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ABSTRACI

In the past, the underlying processes of nucleation and growth of
gas phases in vitro and in vivo have been poorly understood., The
present decompression schedules for humans have thus evolved from
unsupported assumpticns, some of which have been shown to be wrong.
Although ad justed by trial and error, these diving tables are neither
optimal nor entirely safe. To the population at risk, the cost of
empirical investigation has been high and is still being paid.

During the last several years, significant progress has been made
in elucidating the bubble-nucleation phenomenon in aqueous media.
According to the varying-permeability model, cavitation nuclei consist
of spherical gas phases that are small enough to remain in solutionm, -yet
strong enough tb resist collapse, their stability being provided by
elastic skins or membranes consisting of surface-active molecules. By
tracking the radial size of bubble nuclei during changes in ambient
pressure, the model has provided precise quantitative descriptions of
bubble-counting experiments in gelatin, It has also been used to trace
levels of incidence for decompression sickness in several animal
species, including fingerling salmon, rats, and humans. More recently,
- bubble nuclei have been observed directly in distilled water, gelatin,
and blood using a variety of microscopic techniques,

This work details the application of the varying-permeability model
to the problem of decompression sickness through the construction of a
prototypal set of decompression schedules., These schedules were
generated by a short computer program based on the model equations.

Once initialized with a group of tissue half-times and four free




vi
parameters selected to optimize decompression safety and speed, the
program was used to calculate air diving tables for depths ranging from
30-300 fsw, requiring only the corresponding depth excursions and bottom
times as input. Following the reevaluation and readjustment of the
program and the model parameters, a similar set of decompression
schedules for helium dives was produced.

Chapter I contains a “~ief introduction to the varying-permeability
model and presents several jertinent equations, with ample references to
the original work. Chapter II details the supplementary assumptions
required to generate decompression schedules. The model constants are
defined and the free parameters are adjusted to accommodate air dives
in Chapter III, where extensive comparisons are made between the VPM_

. predictions and current air tables, The theoretical extension of the
model to include helium dives is considered in Chapter IV, and in
Chapter V the ?PM helium tables afe compared with their USN counterparts
and with data from several other sourc:c:, F. ally, Ci.:pter VI provides
an overview of the operation of the computer program and relates the

model equations to the sample program listings given in the appendices.
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PREFACE

The new decompresaion methods contailned in this work are the result
of ongoing research at the University of Hawaii into the phenomena of
cavitation in general and gas nuclel in particular. Affectionately
nicknamed the "Tiny Bubble Group," the research team has seen many
participants over the vears, each of whom has made some contribution to
the varying~permeability model or the assoclated table calculations.
However, the author is solely responsible for any shortcomings in the
material contained herein. Tt cannot be over-emphasized that the VPM
air and helium tables are theoretical in nature, have never beén tested
using human subjects, and are not intended for general use by the diving
community. It is our hope that their dissemination will provide added
insight and point out new directions in studying the decompression

problem,




CHAPTER I

A, INTRODUCTION

Decompression sickness is caused by a reduction in ambient pressure
resulting in supersaturation and the formation of gas bubbles in blood
or tissue. This well-known disease syndrome, often called "the bends,"
is associated with such mo ~rn-day activities as deep-sea diving,
working in pressurized tunnels and caissons, flying at high altituues in
unpressurized aircraft, and EVA excursions from spacecraft. One
striking feature is that almost any body part, organ, or fluid can be
stricken, including the skin, muscle, brain and nervous tissue, vitreous
humor of the eye, and bone., Medical signs and symptoms range from _
.itching and mild tingling sensations to crippling bone necrosis,
permanent parélysis, and death. |

The generality of the symptoms of decompression sickness [1] and
the fact that humans are comprised mainly of water suggest that the
problem of bubble formation in divers may have a simple physical
solution. Since bubble formation occurs in nearly all aqueous media, it
can be studied in whatever substance is most convenient, The choice for
an original series of experiments performed at the University of Hawaii
was unflavored Knox gelatin, which is transparent and holds bubbles in
place so that they can be counted and measured {2-7]. Distilled water,
sea water, agarose gelatin [8], infertile hen's eggs [9], and blood have
been used in subsequent experiments.

The main outcome of this line of investigation has been the

development of the varying-permeability model (VPM), in which cavitation




niclei consist of spherical gas phases that are small enough to remain
in solution yet strong enough to resist collapse, their stability being
provided by elastic skins or membranes consisting of surface-active
molecules [10]. The VPM skins are ordinarily permeable to gas, but they
become impermeable when subjected to large compressions.

The varying-permeability model has provided accurate quantitative
descriptions of several bubble-counting experiments carried out using
supersaturated gelatin as the medium [5-7]. The model has also been
used to trace levels of incidence for decompression sickness in a
variety of animal species, including fingerling salmon, rats, and humans
[11,12]}. Recently, microscopic evidence has been obtained [13-15] which
indicates that spherical gas nuclei-~the persistent microbubbles -
hypothesized by the varying-permeability model-—actually do exist and
have physical prbperties consistent with those previously attributed to
them [5—7,1d]. Nuclear radii, for example, are found to be on the order
of one micron or less, and their number density decreases exponentially
with increasing radius [5-7,10]. This exponential radial distribution
is believed to be a signature of VPM nuclei in thermodynamic
equilibrium, and it-has been derived from statistical-mechanical
considerations [16].

The latest step in the application of the varying-permeability
model to decompression sickness has been to calculate comprehensive sets
of air and helium diving tables and to compare them with other tables
now in use, No claim is made for the validity of the diving schedules
listed herein, particularly the V¥PM schedules, which have never been

directly tested using human subjects.




A promising feature of this new approach is that it provides
sensible prescriptions for a wide range of diving situations, yet it
employs only a few constant parameters and is easily implemented. While
many of the VPM schedules described herein were calculated on a DEC
VAX-11/780 minicomputer, the program has been expressly designed for
microcomputer operation, and the original FORTRAN program has been
rewritten using simple BASIC instructi- s, However, for a BASIC
interpreter the.execution time requirer o complete a single
decompression schedule may vary from several minutes to several hours,
and compilation is recommended. In general, longer schedules require

more processeor time,

B, THE VARYING-PERMEABILITY MODEL

Experimental évidence suggests that bubble formation in aqueous
media is initiated from preexisting gas nuclei. Ordinary samples. of sea
water, tap water, or even distilled water form visible bubbles when
subjected to supersaturation pressures as small as one atmosphere. This
is three orders of magnitude below the theoretical breaking strength of
pure water and implies that cavitation must be initiated by something .
other than modest changes in pressure and the random motions of
molecules [21,22]., Several experiments have demonstrated that
cavitation thresholds can be raised by degassing the sample or by
subjecting it to a preliminary application of static pressure [23,24].
These are specific tests for stable gas-filled nuclei. It is surprising
that such nuclei exist, since small bubbles (of radius less.than one

micrometer) should rapidly dissolve under the effect of surface tension,




while larger ones should float. Several mechanisms for the
stabilization of gas nuclei have been proposed and subsequently
dismissed [25], but the one presented here, the varying-permeability
model, remains viable.

According to the VP model, bubble formation nuclei are gas cavities
embedded in aqueous media and surrounded and atabilized by skins of
surfactant molecules [10}. The model does not track continuous changes
in the nuclear permeability, but instead assumes that the skins are
either permeable or impefmeable to gas transfer. More precisely, skins
become impermeable only when subjected to large compressions, typically
exceeding eight atmospheres. For smaller compressions and during all
decompressions, they are assumgd to remain permeable. Since the -
equations desgribing the two regimes are somewhat different, a smooth
transition must be made between them as the maximum compression pésses
through the changeover point. The experimentally-determined pressure
differential of 8.2 atmospheres [10] has been designated as that point
and is one of the model constants. Thus, most of the VPM tables
(excursions shallower than 270 fsw) have been calculated using the
equations describing the permeable regime, The deepest tables require
some use of the impermeable equations but are a modest theoretical
extension of their shallower counterparts.

The derivations of the original VPM equations have been previously
published [7,10,25), and several of those results will be presented here
without proof. It will remain, then, to derive from this basis the
final equation for the allowed supersaturation as required by the

decompression program. In the following section, we obtain a




preliminary relationship between the model equations and the allowed
tissue supersaturation. In Chapter II, several equations which
supplement the decompression criterion are developed: the allowed
supersaturation is augmented by the dynamic critical-volume hypothesis,
a perfusion-limited equation is used to describe the exponential uptake
and elimination of gas by the controlling tissue, and the regeneration

of crushed nuclei is cons- ‘ered.

'C. THE MODEL EQUATIONS

During a rapid compression from an initial ambient pressure Po to
some 1ncreased pressure Pm (Fig. 1), each included bubble nucleus is
subjected to a "crushing™ effect which decreases its radial size. This
results in an increased tolerance to supersaturation since smaller
nuclei will form macroscopic bubbles less readily than larger ones. The
greater the crushing pressure.Pcrush, the greater the supersaturation
required to form a given number of harmful bubbles. There is another
way to characterize the data: for any pressure schedule, all nuclei
which are initially larger than some "critical” radius r, will grow to
form macroscopic bubbles, while the rest will not.

The first of the varying-permeability model equations relates the
crushing pressure Pcm‘Elh to the corresponding change in the critical
radius from T, to L At the onset of decompression, T characterizes
the smallest nucleus which will produce a macroscopic bubble, just as r,
did prior to crushing. For the permeable compression from P0 to Pm’ we

have [10]
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Porush = Fo = Po = 20vo - M/ - 1/r ) (1.1)

where Y is the surface tension and Yc is the "crumbling” or maximum com-
pressicnal strength of the surfactant skin. When Pm exceeds the
changeover point P* (9.2 atm abs), the equation appropriate to the
impermeable region must be used, and for the impermeable compression

*
from P to Pﬁ, we have [10]

*

* * * * 3
Perush = Fa =P =200 - MW/, - 1/r) + P + 2P+ P (r /r)°, (1.2)

where

r o (PP )/2(¥gy) + U/r 17! (1.3)

is the radius of the critical nucleus at the onset of impermeability,-
* *
found by replacing Pm and rm-with P and r in Eq. (1.1).

The allowed éupersaturation is given by [7]-

Pog = Pg = Pg = 20¥/v)(y - /e, (1.4)

which can be solved by rearranging Eqs. (1.1) and (1.2) to obtain

values for e The result is

o = [Popuan/200e™) + 1/, 17! (1.5)

o crush

for the permeable regime, while for the impermeable regime one must
solve the cubic equation,

£ - vyl - (PO/c)r*3 =0 (1.6)

with

* * *
¢ =P . p - P +2P + Z(YC—Y)/r . (1.7)




The golution is found in standard mathematical tables:

p = - 2(Ye=n)/e (1.8)
q = - Por*B/c , (1.9)
a=-p3 , (1.10)
b= (2/27)p° + q (1.11)
A = [-b/2 + (b¥/4 + a3V (1.12)
B = [-b/2 - (b%/4 + 23721/ 213 (1.13)
r = A+B-p/3 . (1.14)

The cﬁb{c equation has two additional rooﬁs, but it can be shown that
they are always neéativé or imaginary, given realistic values for the
model parameters. To attempt a more explicit solution for n is
impractical, thus the above equations have been inserted directly into
the computer program.

It has been shown that the allowed supersaturation can be found
for any rectangular pressure schedule by specifying only three
parameters: Y, Yo and Toe In addition, it is a feature of the model
that the supersaturation is dependent only upon the ratios Y/Yc and
Y/ro. Thus there is some flexibility afforded in selecting absolute
values for v, Yc, and T, Also, by specifying the given ratios
instead, the number of free parameters can be reduced from three to
two. As will be shown, the critical-volume hypothesis and nuclear

regeneration require one free parameter each, for a total of four.




CHAPTER II

A. THE CRITICAL-VOLUME HYPOTHESIS

In previous applications of the varying~permeability model [11,12],
the number of macroscopic bubbles evolved during decompression was used
to quantify decompression stress, Schedules which produced the same
number of bubbles were assumed to cause the same decompression
liability. This method worked remarkably well for rudimentary schedules
and outcomes, such as pressure excursion limits and injury versus
no=injury situations. The first VPM tables (unpublished) were thus
based on the assumption that the body could accommodate a certain number
of bubbles. The bubble number was equal to the number of nuclei -
initially present with radii lérger than some critical radius T and
the allowed supersaturation was calculated using Eq. (1.4). This
method generated schedules th- ' were quite reasonable for lengthy dfves
but failed in the case of sho. r dives, where it required excessive
decompression times. In particular, satisfactory no-stop limits could
not be produced concurrently with saturation dive schedules using the
same nucleation parametera. The no-stops were "too safe" because the
bubble number was being limited by the saturation dives.

It is known that tables currently in use often allow many bubbles
to form during decompression. These can be detected by Doppler
monitoring [26]. Apparently, the body can support some bubbles without
outward signs of decompression stress., Of course, the long-term
effects of repeated exposure to such bubble formation remain undefined

and, perhaps, unsuspected, Among the many possible scenarios are an




10
increased incidence of osteonecrosis and "punch-drunk™ behavior in
divers, attributable to the chronic random destruction of cells in brain
and bone., The incidence of macroscopic bubble formation in human blood
or tissue can no longer be ignored in the creation of decompression
tables: merely avoiding the bends may not guarantee diver safety.

