weight of all of the diving lore
available, including other tables. Glo-
bal testingalsotakesadvantage of the
principle of leverage; effects which
wouldbedifficulttodetectoverasmall
range of depths, durations, or dive
situations may become quite pro-
nounced when that range is large.
Oneexampleofthisistheincreasein
bubble number that occurs in going
from saturation dives to no-stop de-
compressions. Another is the wide
range of tissue half-times that must be
usedinanyglobal model, regardless of
whether thesetissuescan be identified
with specific organs or sites in the
body.
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Ascent Rate

Incalculating diving tables with the
VP model, itisassumed, following the
U.S. Navy, that descent and ascent
ratesare 60 ft./min. Asillustratedin
Figure2,the 3.33minutesrequiredto
reach 200 fsw are counted as part of
the bottom time. The maindifference
inthese tablesisthe deeper firststop
for VPM, 130 fsw versus 60 fsw for
USN. Itisbelieved on the basisof VP
model calculations that the longer
"first-pull” of conventional tables re-
sults in a larger supersaturation, a
largerbubble number,and ultimately,
in a larger maximum volume of re-
leasedgas.

Focusing now on the ascent rate
used between stages aswell asonthe
first pull, one can ask whether there
areany limitsonthat rate which can
be determined from the VP model.
The short answer is no. More pre-
cisely, one can begin with widely dif-
ferentascent rates, and the VP model
canstill be usedtocalculate areason-
able set of tables. It is no surprise,
therefore, thatrates ofascentasslow
as 20 ft./min. and as fast as 510 ft./
min. have beenreported.

Insummary, the VP Model and the
discovery of microbubble nuclei have
provided a newway of addressing the
problem of safe ascent following expo-
sure to high pressure. With further
work, it may someday be possible to
describeall decompressionexperience
with a single global theory based on
the mechanics of bubble formation.
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