The "primary" bubbles formed directly from nuclei may lead to
"secondary” bubbles via fission [27] in blood or by the creation of
"rosaries" in the interatitial spaces of the firmer tissues {28]. Since
tissue deformation and impairment of circulation should depend upon both
the size and the number of bubbles, it seems plausible that the total
volume of evolved gas would serve as an effective criterion [29]. This
would permit the formation of many small bubbles or of very few large
ones. The "constant-bubble-number™ hypothesis has thus been replaced by
the "critical-volume™ hypothesis and the number of bubbles has been
allowed to fluctuate accordingly. For shorter total decompression
times, bubble nuclel have little time during which to inflate. The
permissible critical radius is then smaller and the allowed super-
saturation larger, resulting in many small bubbles. Conversely, during
long decompressions, bubbles may grow very large, so only a few are
permitted. Because the number density and size distribution of nuclei
in vivo are unknown, the tabdle calculations are based upon an iterative
procedure which does not explicitly determine the number of bubbles or
the volume of released gas,

The original safe-ascent criterion was based on Eq. (l.4) and gave
lines of constant bubble number (Fig. 2) [6] which were associated with

lines of constant decompression stress, Our latest revision alters that




Fig. 2 - Plot of supersaturation versus crushing pressure for various
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12
criterion by augmenting the allowed supersaturation. This 1s accomp-
lished by permitting the gas phase to inflate during decompression,
under the constraint that the total volume of free gas never exceeds
some critical value VC' The rate at which the gas phase inflates is
assumed to be proportional both to the number of bubbles in exceas of

the safe-ascent criterion and to the new supersaturation,

p‘;:"(t)(nne ~N .y =xV , (2.1)

w safe

where ¥ is the constant of proportionality, The total volume of released

gas must remain below VC and can be found by integrating Eq. (2.1),

t new
Io Pss (t)(Nnew B Nsafe)dt = XVo - (%‘2)

‘In this case, the integral must reach its maximum value at time te 8o as
not to exceed the volume VC' Since the bubble numbers are constant
after the first decompression step, they are independent of time. The
new decompression criterion is then
t
(Noew = Nsage) Ioc P::"(t) dt = xVo. . (2.3)

new

Adopting a form for Pss

which 1s positive definite and letting the
time tc go to infinity is one way to guarantee that the integral is
maximized. It 1s therefore assumed that szw remains constant during
the decompression time tp and decays exponentially thereafter. In
practice, the supersaturation will eventually become slightly negative,
since humans equilibrated at atmospheric pressure are inherently

unsaturated by some 54 mm Hg [30]. Unfortunately, the time at which the

integral would reach its maximum under those conditions is unknown, The
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assumed form of P;:“ 13 conservative, since the true value will he a

little lower, and the net volume of free gas will be somewhat less than

VC' The integral and its solution are
(N ~-N ){ftD P2V 4t + fw PP¥ exp[(t.-t)/H 1dt} ,
new safe’‘'o "33 t, s D
= (Nnew - Nsafe) P::w (tD + H*) = XVC ’ (2
where P::"lr i+ < a constant, i - H/ln 2 is the exponential time

constant, ana a is the half-time of the controlling tissue.

The new supersaturation criterion ig thus
ew *
P:s = XV / (Npoy Noaged(tp + B (2.5)

The radial distribution o6f bubble nuclei has been found to follow a
decaying exponential function (Fig. 3) [15] in several in vitro studies
[5-7,16,13—151, and it is reasonable to assume that a similar

distribution exists in vivo. The number of bubbles formed is [:

N - No exp(—BoSro/ZkT) (2.6)

safe

for the original safe-ascent ¢riterion and

new :
Hnew = No exp(-BoSro /2kT) (2.7)

for the new augmented supersaturation, where No is a normalization
constant, BO = z(YC-Y)/rb is determined from the model parameters, S is
the effective surface area of one surfactant skin molecule in situ, rgew

is the size of the smallest nucleus that contributes to the new bubble

number, k is the Boltzmann constant, and T is the absolute body
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temperature, The difference in the bubble numbers can then be written

- N

Noew = Moate = N [exp(-B Sro""/2kT) — exp(-B Sr_/2KT)]. (2.8)

If the exponential arguments are small, this simplifies to

- N

- new nevw

The last approximation is questionable, since the values of the model
parameters are neither fixed nor known, If the approximation is not
valid, the bubble numbers would simply correspond to a linear nuclear
size distribution rather than the linear (small exponent) regime of an
exponential distribution,

Bqs. (1.4) and (1.5) can be combined to give

PALe & 2v(vg - V/Yar, + VP on (2.10)
and
P::w = 2Y(YC - Y)/Ycrzew + (Y/YC)Pcrush * (2.11)

Although Bq. (i.5) applies strictly only to the permeable regime, it
varies little (less than 3%) when Compared to the impermeable cubic

- equation at the maximum Pcrush (largest deviation) encountered. It is
therefore reasonable to use Egs. (2.10) and (2.11) to simplify Eg.

(2.9). The corresponding radii are

safe p
ss crus

ro = 2Y(vg = M)/ {xclP RY/ Y21} (2.12)

and

1o = 270 - MIYGIPLST = Pl n (VYD) (2.13)

ss  crus




Inserting these results into Eq. (2.9), we obtain

- N = [BONOSrO/ZkT](pgz' - P::fe)

Nnew safe ' (2.
P::w = (Ye)Peryan
The new supersaturation given by Eq. (2.5) is
pRev . 2xVCkT [p::w - (Y/YC)Pcrush] . (2.
= N 8 St (ty+ H )(PISY - poate)

which can be expressed in the standard quadratic form

2

new new

(Pss )y - b(Pss ) +ec=0, (2.
where

safe * .
b f P + af(tD+-H ) (2.
*®

¢ = (YYQP, puenl® (gt HDT (2.
and

Q= 2x?CkT/NoBOSrO = xVCkT/No(TC-Y)S . (2.
Quantities such as ¥, S, Vc, No, Nnew’ and Nsafe are, of course,

absorbed into the third free parameter a and are never explicitly

determined. The solution for the new allowed supersaturation is
P o b+ (b7 - 4e0)t )2 .

which has been inserted directly into the computer program. However,
since tp depends on Pzzw, Eq. (2.20) must be iterated to convergence,
evident when two successive calculations give virtually the same total

decompression time tD'

16
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15)
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19)

20)
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B. TISSUE TENSICN
The allowed tissue supersaturation provided by Eq. (2.20) must be
converted to an allowed depth before a decompreasion step can be made,
So long as the difference between the tissye tension t and the ambient
pressure Pamb does not exceed that allowed supersaturation, the critical
volume of free gas will not be exceeded. The constraining relationship

is therefore
TW(e) ~ P (t) s p::‘ , (2.21)

where the equals sign is adopted to minimize the total decompression
time, If the time scale for equilibration of the body with the
breathing gas is short compared to the rate of change of depth, the
ambient pressure will correspond to the current depth of sea water. The

ascent criterion is then
D,(t) = T(t) - ngw , (2.22)

in which Da is the allowed depth. Once.the tissue tension is known as a
function of time, Eq. (2.22) will provide the exact depth requirements.
However, since ascents are normally made in stages rather than
continuously, the computer program adjusts Da in even increments (of 10
fsw) and solves for the elapsed time instead.

The tissue tension calculation is based upon a perfusion-limited
rate equation [31],

dr(e) _ k[P () - t(v)] , (2.23)
dt

where k = (In 2)/H and H is the tissue half-time. The partial pressure
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Pa of a single inert gas in the breathing mixture is assumed to be
proportional to the ambient pressure Pamb’ where F is the constant of
proportionality, The fraction of nitrogen is fixed at F = 0,79 in all
the air-table calculations, Oxygen, carbon dioxide, and water vapor
will be taken into account shortly. The rate equation is then

g:gtz - k[FPamb - 1(t)]

or

. (2.24)

amb

dr(t) + k t(t) = kFP
dt

The homogeneous solution to Eq. (2.24) is of the form

T(t) = AeKE | | | C (2.29)

The change in the total ambient pressure during any linear
(constant velocity) depth excursion from an initial pressure PO iz given

by

Pomb = Po + V8 (2.26)

[]

where v has the units of fsw/min and t i{s the duration of the excursion
in minutes. Inserting Eq. (2.26) into Eq. (2.24), we find that the

particular solution to the rate equation is
t(t) = F(Po + vt - v/k) . (2.27)

The complete solution is the sum of the homogeneous and particular

solutions, or
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k

T(t) = AeT™F 4 F(P_ + vt - v/k) . (2.28)

To evaluate the constant A, we assume that the excursion begins at time

t = 0 and at depth P = P . This yields
am o

b
T(0) = A + F(P_ - v/k)
or

A=1(0) - F(Po - v/k) . (2.29)

Using the above equations, we may ingert any arbitrary starting
depth Po with its corresponding tissue tension T(0) and calculate the
tissue tension as a function of time, even if there is-no excursion
(constant depth). To describe the various bodily tissue types, fixed
half-times for some fifteen tissue compartments have been included
(Fig. 1), raﬁging {(for nitrogen) from one minute to twelve hqurs'
(31,32,41,51-55], They are intended to span the full range of diving
experience, from no~stop decompressions to saturation dives, Of these
tissue half-times, one will be found to yield the greatest teansion via
Eq. (2.28) and is thus said to be "controlling" the ascent through Eq.
(2.22). The half-times of the controlling tissues tend toward larger
values as the elapsed decompression time increases,

Oxygen, carbon dioxide, and water vapor have been treated as a
grbup labeled "active" gases. The details of their treatment have
already been published [30], so only a brief statement is presented
here. The contribution of the active gases to the inert gas tension can
be found by subtracting the "oxygen window" (Fig. 4) from the inspired

oxygen pressure, The oxygen window calculation is based upon the
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inhalation of "dry" air containing no carbon dioxide, using the normal
values of 47 mm Hg for water vapor pressure and 40 mm Hg for the
arterial carbon dioxide pressure. A remarkable fact is that the result
of the subtraction is very nearly constant at 102 mm Hg until the oxygen
partial pressure reaches about 1500 mm Hg., The active-gas contribution
to the iner; gas tension has therefore been set at 4.43 fsw (102 mm Hg)
for O2 pressures below 1500 mm Hg, and at 4.43 fsw plus the excess
oxygen partial pressure (inspired pressure less 1500 mm Hg) for higher
02 pressures, For 02 partial pressures above 360 mm Hg, care must

be exercised to guard against oxygen toxicity.

C. NUCLEAR REGENERATION . -

As 1llustrated in Fig, 2 [6], samples of knox gelatin display
increased resistance to bubble formation following the rapid application
of a crushing pressure [5-7]. The same effect occurs in vivo, as can be
seen in Figs. 5 [11] and 6 [30]. The larger the exposure pressure, the
fewer the bubbles that form with the same allowed supersaturation during
decompression. The varyiang-permeability model dictates that bubble
nuclei are "crushed” by the mechanical strength of the initial
compression and that the number of nuclei larger than the critical
radius decreases. Surfactant molecules are forced out of the nuclear
skin into solution, perhaps into a "reservoir™ just outside, where they
remain available to retake their old positions.

The equilibrium exponential radial distribution of bubble nuclei
has been derived from statistical-mechanical considerations, and it has

been shown theoretically that a nuclear population, once crushed, is
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capable of stochastically restoring that distribution [16].. The time
constant for such "nuclear regeneration" is assumed to be comparatively
long, ranging from several hours to days or weeks, One implication is
that divers might become "acclimated" by diving regularly and depleting
the nuclear population, only to contract the bends when returning after
a leave of absence, since this population has regenerated and decreased
their decompression tolerance., Another situation is that of lengthy
saturation dives, such as the Tektite l4-day exposure at 100 fsw. Any
beneficial effect provided by crushing may have been "forgotten" prior
to returning to the surface, In order to accommodate qhe phenomenon of
nuclear regeneration, the computer program has been designed to track
nuclear growth continuously fo}lowing the initial compression. This is
accomplished by allowing the minimum nuclear radius r, to evolve
gradually back into the original critical radiqs L, The time-

dependence is approximated by the exponential relation
rm(t) = rm(O) + {1 - exp(-t/rr)} [ r, - rm(O) 1 . (2.30)

The time constant T, is the fourth and last of the free parameters
used to calculate the VFM tables. It may be argued that some of the
model constants, such as the impermeability threshold or the tissue
compartment half-times, have been arbitrarily selected and therefore
should have been included in our list. However, each of those constants
was presumably fixed prior to the application of the model to the
construction of diving tables, whereas the four variable parameters were
optimized to "tune" the output to the body of available data on safe

ascents. No variable or constant (other than the excursion profiles)
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needs to be added or changed to calculate any of the literally thousands
of VPM air and helium schedules represented in this work, or any new
schedule within the same range, It is the physical model which
facilitates our table calculations, not the inclusion of "hidden”
parameters, and it is a notable feature of the nucleation
approach—evident already in this naive formulation—that the usual
proliferation of free pa 1eters (e.g., M-values) can be avoided.

Very little has bee 3aid about the physiological processes which
presumably underlie the mathematical equations in this chapter.
Obviously, oxygen and carbon dioxide were taken into account, and
typical ranges for the tissue half-times were assumed. However, no
distinction was made between "fatty, loose tissue™ and "watery, tight
‘tigsue™ [29], nor was it explicitly stated where the bubbles form or how
they grow, muitiply. or are transportéd. Finally, nothing was said
about such factﬁrs as solubility, diffusion versus »erfusion, tissue
deformation pressure, or rissue-specific differences in surface te sion.
Since all of the omitted items are not well understood, at least in
vivo, the main effect of attempting to take any of them into account
would be to increase the number of free parameters. For example, this
number could be doubled simply by assuming a different set of nucleation

parameter values for aqueous and lipid constituents.
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CHAPTER III

A. ADJUSTING THE FREE PARAMETERS FOR AIR DIVES

The application of the equations in Chapters I and II to the
problem of decoumpression sickness requires more than juat a computer
program., The absolute values of the four adjustable parameters are
unknown, yet they determine the nature and safety of the program output,
Indeed, the resultant tables can be "tuned" from overly-safe,
excessively-long decomp}essions te short, lethal ascents, How, then,
does one calibrate the free parameters?

The answer lies in the fact that, once adjusted, the parameters
remain fixed throughout the whole range of table calculations. This
allows a two—dimenéional global decompression map of ascent times
versus bottoﬁ times for_constant'depfhs to be calculated and super-
imposed upon similar lines of constant depth for existing tables.

The total ascent times are used because the VPM decompression profiles
vary systematically from their USN and RNPL counterparts, as will be
discussed later in this chapter.

In principle, only four separate points (not all on one line) would
be sufficient to completely specify the shape and position of the entire
map. However, the asceat times for equivalent exposures may vary by as
much as a factor of two between sets of tables created by different
authors, Given the possibility of large errors, the use of only four
points might have disastrous results, For that reason, we have chosen
to try to match the entire range of decompression data. The uncertainty

associated with the data points precludes the straightforward
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application of a least-squares analysis, but a "reasonable” fit can be
obtained by matching those points thought to be the safest and ignoring
those which are known to have produced many bubbles or bends. In
general, our approach has been conservative, and it emphasizes safety
rather than speed.

After the final program adjustment, our first free parameter, the
ratio Y/Yc, was found to be equal to 0,697, To incorporate Hills'
estimation of the surface tension for lipids in fatty and aqueous
tissues in vivo [33], we have arbitrarily set y equal to 17.9 dyn/cnm,
resulting in a value of 256.9 dyn/cm for Yoo The second parameter,
Y/ro, was found to be 2,238 x 105 dyn/cm, corresponding to 0.80 um for
L. In preliminary calculatiqns. the variable A was used to quantify-
the supersaturation augmentation. The final derivat;on uses the
parameter a, which is related to A by the equation a = (Y/YC)A. The
adjusted values of o and A are 523 faw-min and 7500 fsw-min,
reaspectively. Finally, the last parameter T, was set at two weeks
(20160 min) to allow for some regeneration during saturation dives.
However, the time required for regeneration may vary widely between
physically-different systems and is the subject of current research.

Once the above parameters were determined, a complete set of air
decompression tables was generated using the FORTRAN computer program in
Appendix 1., The only input required was the depth and bottom time for
each excursion, Further modification of the four free parameters (for
air dives) should not be necessary unless a particular range of diving
schedules is found to be unreasonable or new physiological data becomes

available,
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B. A COMPARISON OF THE vPM, USN, AND RNPL NO-STOP LIMITS FOR AIR DIVES

One of the reasons for augmenting the allowed supersaturation was
to accommodate those no-stop decompression limits which were thought
to be safe, while keeping the same free-parameter values used for all
the other air schedules. As given by Eqs. (2.16-2.20), the augmentation
18 larger for those dives with smaller total decompression times and
therefore is the largest for the no-stop decompressions. The
resultant VPM no-stop limits are listed in Table 1, along with similar
data from the USN [19] and RNPL [20] air tables.

Even though some bubble formation has been permitted, the actual
volume of released gas is expected to be smaller for the more
restrictive VPM limits than for their USN counterparts. The VPM and -
RNPL predictions match almost exactly, which is quite reassuring sincg
the VPM no-stop limits were not calculated until after the final |
adjustment of the four free parameters. In other words, the RNPL no=-
stops were duplicated in the VPM calculations simply by requiring that
the staged decompressions be "reasonable." This is not surprising
since the smooth VPM curves should tie together the no-stops and the
staged decompressions. In none of our various free-parameter
adjustments were we able to match the USN no-stops while maintaining
what were considered to be safe staged decompressions. This is, in
fact, the reason why our no-stop limits were not determined until
after the parameters were set,

The data contained in Table 1 are plotted in Fig. 7, aleng with
various "practical observations™ compiled by Leitch and Barnard [34].

Although there are some differences in the rates of descent and ascent




TABLE 1

COMPARING THE NO-DECOMPRESSION LIMITS OF
THE VPM, RNPL, AND USN AIR TABLES

ALLOWED SOURCE ALLOWED ALLOWED SOURCE ALLOWED
DEPTH TABLE  TIME DEPTH TABLE TIME
(FSW)  TYPE (MIN) (FSW)  TYPE (MIN)
30 VPM 323 140 VPM 8
RNPL UNLIMITED RNPL 7.5
USN  UNLIMITED USN 10
40 VPM 108 150 VPM 7
RNPL 102 RNPL NOT LISTED
USN 200 USN 5
50 VPM 63 160 VPM 7
RNPL 60 RNPL 5.5
USN 100 USN 5
60 VPM 39 170 VPM 6
RNPL 4l RNPL  NOT LISTED
USN 60 USN 5
70 VPM 30 180 YPM 5
RNPL 30 RNPL 4.5
USN 50 USN 5
80 VPM 23 190  VPM 5
RNPL 23 RNPL NOT LISTED
USN 40 USN 5
90 VPM 18 200 VPM 4
RNPL 18 RNPL 3.5
USN 30 USN  NOT ALLOWED
100 VPM 15 210 VPM 4
RNPL 15 RNPL NOT LISTED
USN 25 USN  NOT ALLOWED
110 VPM 12 220 VPM 4
RNPL NOT LISTED RNPL 3
USN 20 USN NOT ALLOWED
120 VPM 11 230 VPM 4
RNPL 10 RNPL  NOT LISTED
USN 15 USN  NOT ALLOWED
130 VPM 10 240 VPM  NOT ALLOWED
. RNPL NOT LISTED RNPL NOT ALLOWED

USN 10 USN  NOT ALLOWED
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and in the exposure conditions [34], the absence of prolonged
decompression stages makes this type of data nearly independent of the
overall surfacing strategy. As mentioned above, the VPM curve follows
the RNPL points very closely, and both come into agreement with the
USN points at about 150 fsw., Over its entire range, the VPM line
serves as a conservative, tight, and therefore useful lower bound. The
fact that iﬁ 1s systematically lower than most of the practical
observations reflects the general conservatism of the tables as a whole.
A bolder and faster set of tables could, of course, be computed by using

different values for the free parameters.

C. A COMPARISON OF THE VPM, USN, AND RNPL
AIR DECOMPRESSIONS FROM 200 FSW

The salient features of.the VPM, USN, and RNPL staged decom-
pressions can be compared by studying a single, typical decompression
schedule. A representative sample is given in Table 2, which repeats
the stop depths and durations listed inlthe three sets of tables for a
60-min, 200-fsw excursion. This dive is considered to be an
"exceptional exposure,” imposing a greater-than-normal risk. The method
of surfacing differs qualitatively among the table types. In the case
of the VPM and USN schedules, all descent and ascent rates are taken to
be 60 fsw/min., For the RNPL, the descent rate is not to exceed 100
fsw/min, the ascent to the first stop is made at 50 fsw/min, and the
ascents between stops are at 10 fsw/min, Also, in the VPM and USN
schedules, the stop durations do not include the times between stages,

but for the RNPL schedule they are included (except for the final ascent




TABLE 2

COMPARING THE VPM, USN, AND RNPL AIR DECOMPRESSION
SCHEDULES FOR A 60-MIN, 200-FSW EXCURSION

STOP DEPTH VPM WAIT USN WAIT RNPL WAIT
(FSW) (MIN) (MIN) (MIN)
130 1
120 3
110 3
100 4 5
90 7 0
80 0
70 7 5 -
60 | 11 2 5
50 ' 16 13 - 10
40 17 17 38
30 22 , 24 45
20 39 51 180
10 52 89 2%
TOTAL ASCENT TIME: 191:20 199:20 289:00

* NO WAIT AT 10 FSW, RATE OF ASCENT FROM 20 FSW IS 10 FSW/MIN,
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from 20 fsw, which is listed explicitly), 1In all cases, the descent
time is counted as part of the "bottom time."

The VPM and USN schedules for the 60-min, 200-fsw exposure are
compared graphically in Fig, 8, The total times required to reach the
surface are quite similar. However, the obvious and most important
difference 1s the deeper first stop required by the VPM schedule,
being 130 fsw instead of 60 fsw for the USN case. This is a
persistent feature of the literally hundreds of comparisons we have
made between the VPM tables and the conventional tables now in use,
Our calculations indicate that the longer "first pull” of the existing
tables results in a larger supersaturation, a larger buﬁble number,
and, ultimately, in a larger volume of released gas, For equivalent -
exposures and_total_decompression times, we therefore assume that the
YPM tables wiil produce a smaller maximum volume of free gas and iead
to safer ascents,

Another, related feature is the difference in the durations of
the shallow stops. The longer first pulls of the USN profiles
initiate bubble formation which must later be controlled. The longer
stops near the surface prevent the bubbles from growing too large,
although they are probably detectable by Doppler monitoring. The RNPL
tables, created in an effort to decrease the incidence of bends and of
osteonecrosis [20], generally have deeper first stops and longer
shallow stops than the USN tables, However, the price for extra
safety is paid in extra decompression time, and the resultant RNPL
totals are, for the most part, much larger than their USN

counterparts. The VPM schedules, based upon a physical model, begin
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limiting bubble formation prior to the first stop and do not require
excessively long shallow stops., In addition, they are remarkably
self-consistent and are therefore well-suited to interpolation and
extrapolation, It should be reiterated here that the VPM tables are
conservative in nature and not designed for maximum speed,

The total ascent times for the VPM, USN, and RNPL tables are
plotted as functions of the bottom time at 200 fsw in Fig. 9. The VPM
curve is close to the USN points for bottom times that extend all the
way from 5 to 360 min. The large difference in the USN and RNPL total
ascent times (which, in this figure, are often larger than a factor of
two) illustrates the wide divergence in opinion that still exists,
even among highly-respected investigators in the diving field. -

Looking at excursions shallower than 200 fow, we find that the
VPM total decbmpresaion times uaually lie between thg USN and RNPL
values for similar exposures.- This 18 illustrated in Fig. 10 for 100
faw, For excursions deeper than 200 fsw, however, the VPM times tend
to be shorter than their correspondents, particularly for longer
bottom times., We believe that there are two reasons for this
qualitative difference., The firat and primary reason is that the
"crushing effect™ imposed upon bubble nuclei is greater at deeper
depths, and, since the smaller nuclei form macroscopic bubbles less
readily, the allowed supersaturation is larger,

The second reason is found in the inherent "inefficiency” of
conventional tables., Deeper excursions obviously require more
decompression time, but how that time is distributed between the stops

is of paramount importance. Current tables that are (or were at one
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time) based on the Haldanian ratio method typically have long first
pulls and long shallow stops. In addition, their empirical nature
suggests that extra decompression time is often added to "marginal”
schedules to improve their safety. Through lack of an adequate
physical model, the extra time is added to the shallow stops, a
practice which may be effective but is quite inefficlent. Existing
U, S, Navy tables have sometimes been referred to as "treatment tables"
because they provide long waits at shallow depths to "treat" the
bubbles that form during the initial ascents.

Should it later be found that the VPM tables are unsafe for
excursions in excess of 200 fsw, they can be further adjusted by
assuming an earlier onset of impermeability and reducing the value of
P*. The result of such an adjustment would be to increase the
resistance of bubble nuclei to the effect of crushing and to-lengthen

the total decompression times required for these deeper dives.

D. AN OVERVIEW OF THE VPM AIR TABLES
One very practical reason for attempting to optimize decom-

pression procedures.from first principles is the hope that, if a correct
global theory can be formulated, it will someday be posaible to describe
the whole range of decompression experience with only a few equations
and parameter values, Instead of "titrating" a handful of "volunteers"
to develop a new table or determine a new "M=value" {19], a method which
necessarily has limited statistical accuracy, one will be able to use a
pre-calibrated theory to interpolate or extrapolate, thereby bringing to

bear the full statistical weight of a much larger data base. This idea




39

is illuatrated in Fig., 11, which summarizes total ascent times versus
bottom times for VPM decompressions from excursions to 60, 100, 200, and
300 faw.

In an earlier illustration of the global approach, Fig. 10
smoothly connected the no-stop decompressions of Fig, 7 with the
l4-~day, 100-fsw Tektite saturation dive [35]. The latter has been used
by humans without incident. However, the close agreement is partly
fortuitous because the VPM calculation was done using 10-fsw increments,
while the Tektite stops were 5 rather than 10 faw apart. Also, the VPM
schedule used air as the breathing gas, while pure oxygen was breathed
at various times during the Tektite decompression. A more precise
comparison is given in Table 3, where the VPM schedule was calcplateg
for a l4-day exposure at the 126-fsw equivalent air depth [30] of the
Tektite dive, with more numercus stops being made at the closer 5-fsw
intervals,

By replacing our earlier assumption of constant bubble number with
a dynamic critical-volume hypothesis, wé were able to prepare a
comprehensive set of air diving tables. Although untested, these tables
seem 1n all respects to be quite reasonable, It should not be
forgotten, however, that the constant-bubble-number criterion worked
well in the rudimentary cases in which it was first applied [11,12],
One might ask whether our new criterion gives similar results for those
special situations, that is, does it obey a form of the correspondence
principle? The answer, of course, i3 yes.

An example of the correspondence between the two methods is given

by Fig. 12, in which the allowed pressure reduction Pl - P2 is plotted
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COMPARING THE 14-DAY, 100-FSW TEKTITE AIR DECOMPRESSION

TABLE 3

SCHEDULE WITH THE 126-FSW VPM EQUIVALENT

41

Depth (fsw) Time at stop (min) Time at stop {(min)
TEKTITE VPM
100-90 10 air

90 60 air

85 90 air 36 air

80 100 air 159 air

75 110 air 165 air

70 120 air 170 air

65 360 air 176 air

60 140 air 182 air i

S5 160 air 190 air

50 160 air 197 air

45 10 oxygen 205 air
150 air

40 130 air 214 air

35 20 oxygen 224 air
150 air

30 360 air 235 air

25 30 oxygen 246 air
150 air

20 150 air 260 air

15 50 oxygen 273 air
150 air

10 160 air 290 air

5 60 oxygen 308 air

Total: 2960 air + 170 oxygen 3530 air
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versus the exposure presgure P, for the VPM, USN, and RNPL tables.

1
The subjects are first saturated at some elevated pressure P1 and then
supersaturated by reducing the pressure from P1 to the final setting
P2. In experiments with human subjects, P1 - P2 is usually defined as
the greatest pressure reduction which can be sustained without the
onset of decompression sickness, This condition can be simulated by
selecting dives with boctom times of 720 min and taking P2 to be the
depth of the first decompression stop. The simulation provides a
reasonable approximation to a single-step decompression because, in
this limit, the rate at which gas is permitted to come out of solution
is only slightly larger than that which the body can dissipate and
therefore tolerate indefinitely.

In the permeable region of the model (P1 < 9.2 atm abs), this

procedure yields the linear relationéhip for the VPM tables of

which has a correlation coefficient higher than 0.999 for the eight

combinations of P1 - P2 that were tried. Similar expressions,

Pl = 1.375 P2 + 0.52 atm abs (3.2)

and

Pl = 1.366 P, + 0.56 atm abs, (3.3)

2

have been extracted by Hennessy and Hempleman [29] from the USN and

RNPL tables, respectively,
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As can be seen in Fig. 12, the three straight lines are nearly
parallel, and the VPM line 1s 0.1 to 0.2 atm lower than those of the
USN and RNPL, The fact that these lines are similar to the isopleths
of constant bubble number presented for the permeable region of the
model in Figs. 2, 5, and 6 verifies the aforementioned correspondence
for this simple case, The "no-stop threshold,” P1 = 1,87 atm abs and
P1 - P2 = 0,87 atm, was obtained by averaging the values of P1 = 1,90
atm abs, Pl - P2 2= 0,90 atm measured by Hempleman [36] with those of
P1 = 1.83 atm abs, P1 - P2 = 0,83 atm found by Kidd, Stubds, and
Weaver [37]., The VPM result, Pl = 1,71 atm abs, Pl - PZ = 0,71 atm,
is 0,16 atm lower than the "experimental average™ and is therefore
"safer." The "altitude bends threshold," namely P, = 1.00 ata abs, -
P1 —’Pz.- 1,00 - 0,40 = 0.60-atm. was calculated using the vglue of
PZ,- 7550 m = 307 mm Hg = 0.40 atm abs wmeasured by Gray [38]. The VPM
limit of P1 = 1,00 atm abs, P1 - P2 = 0,52 atm 1s again siightly
lower, this time by 0.08 atm.

In contrast, the lines for USN and RNPL are both slightly higher
than the experimental no-stop and altitude-bends thresholds plotted in
Fig. 12. This illustrates the type of problem one encounters in
attempting to extrapolate conventional tables that are based on trial;
and-error rather than on a global theory. Given such problems,
altitude bends and decompression sickness are usually investigated
separately, as if they vere different subjects. Our approach has been
to treat them simultaneously and on an equal footing.

The immediate goal of this undertaking was not to produce a

completely operational set of air diving tables. Instead, we wanted to
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determine whether a reasonable and comprehensive set of such tables
could be computed using a bubble-nucleation model and a modest number of
assumptions, equations, and parameter values, The answer to this

question, quite obviously, is yes.
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CHAPTER IV

A. ADJUSTING THE FREE PARAMETERS FOR RELIUM DIVES

The equations of the varying-permeability model delineated in
Chapter I do not depend explicitly on the type of inert gas used.
Rather, they predict that each inert gas behaves in fundamentally the
same way during bubble nucleation. It should be possible, then, to
duplicate for helium the comprehensive table calculations previously
performed for air dives. Obviously, there are significant differences
between nitrogen and helium which must be taken into account during
bubble growth, presumably through adjustment of the model constants
and/or free parameters, Unfortunately, the data available for heliug
are not as extensive as those available for nitrogen, and the empirical
determination of the magnitude and scope of the required parameter
changes is likely to be difficult and inaccurate. In this chapter, an
attempt is made to calculate a priori what adjustments should be
required on the basis of the differing physical properties of the two
gases., The subsequent success of the model in tracking conventional
helium tables and data over the full range from no-decompression to
~ saturation dives is demonstrated in Chapter V.

For a given pressure exposure, the model predicts that the number
of bubble nuclei present in the body at the onset of decompression
should be the same whether nitrogen or helium is used as the breathing
gas. Indeed, bubble nuclei are assumed to have been mechanically
compressed but not extinguished [10]. Although helium is expected to

form bubbles more quickly upon decompression [39,40], it seems likely
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that the smaller volume of dissolved gas [41] will ultimately result in
somewhat smaller bubbles. This is consistent with a plot of the data
obtained in Knox gelatin for several inert gases (Fig. 13) [42], in
which a curve through the number of visible helium bubbles for various
supersaturation pressures lies just slightly below the corresponding
nitrogen curve. Similar results have been obtained for agarose gelatin
samples {8].

The varying-permeability model is theoretically and empirically
based upon bubble growth in aqueous media, particularly in distilled
water, gelatin, and blood. While it is possible that new variables,
such as the tissue deformation pressure and the inert-gas diffusion
rate, may be required to adequately describe bubble formation in various
tissues, it can be argued that most injurious cases of decompression -
-gickness result from bybbles in the blood {43.44]. The respective
volumes of nitrogen and helium in physical solution in whole blood at
37°C and 1 bar are 12.831 and 8,686 ml/liter [41], and their ratio is
1,48, For a constant number of bubble nuclei, it is assumed that
equivalent supersaturations will result in slightly smaller bubbles for
helium as compared to nitrogen. Also, it is expected that the same
- volume of released gas will produce the same decompression insult for
both inert gases, The number of bubbles comprising the critical volume
is thus assumed to be slightly larger for helium, and the size of the
critical nuclear radius T, required to form a macroscopic bubble has
been decreased accordingly (to 0.7 um for helium vice 0.8 um for
nitrogen). This change will increase the allowed supersaturation for

tissues containing helium as the scle inert gas,
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The decompression criterion summarized in Chapter II by Eqs.
(2.16-2.20) is based upon the critical-volume hypothesis [29] and is
dapendent upon the the ratios Y/rO and Y/YC via Eqs. (2.10) and (2.17).
The surface tension and skin compression, Y and Yor are not affected by
the change of inert gas and are therefore assigned their previous values
of 17.9 and 256.9 dynes/cm, respectively,

The deﬁompression criterion may also be adjusted directly via the
parameter @ (Eq. 2.19), which depends upon the critical volume of
released gas VC' the temperature T, the bubble number normalization
coefficient No’ and the physical properties of the surfactant skin
molecules S, y, and YC‘ However, none of these are expected to undergo
physical or chemical changes when nitrogen is replaced by helium, Thus,
the free parameter o has been carried over unchanged from the air-table
calculations and has been assigned the usﬁal value of 523 faw-min,
Similarly, the regeneratieon time constant T characterizes a stochastic
process which depends upon the ambient temperature and certain
properties of the skin [16]. It does ﬂot depend upon the choice of
inert gas, and hence it retains the usual air-table value of two weeks,

or 20160 min,

B. DETERMINING THE IMPERMEABILITY THRESHOLD FOR HELIUM
In applying the varying-permeability model to decompression
sickness, a number of physical constants are introduced t* * might
depend upon the choice of inert gas., As mentioned befor averal of
these have already been absorbed (unchanged) into the free parameter q,

and certain others, such as the value of atmospheric pressure at sea
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level, are invariant, In fact, aside from the tissue half-time series,
only one constant remains to be determined for helium, and that is the
threshold of impermeability P*.

The term "varying permeability" has been used extensively in this
work and requires some further qualification. Nuclear skins are assumed
herein to be permeable during all compressions below the threshold
crushing pressure P* and during all decompressions., The onset of
nuclear impermeability is then an immediate result of exceeding the
threshold crushing pressure. However, the actual change may take place
during a finite time interval and over a range of pressures, resulting
in a continuous gradation of permeability which can be-described by
various diffusion models [45,46]. -

The mech;nism by which 1ﬁpermeability manifests itself during a
large radial.compression from r, to rﬁ is unclear. While the area
occupied by each surfactant molecule might be expected to decrease and
thus restrict the passage of gas molecules through the skin, another
possibility exists. The surface energy required to significantly reduce
the intermolecular spacing may exceed the energy required to remove
surfactant molecules from the skin, thereby driving them into solution
(47,48). This idea is illustrated in Fig. l4a [48], which shows that a
large change in surface pressure Il is required to produce a small change
in the area per molecule of several common surfactants spread in flat
monolayers. The surface pressure for a spherical skin is assumed to be
generally larger, corresponding to an even smaller change in area.

Since the radius of the critical nucleus decreases by as much as a

*
factor of four during a rapid compression from Po to P, the vast
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majority of the component molecules must be squeezed out of the skin
(Fig. 14b) [49]. These ejected molecules would then become part of a
surfactant "reservoir" just outside (Fig. 15) [16], in which laminar
aggregations would be likely to form whenever the local surfactant
concentration exceeded a given threshold [48-50], The onset of
{impermeability may thus be caused by the creation of multiple layers
around the nuclear skin rather than by a reduction in the area per
molecule. We favor the former possibility and assume that an excessive
crushing of the nuclear skin is accompanied by a qualitative change in
its structure that greatly increases its resistance to penetration by
gas molecules,

Regardless of the mechanism involved, the data obtained from an;
_ gelatin_[lO] indicate that the passage of nitrogen is hindered when the
crushing pressure exceeds P* = 9,2 atm abs, The lack of a clear
physical description, however, precludes the quantitative esfimation of
2 in vivo, hence the use of the gelatin value in the air-table
calculations. For large crushing pressures, the mechanism proposed
above should rapidly increase the time required for gas molecules to
penetrate the nuclear skin, rendering it effectively impermeable for
either nitrogen or helium. We therefore assume that P* is the same for
both inert gases. Since P"l is not well-known, it could be used as an

additional free parameter in applying the model to deeper dives.

C. DEFINING THE TISSUE HALF-TIMES FOR HELIUM
The various bodily tissue types are currently represented in the

air-table calculations by a series of tissue half-times. Although no
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direct correlations between these half-times and specific bodily tissues
are assumed, some apparently exist [41]. In adapting the nitrogen
half-times to helium, only the longest tissue muast be accurately
specified, as suggested by the following arguments.

First, the half-times form the baslis for a set of exponential
curves (Fig. 1) which generate a single "controlling-tissue™ curve
during staged decompressions. There are many different basis gets which
would produce similar decompression profiles. During saturation dives,
however, the longest tissue will always control the decompression, and
basis sets with different saturation half-times will generate different
schedules. The choice of the longest tissue 1s therefore determined
empirically, -

Second, there is a practical limit to the response of thg system
for the shortest half-times. The original nitrogen basis set, |
consisting of half-times ranging from 1 to 720 min,-was chosen to
provide complete coverage for all decompressiona, including those from
no-stop and saturation dives, However, an examination of the resultant
air tables shows that no half-time shorter than two minutes is ever
selected to control.-an ascent. The basis set is thus bounded on both
ends,

The helium half-times must allow the same flexibility as their
nitrogen counterparts. This can be assured if the nitrogen basis set is
scaled dewn to accomodate the faster uptake and elimination of helium,
The above arguments suggest that a single scale factor should suffice,
although multiple empirical factors have been used [51]., The time

required for complete saturation of all the tissues with helium has been
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found to be 24 hours [52], and the corresponding half-time of 4 hours is
widely used [31,41,51,53,54]. Comparing this with our 12-hour (72C-min)
maximum half-time for nitrogen, we find that the scale factor is three,
which is identical to the empirical factor selected by Lambertsen for
the longest tissues [S51]. The basis set for helium is therefore

obtained by dividing each of the nitrogen half-times by three.
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CHAPTER V

A. COMPARING THE VPM AND USN HELIUM TABLES

Following the determiration of the new c¢ritical radius and the
insertion of the new tissue half-times into the computer program,
several different sets of VPM tables were generated and compared to the
current USN helium tables {31,55]. The method of calculation of the USN
tables is disguised by the somewhat arbitrary assignment of M-values
{maximum tissue tension;), but the discharge of residual nitrogen during
helium uptake appears to be done at the faster helium rate. It is
common practice to approximate a small percentage of residual nitrogen
with an equivalent helium partial pressure, Empirical data suggest that
the procedure ié neither accurate nor safe. Because all the VPM
schedules appearing in this section (including the no-stop dives) follow
this practice and treat any residual ﬁitrogen as helium, the} do not
represent the VPM predictions for actual dives unless the diver is
acclimated to helium before any depth excursion is made. The USN
schedules are suspected of providing inadequate decompression for the
same reason, and for other 1ntrinaic and extrinsic inconsistencies. All
-of the VPM helium SCUBA tables described in the following paragraphs use
the same inert-gas fraction (0.75) as the corresponding USN tables [31],
which are based on Workman's calculations [56,57]. Another source [55]
requires a more modest inert-gas fraction {0.68) for the same tables.

In our first comparison, the VPM and USN no-stop decompressions are
listed (Table 4) and plotted (Fig, 16) side-by-side. The VPM curve

lies below all but one USN point, forming a useful lower bound. For the




COMPARING THE NO-DECOMPRESSION LIMITS OF

TABLE 4

THE VPM AND USN HELIUM TABLES

ALLOWED ~ SOURCE ALLOWED ALLOWED ~ SOURCE ALLOWED
DEPTE ~ TABLE  TIME DEPTH  TABLE  TIME
(FSW) __TYPE __(MIN) (FSW) __TYPE __(MIN)

30 VPM  UNLIMITED 140 VPM 10

USN  UNLIMITED USN 15

5 VPN 216 150 VPM 9

USN 260 USN 15

50 VPM 98 160 VPM 8

USN 180 USN 10

60 VMM 58 170 VPM 7

USN 130 USN 10

70 VPM 43 180 VM 7

USN 85 USN 5

80 VEM 30 190  VPM 6
USN 60 USN  NOT LISTED

%  VPM 23 200  VPM 5
USN 45 USN  NOT LISTED

100 VPM 19 210 VPM 5
USN 35 USN  NOT LISTED

110  VPM 17 220 VPM 5
USK 30 USN  NOT LISTED

120  VPM 14 230 VM 4
USN 25 USN  NOT LISTED

130 VPM 12 260  VPM 4
USN 20 USN  NOT LISTED

57
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deeper dives, the VPM crushing effect leads to larger allowed super-
saturations, This should be familiar from the air-table no-stop
comparison (Table 1 and Fig. 7), which shows the same trend. Some
similarity between the VPM air and helium no-stop curves is to be
expected since they have comparable half-time distributions and critical
radii. The augmented-supersaturation parameter a varies inversely with
the controlling tissue half-time end controls the shorter, deeper dives,
while the critical radius limits the longer, shallower dives, This is
why the VPM air and helium no-stop curves overlap at the deep end and
diverge at the shallow end. The USN helium no-stops, like their air
equivalents, are not expected to produce overt bends symptoms but may
result in chronic and deleterious bubble formation. The VPM no-stops
given in Table 4 should produce fewer bubbles, although a calculation
which properly aécounts for any residual nitrogen would result in even
mofe restrictive limits.

In our second comparison, small sets of VPM and USN helium SCUBA
tables are used. An integrated listing of both is supplied in
Table 5. The ascent criteria for the last dive given, a 200-fsw,
30-min exposure, are specified in Table 6 and illustrated in Fig. 17. _
The trend is similar to that cobserved for the alr dives, where the VPM
schedules invariably require deeper first stops. A global map of the
VPM helium SCUBA total decompression timea versus bottom times appears
in Fig. 18, The data are plotted for 60, 100, and 200-fsw excursions.
While the bottom times have been extended to sixteen hours, oxygen
toxicity precludes deeper dives. Such maps are convenient when

comparing new decompression data with model calculations. Again, this




COMPARING THE VPM AND USN HELIOX SCUBA DECOMPRESSION SCHEDULES
(ALL DEPTHS ARE IN FSW, AND ALL TIMES ARE IN MINUTES)

TABLE 3

DECOMPRESSION STOP:

60

BOTTOM BOTTOM TABLE HELIOX TOTAL
DEPTH TIME TYPE 110 100 _90 B0 70 60 50 40 30 20 10 TIME
40 260 VPM 3 5:40
USN 0 0:40

50 180 VPM 22 22:50
USN 0 0:50

200 VPM 27 27:50

USN 20 20:50

60 130 VPM 5 25 31:00

USN 0  1:00

150 VPM 8 28 37:00

USN 20 21:00

170 VPM 11 35 47:00

70 85 VPM 8 18 27:10

USN 0 1:10

100 VPM 11 23 35:10

USN 15 16:10

115 VPM 1 14 27 43:10

USN 25 26:10

130 VM 2 17 29 49:10

USN 40 41:00

80 60 VPM 1 6 13 21:20

USN 0 1I:20

70 VPM 3 9 17 30:20

USN 5 10 16:20

80 VP 4 12 19 36:20

USN 10 15 26:20

90 VPM 6 13 24 44:20

USN 10 25 36:20

100 VPM 8 15 27 51:20

USN 10 35 46:20

90 45 VPM 4 5 11 20:30

USN 0 1:30

60 VPM 6 10 16 33:30

USN 5 10 16:30

70 VPM 2 6 12 20 41:30

USN 5 20 26:30

85 VPM 3 10 15 26 55:30

USN 10 30 41:30
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TABLE 5 (CONTINUED)

COMPARING THE VPM AND USN HELIOX SCUBA DECOMPRESSION SCHEDULES
(ALL DEPTHS ARE IN FSW, AND ALL TIMES ARE IN MINUTES)

DECOMPRESSION STOP:
BOTTOM BOTTOM TABLE _HELIOX TOTAL
DEPTH TIME TYPE- 110 100 90 80 70 60 50 40 30 20 10 TIME

100 35 VPM 3 5 8 17:40
USN 0 1:40

50 VPM 3 5 9 14 32:40

USN 5 15 21:40

60 VPM 5 6 12 19 43:40

USN 10 20 31:40

70 VPM 1 5 9 14 23 53:40

USN 5 15 25 46:40

110 30 VPM 1 3 5 7 17:50
USN : 0 1:50

40 VPM 1 3 5 6 13 29:50

USN 35 10 16:50

50 VPM 2 5 5 11 17 41.83

USN ' ‘ 10 20 3I:50

65 VPM S 4 5 11 14 24 59:50

' USN 5 15 25 46:50

120 25 VPM ' 2 2 4 5 15:00
USN 0 2:00

35 vPM 2 3 5 5 13 30:00

USN 3> 10 17:00

45 VPM 1 3 5 5 12 16 44:00

USN 5 10 15 32:00

33 YPM 2 4 5 10 12 21 56:00

USN 10 15 20 47:00

130 20 yPM 2 2 3 5 14:10
USN 60 2:10

30 VPM 1 2 2 5 6 11 29:10

USN 5 10 17:10

40 VPM 2 3 5 5 11 15 43:10

USN 5 10 15 32:10

50 VPM 1 2 5 5 10 12 20 57:10

USN 5 5 15 20 47:00

140 15 VPM 2 2 3 9:20
USN 0 2:20

25 VPM 1 2 2 4 5 9 25:20

USN 5 10 17:20

35 YPM 1 2 3 5 5 10 13 41:20

USN 5 10 20 37:20

45 VPM 2 3 5 5 9 12 19 57:20

USN 5 5 15 25 52:20
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TABLE 5 (CONTINUED)

COMPARING THE VPM AND USN HELTIOX SCUBA DECOMPRESSION SCHEDULES
(ALL DEPTHS ARE IN FSW, AND ALL TIMES ARE IN MINUTES)

DECOMPRESSION STOP:
BOTTOM BOTTOM TABLE HELIOX TOTAL
DEPTH TIME TYPE 110 100 90 80 70 60 50 40 30 20 10 TIME

150 15 VPM 1 1 2 2 4 12:30
USN ¢ 2:30

20 VPM 1 2 2 2 5 5 19:30

USN 5 10 17:30

30 VPM 2 2 2 5 5 8 12 38:30

USN 5 10 15 32:30

40 VPM 1 2 3 5 5 8 12 18 56:30

USN 5 10 15 20 52:30

160 10 VPM 1 2 5:40
USN 0 2:40

20 VPM 1 1 2 2 3 5 6 22:40

USN 5 5 10 22:40

35 YPM 2 2 3 4 5 7 11 16 52540

USN 5 10 10 20 47:40

170 10 VPM 1 1 2 6:50
USN | | 0 2:50

20 VPM 1 1 2 2 4 5 8 27:50

USN 5 5 10 22:50

35 VPM 1 2 2 4 4 5 9 11 17 57:50

USN 5 10 15 20 52:50

180 10 YPM 1 c 1 2 2 9:00
UsSN 5 10 18:00

20 VPM 1 1 1 2 2 3 4 5 9 31:00

USN 5 5 10 10 33:00

30 VFPM 1 1 2 2 3 4 5 6 11 15 53:00

USN 5 10 15 20 53:00

190 10 VPM 1 1 1 2 2 10:10
USN 5 10 18:190

20 VPM 1 0 1 2 2 2 3 5 5 10 34:10

SN 5 5 10 20 43:10

30 YPM 1 2 2 2 4 4 5 8 10 16 57:10

USN 5 5 10 15 25 63:10

200 10 VPM 1 1 0 2 p 3 12:20
USN 5 15 23:20

20 VPM 1 1 1 2 2 2 4 5 5 11 37:20

SN 5 5 10 20 43:20

30 VPM 1 1 2 2 3 4 4 5 9 10 17 61:20

USN 5 5 10 15 35 73:20
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COMPARING THE VPM AND USN HELIUM DECOMPRESSION SCHEDULES

FOR A 30-MIN, 200-FSW EXPOSURE

VPM USN

STOP DEPTH WAIT WAIT
(MIN) (MIN) (MIN)

110 1

100 1

90 2

80 2

70 3

60 A

50 4 5 )

40 5 5

30 9 10

20 10 15

10 17 35
TOTAL ASCENT TIME: 61120 73:20

i




64

200
180
160
140
120

DEPTH IN FSW

80
60
40

20F

0 20 30 40 50 60 7 80 90 100

TIME IN MINUTES

Fig. 17 - Plot of VPM and USN decompression profiles for a 30-Min,
200-fsw helium exposure,
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The VPM first stops are typically much deeper
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particular set of VPM tables is not expected to be adequate for divers
who are initially saturated with nitrogen, and the USN tables are also
questionable for the same reason. In fact, all the USN schedules
appearing in Table S were formally tested in only 84 man-dives, eleven
of which produced mild bends symptoms [31].

The VPM equivalents of the USN SCUBA tables using oxygen were also
calculated. These tables shift to 100 percent oxygen at 30 fsw and
surface from 20 fsw, Following Workman's method {57], we assume that
the oxygen breathing apbaratus is 80 percent efficient and use 0.2 for
the inert-gas fraction from 30 fsw to the surface. The resultant
schedules are presented in Table 7. It is apparent that these total
decompression times are much shorter than those in Table 5, attesting to
the efficacy of the pure-oxygen stages, The incidence of bends symptoms
during the testing of the USN tables was zero for 66 man-dives [31], so
safety as well as speed is included among the oxygen benefits. The
agreement between the VPM and USN total times is exceptional, aithough
the profiles are quite different, with the VPM first stops being
characteristically deeper.

In our final comparison, we attempt to match several VPM schedules
‘to the USN deep-sea helium tables [31,55], which were created by Momsen
in 1939 and modified by Molumphy in 1950 [58,59]. The excursion depths
must be converted to helium partial pressures using the relationship for

an open-circuit breathing apparatus [31]
Pue = (D + 33)Fy, (4.4)

where D is the depth in fsw and FHe is the fraction of helium in the




TABLE 7
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COMPARING THE VPM AND USN HELIOX SCUBA DECOMPRESSION SCHEDULES

USING PURE OXYGEN FROM 30 FSW AND SURFACING FROM 20 FSW

DECOMPRESSION STOP:

BOTTCM BOTTOM TABLE HELIOX OXYGEN TOTAL
DEPTH TIME TYPE 110 100 90 80 70 60 50 40 30 20 TIME
60 170 VPM 21 24:00
USN 20 23:00

70 115 VPM 19 22:10
USN 15 18:10

130 VP 23 26:10

USN 25 28:10

80 80 VPM 15 18:20
USN 15 18:20

90 VPM 2 17 22:20

USN 20 23:20

100 VPM 3 20 26:20

USN 25 28:20

90 70 VPM 3 15 21:30
USN 15 18:30

85 VPM 1 4 19 27330

USN 25 28:30

100 50 VPM 3 11 17:40

USN 15 18:40

60 VPM 3 3 15 24:40

USN 20 23:40

70 VPM 4 4 18 29:40

USN 5 20 28:40

110 50 VP 4 3 13 23:50

USN 15 18:50

65 VPM 2 5 5 18 33:50

USN 5 20 28:50

120 45 VPM 2 5 3 13 27:00

USN 5 15 24:00

55 VPH 4 5 5 16 36:00

USN 10 20 34:00

130 40 VPM 1 3 4 3 12 27:10
USN 5 15 24:10

50 VPM 2 5 4 5 16 36:10

USN 5 5 20 34:10




TABLE 7 (CONTINUED)

DECOMPRESSION STOP:

68

COMPARISON OF VPM AND USN HELIOX SCUBA DECOMPRESSION SCHEDULES
USING PURE OXYGEN FROM 30 FSW AND SURFACING FROM 20 FSW

BOTTOM BCTTOM TABLE HELIOX OXYGEN TOTAL
DEPTH TIME TYPE 110 100 90 80 _ 70 60 50 40 30 20 TIME
140 35 VPM 2 3 4 3 11 27:20
USN 3 5 15 24:20
45 VPM 1 3 4 5 5 15 37:20
USN -5 5 2 34:20
150 30 VPM 1 2 2 4 3 10 26:30
USN 5 15 24330
40 VPM 2 3 4 5 4 15 37:30
USN 5 10 20 39:30
160 20 VPM 1 2 2 2 5 16:40
USN 5 10 19:40
35 VPM 1 2 3 4 5 3 1% 36:40
USN 5 10 20 39:40
170 20 VM I 1 2 2 2 6 18:50
USN 5 10 19:50
35 ‘VPM 1. 2 2 3 5 4 4 15 40:50 -
USN 5 10 20 - 39:50
180 20 VPM 11 2 2 2 3 7 26:00
USN 5 5 10 25:00
30 VPM 2 12 3 4 5 3 13 41:00
USN ' 5 10 20 40:00
190 20 VPM 1 1 1 2 2 3 3 7 25:10
USN 5 5 15 30:10
30 VP 1 2 1 2 4 4 5 4 14 42:10
USN 5 5 10 20 45:10
200 20 VPM 1 1.1 2 1 2 &4 3 8 28:20
USN 5 5 20 35:20
30 VPM 1 1 2 2 2 4 4 5 5 14 45:20
USN 5 5 10 25 50:20
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breathing-gas mixture. In addition, a shift to pure oxygen must be made
at the 50 fsw stop (if included), and surfacing is done from 40 fsw.
Momsen's calculations specify that the residual nitrogen is to be
treated as helium, and the modification by Molumphy merely changes the
firat pure-oxygen stop from 60 to SO fsw to avoid oxygen toxicity [31].
For an inert-gas fraction of 0.75, the depth and partial pressure are
equal at 100 fsw. We begin by comparing the USN deep-sea, USN SCUBA,
and VPM tables for 30, 60, 120, and 240-min bottom times at that depth.
The results are summarized in Table 8,

For a 30-min bottom time and a 100-fsw partial pressure, the
deep~sea helium tables require a total stop time of 24 min, all of which
is spent breathing pure oxygen at 40 fsw. If we follow the table -
instructions [55] and double the bottom time to account for working at
depth, the total'stop time is 47 min, again on oxygen, However,_the USN
helium SCUBA tables list 35 min as the maiimum no—decompression exposure
at 100 fsw. Our 30-min dive falls within this limit, and we would thus
be permitted to come directly to the surface. Herein lies an apparent
inconsistency between two USN tables that are normally listed together.
Similar observations can be made about many of the other no-stop limits.
It i3 clearly impossible for the VPM schedule to match both sets of USN
decompression criteria, -In fact, the VPM requirements for this dive are
6 min on oxygen at 40 fsw, or, from the helium SCUBA table, 10 min while
breathing the normal gas mixture .

Looking at the 60-min bottom time, the deep-sea table lists 47 min
decompression on oxygen at 40 fsw, or 67 min if work is performed.

The corresponding USN SCUBA table requires only 30 min on the normal
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COMPARING THE VPM, USN DEEP-SEA, AND USN SCUBA HELIUM
DECOMPRESSIONS FROM 100 FSW

BLE &
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(ALL DEPTHS ARE IN FSW, ALL TIMES ARE IN MINUTES, AND

ALL BREATHING MIXTURES ARE 75/25 HELIUM-OXYGEN OR

80/20 OXYGEN-HELIUM, WITH THE FIRST GAS BEING LISTED)

BOTTOM WAIT AT STOP DEPTH: TOTAL  BREATHING
TIME __ TABLE TYPE S0 40 30 20 10 TIME GAS
30 vPM 6 7:40  OXYGEN
VPM (SCUBA) 1 3 6 11:40  HELIUM
USN (DEEP SEA) . 24 27:00  OXYGEN
USN (SCUBA) (NO-STOP) 1:40  HELIUM
60 VP 20 21340 OXYGEN
VPM (SCUBA) 5 6 12 19 43:40  HELIUM
USN (DEEP SEA) 47 50:00  OXYGEN
USN (SCUBA) 10 20 31:40  HELIM
120 VPM 1. 47 48:40  OXYGEN
VPM (SCUBA) 3 11 18 26 43 102:40  HELIUM
USN (DEEP SEA) 67 70:00  OXYGEN . .
USN (SCUBA) (NOT LISTED) © HELIUM
240 VPN 5 98 104:40  OXYGEN
VPM (SCUBA) 11 23 38 58 93 224:40  HELIUM
USN (DEEP SEA) 75 78:00  OXYGEN
USN (SCUBA) (NOT LISTED) HELTUM
(NOTE: USN DEEP-SEA SCHEDULES REQUIRE 3 MIN FOR ASCENT TO FIRST STOP)

v
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breathing mixture. The VPM results give 20 min on oxygen at 40 fsw, or
42 min from the helium SCUBA table, A pattern is beginning to emerge,
in which the USN deep-sea tables appear to be more restrictive than
either the USN SCUBA tables or the VPM predictions.

For the 120~-min dive, the deep-sea tables use oxygen for 57 min at
40 fsw, or 75 min (working). The USN SCUBA tables do not extend that
far, and the VPM prediction is 48 min on oxygen beginning at 50 fsw,
which again seems quite short.

In the last dive, thch has a 240-min bottom time, a change in the
previous trend is seen, The deep-sea tables list 75 mir on oxygen at
40 fsw, while the VPM result is 103 min beginning at 50 fsw., This
inversion is to be expected as the bottom times increase since the USN
calculations employ half-times-terminating with 100 min [31], while the
VPM basis set extends to 240 min. |

Qur original objective in this chapter was to create new VPM helium
tables by extending the knowledge gained during the previous setting of
the model parameters for air dives. We have achieved this goal, in
part, by generating what appear to be viable helium no-stop, regular
mixed-gas, and oxygen—assisted SCUBA decompression schedules, However,
the internal inconsistencies in the USN tables preclude their use as a
benchmark. The new VPM tables, by incorporating the common over-
simplification of treating nitrogen as helium, may contain decompression
profiles that are inadequate for a diver who is typically saturated with
nitrogen at the onset of a dive. Further comparisons with empirical
data are required to determine the extent of this inadequacy and to

evaluate our method for its alleviation.
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B, RESIDUAL NITROGEN

In order to gauge the effect that residual nitrogen has on the VPM
helium tables, the computer program was modified to include an initial
nitrogen partial preasure in each tissue, The only difference, then, is
that the initial pressure is allowed to decay at the slower nitrogen
rate. The uptake of helium is the same, with the exception that it
starts from zero. At any time, the instantaneous nitrogen and helium
partial pressures are combined to find the total tension in‘ the
controlling tissue, Since helium enters each tissue faster than the
nitrogen escapes, the net tension is, for a period of limited duration,
higher than it would be if either nitrogen or helium were used alone,
and the resultant tables are more restrictive. For lengthy saturation
.dives, of course, the residual-nitrogen helium tables are identical to
the pure helium tables, The programming additions are described-in more
detail in Chapter VI. | | -

As before, we begin with the no-stop decompressions. Several
empirical points [60,61] are listed in Table 9 with the new residual-
nitrogen VYPM limits. The data from Table 4 are replotted with these new
points in Fig., 19. :The residual-nitrogen curve is consistently lower
{(more conservative) than the original VPM helium curve, which is to be
expected, It seems unlikely that overt bends symptoms would occur for
any of the tables at the shallower depths, where the YPM lines diverge.
However, the VPM curves are lines of constant released-gas volume,
and the lack of bends symptoms does not preclude copious bubble
formation. Looking at the center portion of the graph, the bends point

at 116 fsw, 18 min [60] lies below the USN points and uncomfortably




TABLE 9

VPM RESIDUAL~NITROGEN NO-DECOMPRESSION LIMITS FOR HELIUM DIVES

(BENDS/NO BENDS POINTS
ESTIMATED FROM HILLS'
FIG, 67B [60])

DEPTH  ALLOWED TIME

IN FSW IN MIN DEPTH IN FSW __ TIME IN MIN _ BENDS
30 112 56 120 NO
40 59 61 240 NO
50 40 79 240 YES
60 29 91 120 YES
70 22 115 17 NO
80 18 127 18 YES
90 15 )
100 13
110 10
120 9
130 8
140 7

150 6
160 5
170 5
180 4
190 4
200 4
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Fig. 19 - Plot of VPM residual nitrogen, VPM helium, and USN no-stop
decompression limits. Several data points are included for reference.
The VPM residual nitrogen curve lies in the safer region below the USN
points and regions of bends incidence.
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close to the VPM helium curve, indicating that the newer YPM prediction
is not only safer, but necessary. All of the tables have similar limits
for the deepest dives.

Our next comparison with empirical data utilizes the titration
points developed by Buhlmann [41] in a series of 100-fsw dives., His
method involved shortening the last stop of a comparatively-safe
decompression to produce bends in nitrogen, helium, and mixed-gas dives.
In each case, the divers were saturated with nitrogen at the onget of
the dive,

First, we consider a bottom time of 120 min breathing 79% helium
throughout the dive. Buhlmann's data indicate that a total decom—
pression time of 316 min resqlted in no bends in 20 subjects, but 232
min gave bends in 3 of 8 subjects. The USN SCUBA tables do not extend
to this bottom time. However, the VPH helium SCUBA tables, which havé
generally-longer decombression times at 100 fsw than do their USN
equivalents, predict a total decompression time of 140 min, far below
the bends threshold. This unsafe condition is resolved in the VPM
residual-nitrogen tables, which list the much safer time of 409 min. Of
course, the shape of the profile influences the outcome, but Buhlmamnn's
schedule is quite similar to the new VPM result, as shown in Fig. 20.

Next, the bottom times of 23 and 35 min for divers using 79% helium
(exclusively) are compared, For the former, Buhlmann gives no bends in
12 subjects for a 27-min total decompression time, and bends in 6 of 12
subjects for an 18-min ascent., This 23-min bottom time is far below the
35-min no-stop limit given in the USN 75% helium SCUBA tables, once

again suggesting that they are unsafe. The VPM helium prediction is
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Fig., 20 - Plot of VPM residual nitrogen and Buhlmann's schedules for a
120-min, 100-fsw excursion. The profiles are quite similar, but the
VPM total time is farther from the bends threshold.
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alsc suspect, allowing only 9 min total decompression time. In
contrast, the VPM residual-nitrogen helium tables are quite safe,
requiring 33 min total decompression., For the 35-min bottom time,
Buhlmann lists only one point, in which no bends in 19 divers were
reported for an 80-min ascent. Although some decompression would be
required by the USN SCUBA tables if the additional 4Z inert gas were
taken into account, it is unlikely that it would be more than a few
minutes, The VPM helium tables give 17 min, still far too short, while
the VPM residual-nitrogen result is a respectable 104 min.

In our final comparison with Buhlmann's titrations, we look again
at the 120-min bottom time, but replace helium with oxygen as the
breathing gas during the entire decompression period. No bends in 12
subjects were fbund for 83 min total decompression time, and 3 of 8 were
bent in a 65-min ascent, The USN deep-sea table, for the equivalent
105~fsw helium partial ﬁressure. requires a comparable 81 min, while the
VYPM residual-nitrogen prediction is 93 min. Although the USN deep-sea
tables seem reasonably safe thus far, they are not expected to be valid
for dives with bottom times greatly in excess of 120 min because they
use the short (100-min) maximum tiésue half-time [31].

In this section we have extended the VPM helium tables to include
the nitrogen that is present in the diver at the onset of most SCUBA and
surface-supplied dives. The new residual-nitrogen tables have been
shown to correspond very well with the empirical data from two different
sources. In contrast, the unaltered VPM and USN helium SCUBA tables are
seen to provide inadequate decompressions, The new total decompression

times versus bottom times are plotted in Fig. 21 for 60, 100, and
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Fig. 21 - Plot of VPM residual-nitrogen helium total ascent times versus
bottom times for 60, 100, and 200-fsw dives. The more-restrictive limits
shift the curves to the left of those in Fig. 18,
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200-fsw excursions and for bottom times to 960 min, using a 75% helium,
257 oxygen mixture. The curves are displaced to the left and above
those in Fig. 18, corresponding to the more-restrictive limits, and
they begin to slope downward near the 1000-min bottom time as the helium

uptake falls below the nitrogen elimination.

C. CONSIDERING DEEP AND SATURATION DIVES

We have neglected dives deeper than 200 fsw on 75% helium because
the high partial pressure of oxygen might result in oxygen toxicity,
However, this depth limit may be increased by increasing the percentage
of inert gas and by decreasing the bottom time. In the following
series, we compare the USN deep-sea and VPM residual-nitrogen tables to
the empirical points determined by Elliott [62] for four 270-fsw, 20-min
dives conducted in a wet chamber (Fig. 22).

The first of these four dives (Fig. 22#), in which the subjects
breathed 80% helium throughout and spent 156 min decompressing, resulted
in bends in 8 of 25 working divers and 5 of 21 "attendants," The VPM
residuval-nitrogen tables require only 136 min total decompression time
for this exposure, indicating that the margin of safety given by the
shallower VPM tables has dwindled. We therefore invoke the prerogativ;
which was established in Chapters III and IV, and decrease the threshold
crushing pressure P*. The air schedules in Chapter III will also be
affected by any change in P* introduced here. Fortunately, both sets of
tables suffer from the same malaise and can be adjusted simultaneocusly.
Following several air and helium trials, the lower value of 5 atm for P*

is found to cause a modest increase in the decompression times for dives
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270 FEET, 20 MiNUTE - OXY-HELIUM TRIALS - ALVERSTOKE, 1966

symptom-free [} “niggle” [J recompression
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3001 80 % hetium 20% oxygen 3001 90% hefium 10 % oxygen
throughout the dive until 100 % cxygen from
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Fig. 22 - Four 20-min, 270-fsw excursions on various gas mixtures.,
Note the benefit of the oxygen stages in schedules (b) and (d).
(Adapted from Elliott [62]).
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deeper than 200 fsw., The resultant VPM cutput for the dive in Fig. 22a
is given in Table 10. Although the total times for the two dives are
still similar, the VPM schedule is expected to be safer because the
firaet stop 1s at 180 fsw, nearly two atmospheres deeper than the 120-fgw
first stop of Elliott., As noted in earlier chapters, the shorter "first
pull”™ of the VPM schedule is expected to slow bubble formation and
reduce the volume of released gas.

Over a two-week interval prior to each of the succeeding three
dives, the subjects weré given a series of short "acquainting™ sxposures
to 180, 250, and 300 fsw. Also, the inert-gas fraction was raised
to 90 for the duration of the bottom time and for the beginning of the
ascent. The extra lnert gas makes the corresponding VPM schedules more
restrictive, increasing the depth of the first stop to 220 fsw and
extending the total decompression times.

Following ihe profile of the second dive (Fig, 22b), the subjects
breathed oxygen from 50 fsw to the surface. No bends were reported for
a total decompression time of 90 min, The USN deep-sea table requires
121 min for the equivalent 272 fsw helium partial pressure (also
breathing oxygen from 50 fsw, but surfacing from 40 fsw), The VPM total
time is 201 min,

In the third 270-fsw dive (Fig. 22c), the 907 helium mixture is
reduced to 80% upon arrival at 120 fsw. Only 1 of 10 men had bends
symptoms while following the same decompression profile that was used
in the first dive. The lower bends incidence in this harsher exposure

rides direct evidence for the beneficial effect of acclimitization.

From the VPM viewpoint, the removal of bubble nuclei during each ascent




TABLE 10

kg Rikk ok ok kR kR

* TINY BUBBLES 05/05/85 *
FREREERXRRRREREER PR RRRER

** VALUES OF THE INPUT PARAMETERS **

GAMMA = 17,90 DYN/CM
GAMMAC = 256.90 DYN/CM
PSTAR = 5.00 ATM

RZERCG = ,700 MICROMETER
REGEN = 20160, MINUTES
LAMBDA = 7500, FSW-MIN

INERT = ,80 HELIUM
INCLUDING RESIDUAL NITROGEN

** DIVE PROFILE **

MANEUVER 1 DEPTH = .00 FSW TIME = +00 MIN
MANEUVER 2 DEPTH = 270,00 FSW TIME = 4,50 MIN
MANEUVER 3 DEPTH = 270.00 FSW TIME = 20,00 MIN

** DECOMPRESSION SCHEDULE ** ITERATION NUMBER 3  **
s D L L R L T Lt S Pl i Ll L L L

* FOR THE EXCURSION TO DEPTH = 270.00 FSW. *
a9 20 2k e bk e >4 24 i e 2 o s e 2k ke ok ok fe e ok e e 3 e e e i e ofe e e 2 2 e ok e ok ok ek ok ok ook kg
* TIME SPENT AT INITIAL DEPTH =  20.00 MIN *

Sk ok dopkkokokkkkdkok ko dokd kR kigkok Rk kb Rk ki ok

* STOP * DEPTH * WAIT * TISSUE* TAU * PSS *
* 1 *180.00 % 1.00* 3,33 % 193.98 * 29.44 #
* 2 *170.00 % 1.00%* 3.33 % 181.89 * 29.44 *
* 3%160,00* 1.00* 6.67 * 174.65* 30.80 *
* 4 * 150,00 * 1,00 * 6.67 * 169,04 * 30,80 *
* 5% 140.00 * 2,00 * 6.67 * 158.52 * 30.80 *
* 6 *130.00 * 2,00* 6,67 * 148,41 * 30,80 *
» 7 *120,00* 2,00*% 6,67 * 138,64 * 30,80 *
* 8 * 110,00 * 2,00 * 6.67 * 129.14 * 30.80 *
* 9 * 100,00 *# 4,00 * 13,33 * 120.56 * 31,95 *
* 10 * 90.00*% 5,00*% 13,33 * 110.63 * 31.95 *
* 11 * 80,00* 5.00*% 13.33 * 100.98 * 31.95 ¥
* 12 % 70,00 * 5,00* 13,33 % 91,57 * 31,95 %
* 13 * 60,00* 8,00%* 26,67 % 82,62 * 32,70 *
* 14 * 50,00 * 13.00 * 26.67 * 72.41 * 32,70 *
* 15 % 40,00 % 14,00 * 40,00 * 62,59 *# 32,95 *
* 16 * 30,00 *# 22,00 * 40,00 * 52.68 * 32.G5 *
* 17 * 20,00 * 30,00 * 53,33 % 43,03 % 33,06 *
* 18 * 10.00 * 49,00 * 80.00 * 33.08 * 33.13 *

T T R R R R R T e

* TOTAL TIME TO REACH SURFACE = 171,30 MIN *
KK AR AR R R AR IR R IO AR R R
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VPM RESIDUAL-NITROGEN PROGRAM OUTPUT FOR A 20-MIN, 270-FSW HELIUM DIVE
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and the long time required for their regeneration result in a depleted
nuclear population and a larger allowed supersaturation. However, the
current model contains no provision for acclimitization. The VPM total
time for this dive is 288 min, far longer than the inadequate 156-min
ascent time.

The helium mixture in the final dive (Fig. 22d) 1is also reduced to
80% at 120 fsw, but a switch to pure oxygen is made at 30 fsw. In this
case, no bends-result from the 156-min decompression. The VPM total
time is glightly longer at 187 min, This dive again illustrates the
efficacy of pure-oxygen stages.

It 1s well-known that decompressions from saturation dives are
controlled by the longest tissue half-time. The result is always a -
~ linear éscen;, provided'the partial pressure rather than the percentage
of oxygen is maintained at a constant value [31,54)], The VPM residual-
nitrogen progrém was thus modified (as described in Chapter VI) to
assume a constant oxygen partial pressure of 0.5 ata, which forces the
inert-gas fraction to vary coantinuously. In this last test, we compare
the VPM residual~nitrogen predictions for saturation dives to to several
long exposures described.by Bornmann [63],

First, we consider the Sealab II experiment [63], in which divers
were subjected to a pressure of 204 fsw for two-week periods. Using an
ascent rate of 10 min/fsw, some 28 successful decompressions were
conducted with only one instance of mild bends pain. Considering the
length of the exposure, which is comparable to the value assumed for the
regeneration time constant, some nuclear regeneration would be expected

to occur. The VPM output reflects this in a slower rate, 13.6 min/faw.
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Note that all the nitrogen has escaped at depth, so the rate is constant
and depends upon the longest helium half-time,

Next, in one of a set of USN EDU exposures, two subjects spent 24
hours at 300 fsw and were decompressed linearly at 8.25 min/fsw. A
helium mixture containing 0.5 ata oxygen was supplied during the entire
time under pressure. One man experienced slight knee pain at 55 fsw and
was recompressed, while the other was unaffected. The modified VPM
residual-nitrogen program requires a decompression rate that varies
alightly, from 10.0 min/fsw at the start to 9,1 min/fsw at the end. The
rate reduction occurs because the 24-hour bottom time is sufficient for
helium saturation but not for nitrogen elimination. Lastly, subsequent
exposures were made to 300 and 400 fsw by different pairs of divers.-
All were decgmpressed at 1I min/fsw without incident.

In this chapter, we have progressed ;hrough three variationé of the
VPM tables for heliﬁm. We successfully matched the USN helium SCUBA
tables by assuming a simple, single-gas model and using the constants
and free parameters derived from the air-table calculations, When it
was found that these tables were unsafe, we modified the program to
include the partial pressure of the residual nitrogen held by those .
divers who switch from air to helium just prior to diving. Finally, the
problem of inadequate decompression from excursions beyond 200 fsw,
which was suspected to exist in the air tables as well, was brought to
light and corrected by decreasing the threshold crushing pressure. The
VPM air and helium computer programs listed in Appendices 1 and 2, which
contain these additions and settings, are expected to supply reasonable

decompression solutions for a wide range of diving situations,
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CHAPTER VI

A. NOTES ON THE APPENDICES

A documented FORTRAN program listing for air dives 1s given in
Appendix 1. Appendix 2 contains its BASIC counterpart, modified for
helium dives with residual nitrogen. An alphabetical list of all the
program variables, with short descriptions, is provided in Appendix 3.
Prior to any depth excursion, all tissue compartments are assumed to be
saturated at some initial pressure PO with either nitrogen or helium.
Repetitive exposures are not considered, The results presented in
Chapters III and V are based on a total initial pressure of 1 atm abs,
although the FORTRAN input routine will accommodate an arbitrary
starting depth., For simplicity, the BASIC version automatically sets
the initial depth at the surface and the excursion speed at 60 fsw/mié.
The programs require 3 to 8 iterations to run to completion, each being
of similar duration. Generally speaking, the longest decompressions
will need the fewest iterations because they have the smallest
sSupersaturation augmentation. Aside from these minor differences, the
program algorithms are identical, and all further descriptions refer to
both the FORTRAN and the BASIC versions unless specifically stated
otherwise,

Because the documentation supplied in the appendices is extensive,
we present only the fundamental principles of the program operation in
this chapter. The reader may wish to consult the appropriate appendi
in order to relate our discussion to specific program steps or

variables.
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B, THE MAIN BODY

The method of converting the equations of Chapters I and II into
decompression schedules is actually quite straightforward. The tissue
tension is updated by subroutine TAU, while the maximum allowed tissue
supersaturation and the corresponding allowed depth are calculated by
subroutine DEP. The input and output profiles are handled by
subroutines INPUT and OUTPUT, respectively, leaving only bookkeeping
functions for the MAIN BODY. These functions come under the headings of
initiation, timing, sto}age, and iteration. Each will be covered in
this section.

Program initiation takes place in several stages, First, some of
the variables and all of the model constants are defined. The FORTRAN
- variables are identified in common block statements to minimize memory
overhead, and the subroutines have been written using the same variable
names as the main body, where applicable, to reduce confusion. All
arrays are defined in the BASIC version through dimension statements,
Next, the free parameters of the model are defined as constants, and the
INPUT subroutine is called. The input formats are described in detail
later in this chapter and in the program documentation.

After the input routine, the tissue compartments (matrix HALFTI)
are filled with the constant half-times selected to span the range
between very short and very long tissues. The descent speed is set
equal to the initial depth divided by the duration of the descent
(always 60 fsw/min for the BASIC version), and the ascent speed is set
equal to the descent speed, A different ascent speed {variable ASPEED)

can be inserted here if required.
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The inert-gas tension in each tissue compartment (matrix CPTO) is
set equal to the product of the starting depth and the inert-gas
fraction (variable FR), and the descent to the bottom is made by calling
subroutine TAU to find the subsequent tissue tensions. Finally, the
minimum critical radius To for each tissue compartment (matrix RM) is
calculated from Eq. (1.6) using the method detailed by Eqs. (1.8-1.14).
This matrix is used by subroutine DEP in the calculation of the allowed
supersaturation. Having completed the initiation sequence, the program
begins the calculation of decompression atops.

The timing sequence is started by setting the internal clock
(variable TIM) equal to the total elapsed time prior to surfacing.
Subroutines TAU and DEP are called to determine the shallowest allowed
depth (variablé DEPNEW), which is then rounded off to the next deeper
depth increment. That increment (variable AJUMP) is presently defined
to be 10 fsw, but it can be changed if desired. The current time and
depth are recorded (as variables TIMEO and DEPTH), and an ascent to the
first stop is accomplished by adding the calculated ascent time
(variable AT) to the clock and setting the current depth (interim
variable DEPOLD) equal to the allowed depth. During long "first pulls,™
the controlling tissue half-time may change, so the allowed depth is
recalculated after making the ascent, If it is found to be deeper than
the previously-calculated first stop, the ascent is retracted by
restoring the recorded time and depth, and a safer ascent is made to the
deeper first stop.

All further decompression stops are made in fixed depth increments

(the size of which is determined by AJUMP). The internal clock is
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shifted to count one-minute intervals, and a comparison is made after
each interval to determine whether the new allowed depth returned by DEP
permits an incremental ascent, If so, an ascent to the next stop
(variable DNEIT) is made, This process is repeated until the surface is
reached.

Every time a decompression stop 1s completed, the stop number (loop
index M), stop depth (matrix ADEP), stop duration (matrix ADUR),
controlling tissue half-time (matrix AHT), controlling tissue tension
(matrix ADPT), and allowed supersaturatior. (matrix APSS) are steored in
the common block. Also, the total time required to reach the surface,
measured from the start of the first ascent, is calculated and recorded
(in variable DTIME) for use in subsequent program iterations. These._
values comprise the bulk of the desired décompressiqn schedule and will
be printed by subroutine OUTPUT if the program is on the last iterati;n.

It was mentioned in Chapter II that the allowed supersaturation,
given by Eq. (2,20), is dependent upon the total decompression time
(DTIME) and must be iterated to convergence. For the first iteration,
the decompression time is zero, and the resultant schedule corresponds
to the no-bubble safe-ascent criterion., The second iteration of the
augmented supersaturation equation uses the decompression time found in
the first, and so on for each subsequent iteration until two successive
passes produce the essentially same value for DTIME. The entire
program, with the exception of the initialization steps, must be
repeated until DTIME converges. The number of iterations (variable IT)
and the decompression schedule are then printed when subroutine QUTPUT

is called.
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C. THE INPUT SUBROUTINE

This edition of the program is specifically designed to calculate
decompression schedules for "square-wave" dives, that i3, for profiles
which begin at the surface, transit downward, remain at conatant depth
throughout the remainder of the bottom time, and return to the surface.
As mentione& earlier, the BASIC input routine has been modified to
accept only an excursion depth and bottom time, while the FORTRAN
routine requires three specific pointa in the profile. The input format
for each is detailed in Table 11.

The INPUT subroutine first prints the program header, containing
the title and the date of the last revision. In the FORTRAN version,_
the COMMON/SIX statement passes the values of the model parameters from
‘the MAIN BODY to INPUT, which prints them to logical unit 2. Then the
dive profile is read from loéical unit 1 and printed on unit 2. The
profile is made available to the other program sections via COMMON/
THREE. The BASIC program inputs from and outputs to the terminal device
(keyboard/CRT), A sample of the complete program output is presented
presented in Table 12, which contains all the information printed by
subroutine INPUT and by subroutine OUTPYT,

The FORTRAN input allows the descent speed to be varied since a
different time of arrival at the bottom corresponds to a different
descent rate. The ascent rate is always the same as the descent rate
unless the variable ASPEED is redefined., Again, the BASIC version

automatically assumes 60 fsw/min rates for descent and ascent,




TABLE 11
FORTRAN INPUT FORMAT

The FORTRAN input routine reads three lines, each having format
2£8.2. As an example, the input for a 200-fsw, 60-min dive starting
from the surface and descending at 60 fsw/min is:

(Depth) (Time)
0.00 0.00

200.00 3.33
200,00 60,00

(Start the descent here.)
(Arrive at the bottom.)
(Start the ascent here.)

The descent speed is determined by the time of arrival at the bottom
(shown on line two). The ascent speed will automatically be set equal

to the descent speed, To be consistent with various existing tables,
the "bottom time" (shown on line three) includes the time required for
descent. ‘ -

BASIC INPUT FORMAT

The BASIC user will be prompted by

PLEASE INSERT EXCURSION DEPTH, TIME?"

To input the example dive profile given above, only the information in
"1line three is required, and the user's response would be

200,00, 60.00

All descent and ascent rates in the BASIC version are preset in the
INPUT subroutine to 60 fow/min,




TABLE 12

FORTRAN SAMPLE QUTPUT

EXERERFERR KK KRk kkr Rk

* TINY BUBBLES 05/05/85 *
kxkkibpbphiirkkikhtfity

** VALUES OF THE INPUT PARAMETERS *#

GAMMA = 17.90 DYN/CM
GAMMAC = 256,90 DYN/CM
PSTAR 5.00 ATM

RZERO =  .800 MICROMETER
REGEN = 20160, MINUTES
LAMBDA = 7500, FSW-MIN
INERT = .79 NITROGEN

*% DIVE PROFILE ** .

MANEUVER 1 DEPTH = .00 FSW TIME = .00 MIN
MANEUVER 2 DEPTH = 200,00 FSW TIME = = 3,33 MIN
MANEUVER 3 DEPTH = 200.00 FSW TIME = 60,00 MIN

#* DECOMPRESSION -SCHEDULE ** ITERATION NUMBER 3 **
FEEREEEEEERR R R ER R R RO Rk

* FOR THE EXCURSION TO DEPTH = 200,00 FSW *
s L L L s s s s DR T et s
* TIME SPENT AT INITIAL DEPTH = 60.00 MIN *

RAokdok oKk kR Rk kAR kR Rk AR Rk Rk Rk Rk
* STOP * DEPTH #* WAIT * TISSUE * TAU * PSS *

* 1 * 140,00 * .00 * 5,00 * 152,32 * 26,66 *
* 2 * 130,00 * 2,00 * 10,00 * 144,22 * 27,28 *
* 3 % 120,00 % 2,00* 10,00 * 137,02 * 27,28 *
* 4 * 110.00 * 3.00 * 10.00 * 126.68 * 27,28 ¥
* 5 * 100,00 * 5,00 * 20,00 * 116.67 * 27.64 *
* 6* 90.00 * 6,00 * 20,00 * 107,44 * 27.64 *
* 7% 80,00* 7.00*% 20,00 * 97,18 * 27.64 *
* 8 * 70,00 ¢ 7,00*% 20,00 * 87,43 % 27.64 *
* 9* 60,00*% 12,00 * 40,00 * 77,46 % 27,75 %
* 10* 50.00 * 16.00 * 40,00 * 67.58 * 27,75 *
* 11 *# 40,00 * 17,00 * 40,00 * 57.69 * 27,75 *%
* 12 % 30.00 * 25.00 * 80.00 * 47.51 * 27.70 *
* 13 % 20,00 * 39,00 * 80.00 * 37.67 * 27,70 %
* 14 * 10,00 *# 56,00 * 120,00 * 27,52 * 27,62 *

e eoje e sesiefe e e e sesje e e ek ejeiele ol ok ook desiedje e ojesiele delesese ik ek ok

* TOTAL TIME TO REACH SURFACE =  200.33 MIN *
L L e L L S L o Rt st e
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D. THE TI1SSUE TENSION SUBROUTINE

Subroutine TAU calculates any changes in the tensions of the
various tissues, The MAIN BODY initializes the inert gas tension in all
the compartments (matrix CPTO). Then TAU is called to find the total
gas tensions after every subsequent excursion, including those which
merely mark time and result in no depth change, Each excursion is
representedlby an initial depth (variable DEPTHO), an ascent or descent
speed (variable SPEED), and a duration (variable DUR). When SPEED is
set to zero, the program marks time {(hovers), The FORTRAN version
passes these variables to TAU via COMMON/ONE, and the inert gas tensions
are returned through COMMON/TWO (in matrix CPT) to the MAIN BODY, where
they will be stored (again in matrix CPTO) as the "initial" tensions for
the next excursion.

The calculatiﬁn_of the total gas tension is performed separately
for each tissue compartment, using the method outlined in section B of
Chapter II. First, the contribution of the active gases is found
(variable ACT). Next, all of the half;times stored in matrix HALFTI are
successively inserted intc Egs. (2.28) and (2.29), reaulting in e new
inert gas tension f?r each tissuye (matrix CPT). Finally, the two
contributions are added to obtain the total tissue tensions. If
residual nitrogen is included, there will be another term (variable
DNITRO) added to each total. The residual nitrogen modification will be
discussed in section G. Subroutine DEP receives the tissue tensions (in
matrix DPT) and utilizes them in the determinaticn of the allowed depth.
In the FORTRAN version these variables are passed via COMMON/THREE and

COMMON/FOUR.
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E. THE ALLOWED-SUPERSATURATION SUBROUTINE

Subroutine DEP calculates the allowed supersaturation, finds the
tissue compartment that is "controlling”™ the ascent, and predicts the
allowed depth. Since square-wave dives always result in the selection
of progressively lonéer controlling tissue half-times during decom-
pressions, a compartment index (variable J) 1s used to represent the
minimum compartment number to be used whenever a loop over all the
compartments i: made. This feature significantly shortens the program
execution time and is essential for microcomputer operation. Each time
DEP is called, the compartment index is updated to correspond to the
current controlling tissue, All further loops over the tissue
compartments will begin with the compartment index (variable J) and end
. with the highest compartment number (constant NIC).

For the FORTRAN program, DEP is interfaced through the use of
common blocks., The tissue tension and half-time (matrices DPT and
HALFTI), maximum crushing pressure {matrix PCRUSH), and minimum critical
radius (matrix RM) are made available for each selected compartment
through COMMON/THREE and COMMON/FOUR. The model parameters and some
other pre-defined cgnsatants are passed via COMMON/SIX and COMMON/SEVEN,
and the total decompression time from the previous program iteration
(variable DTIME) enters via COMMON/NINE. The allowed supersaturation
(variable PSSJ), the controlling tissue compartment tension (variable
DPTJ), and the allowed depth (variable DEPNEW) are returned to the MAIN
BODY through COMMON/EIGHT, while the coatrolling tissue compartment
index (variable J) enters and exits through COMMON/ONE. All of these

variables are the same in the BASIC version.
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The first step in determining the allowed supersaturation is to
apply Eq. (2.30), which adjusts the minimum critical radiua for
regenerative growth., The no-bubble supersaturation (variable PSAFE) is
then calculated from Eq. (1.4), and the augmented supersaturation
{variable PNEW) is found using Fqs. (2.16-2.20). Following Eq. (2.22),
the new allowed supersaturation is subtracted from the current tissue
tension to find the allowed depth. Each time a new tissue compartment
is used, the resultant allowed depth (variable DEPA) is compared to the
maximum depth predicted by previously-used compartments (variable DOLD),
and the larger of the two is retained (in variable DNEW), along with its
corresponding compartment index (variable J) and its cﬁrrent tension
(variable DPTJ). After all the compartments have been tried, the one
which remains will be the contfolling compartment and will result in the
deepest (most.reStriptive) allowed depth. This new allowed depth
(variable DEPNEW) is then passed to the MAIN BODY, as are the
corresponding allowed supersaturation, the controlling tissue
compartment tension, and the compartment index., Whenever a decom-
pression stop 1s completed, these variables and others are used by the

MAIN BODY to prepare information for subroutine OUTPUT,

F. THE OUTPUT SUBROUTINE
Subroutine QUTPUT writes the decowpression schedule to logical unit
2 (or to the CRT in BASIC). A representative sample of the FORTRAN
program output is given in Table 12, and the BASIC output is nearly
identical, Of course, subroutine INPUT is responsible for printing the

header, the model parameters, and the dive profile, leaving only the
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printing of the decompression schedule to OUTPUT. Again, the variables
are identical in the BASIC and FORTRAN versions. In the FORTRAN
program, the number of program iterations required for convergence
(variable IT), the number of decompression stops (variable M), and the
total decompression time (variable DTIME) are transferred from the MAIN
BODY through COMMON/NINE, In addition, the excursion depth (included in
matrix DDEPTH) and the bottom time (in matrix TTIME) are passed via
COMMON/THREE. Lastly, the stop depth (matrix ADEP), stop duration
(matrix ADUR), controlling tissue compartment half-time (matrix AHT),
controlling tissue tension (matrix ADPT), and allowed supersaturation
(matrix APSS) are all received via COMMON/FIVE.

OUTPUT begins by writing the number of iterations required for B
DTIME to converge. The excursion depth and bottom time are then
printed, followed by the header for the decompressiqn schedule, For
each decompressibn stop, the stop depth, stop duration, controlling
tissue compartment half-time, controlling tissue tenqiézi‘gnd allowed
supersaturation are written under separate column headéggg. Finally,

the total time required for ascent is printed. Control is then passed

back to the MAIN BODY, which ends program execution.

G. PROGRAM MODIFICATIONS
Each of the program modifications used in previous chapters will be
discussed in this section., First, to convert the program from air to
helium, we begin with the MAIN BODY by changing the constant RO from
0.800 to 0.700 (micrometers) and by defining the helium inert-gas

fraction FRO for the dive. Next, all the half-times in matrix HALFTI
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are divided by three, and the initial helium tension is set to zero by

changing the line

CPTO(I) = FR¥(DEPTHO + 33.)
to read

CPTO(I) = 0.0 .,

For cosmetic purposes, the word "NITROGEN" may be changed to "HELIUM" in
subroutine INPUT, where the inert gas fraction (variable FR) is printed,
and another print line may be added to say "RESIDUAL NITROGEN INCLUDED,™

Residual nitrogen is added by inserting the programming line
DNITRO = 0.79%33,#EXP(-TIM¥TWOLN/(3%HALFTI(I)))

into subroutine TAU immediately following the calculation of CPT(I) and

by changing the definition of DPT(I) to read

DPT(I) = CPT(I) + ACT + DNITRO ,
To change the BASIC program to accommodate air dives, the reverse
procedure should be followed.
To convert either program to a constant oxygen partial pressure,
we set FRO in the constant definition section of the MAIN BODY equal to
the initial (surface) fraction of inert gas. Then we add two lines at

the beginning of subroutine TAU,
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PO2 = 0.5 {defines constant 02 pressyre)
and

FR = 1 - PO2/(DEPTH + 33.).

Note that the inert-gas fraction appearing on the printout will be the
surface value only.

Lastly, to include simple changes in the inert-gas fraction, we
turn to the loop over the number of stops (M) in the main body. A few
lines above the CONTINUE (NEXT M) statement, conditional statements may
be inserted, just after the DEPTH = DNEXT assignment. For instance, to

shift to 80 oxygen at 50 fsw, we add either

IF(DEPTH .LE, 50,) FR = 0.2  (FORTRAN)
or

IF(DEPTH <= 50) THEN FR = 0.2 (BASIC).

Any number of conditional statements may be added in this fashion to

accommodate various shifts in the percentage of a single inert gas.

«
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APPENDIX 1

FORTRAN PROGRAM LISTING FOR AIR DIVES

TINY BUBBLES—VERSION 05/05/85—FOR AIR DIVES

THE TINY BUBBLE GROUP
DEPARTMENT OF PHYSICS
AND ASTRONOMY
UNIVERSITY OF HAWAII
2505 CORREA ROAD
HONOLULU, HAWAII 96822

THIS PROGRAM ACCEPTS A SQUARE-WAVE DIVE PROFILE AND CALCULATES A
THEORETICAL DECOMPRESSION SCHEDULE USING THE EQUATIONS AND PARAMETERS
OF THE VARYING-PERMEABILITY MODEL., THE SCHEDULES SO PRODUCED ARE NOT
INTENDED FOR GENERAL USE BY THE DIVING COMMUNITY, AND NO CLAIM IS
MADE FOR THEIR VALIDITY. PROGRAM FEATURES INCLUDE CONTINUOUS
TRACKING OF THE MINIMUM NUCLEAR RADIUS REQUIRED TO FORM A MACROSCOPIC
BUBBLE UPON DECOMPRESSION, CONTINUOUS TRACKING OF THE TENSIONS IN_
EACH OF SEVERAL SPECIFIED TISSUES USING A PERFUSION-LIMITED EQUATION,
CALCULATION OF THE ALLOWED SUPERSATURATION IN EACH TISSUE BASED ON A
CRITICAL VOLUME OF RELEASED GAS, AND CONSTRUCTION OF A DECOMPRESSION
SCHEDULE USING THE DEPTHS ALLOWED BY THOSE TISSUES FOUND TO BE
CONTROLLING THE ASCENT. '

THE PROGRAM CONSISTS OF A MAIN BODY AND THE FOUR SUBROUTINES
LISTED HERE:

INPUT —— READS IN THE DIVE PROFILE. PRINTS THE PROGRAM
HEADER, THE DIVE PROFILE, AND THE MODEL

PARAMETERS.
TAU — CALCULATES THE TISSUE TENSIONS IN
. THE SPECIFIED TISSUES,
DEP — FINDS THE ALLOWED SUPERSATURATION

AND THE RESULTANT ALLOWED DEPTH.
OUTPUT— PRINTS THE SCHEDULE OF DECOMPRESSION
STOPS (DIVE SUMMARY),

THESE SUBROUTINES ARE NON-INTERACTIVE, THAT IS, THEY DO NOT CALL ONE
ANOTHER. NOTE: THIS VERSION OF THE PROGRAM IS NOT DESIGNED TO WORK
WITH OTHER THAN SQUARE-WAVE DIVE PROFILES, FOR INPUT INFORMATION,
SEE SUBROUTINE "INPUT,"

PROGRAM MAIN

ESTABLISH THE COMMON BLOCKS WHICH WILL ALLOW EFFICIENT TRANSFER OF
INFORMATION TO/FROM THE SUBROUTINES AND MINIMIZE MEMORY OVERHEAD:
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COMMON/ONE/SPEED, NTC , DEPTH, DEPTHO, DUR, J, TIM
COMMON/TWO/CPT(16),CPTO(16)

COMMON/THREE/DDEPTH(3), TTIME(3),HALFTI(16),FR
COMMON/FOUR/DPT(16) ,DPTO(16) ,PCRUSH(16),RM(16)
COMMON/FIVE/ADEP(100),ADUR(100),AHT(100),ADPT(100),APSS(100)
COMMON/SIX/GAMMA ,GAMMAC, PCSTAR, RZERO, REGEN, XLAM

COMMON/ SEVEN/RO, DYNES, TWOGAM, PSTAR, RSTAR, GAM, ALPHA

COMMON /EIGHT/DEPNEW, PSS.J, DPTJ

COMMON/NINE/DTIME, M, IT

C DEFINE FILES FOR LOGICAL UNITS 1 AND 2:

OPEN(1,FILE="INPUT,DAT',STATUS="'0LD")
OPEN( 2, FILE="QUTPUT,DAT',STATUS="NEW')

C DEFINE THE MODEL PARAMETERS AND READ THE DIVE PROFILE:

GAMMA = 17.9
GAMMAC = 256.9
RZERO = 0,800
REGEN = 20160,
XLAM = 7500,
PCSTAR = 5,00
FRO = 0.79

FR = FRO

CALL INPUT-

C DEFINE SOME CONSTANTS AND CONVERSION FACTORS FOR SUBROUTINE DEP:

RO = RZERO*1,E~4

DYNES = 1.0133E6/33.

TWOGAM = 2%(GAMMAC~GAMMA)
PCSTAR = PCSTAR*33,

PSTAR = PCSTAR®*DYNES

RSTAR = RO/(1.+PSTAR*RO/TWOGAM)
GAM = GAMMA/GAMMAC

ALPHA = GAM*XLAM

C FILL THE HALF~-TIME MATRIX (HALFTI) — THE SHORTEST HALF-TIMES CONTROL
C THE NO-STOP DECOMPRESSIONS, WHILE THE LONGEST CONTROL THE LINEAR
C DECOMPRESSIONS FROM SATURATION DIVES, SUCH AS THE TEKTITE DIVE:

HALFTI(1) = 1.
HALFTI(2) = 2.
HALFTI(3) = 5.
HALFTI(4) = 10.
HALFTI(5) = 20.
HALFTI(6) = 40.
HALFTI(7) = 80,
HALFTI(8) = 120,
HALFTI(9) = 160.
HALFTI(10)= 240,




OO0

QOO

GOQOOOO0

100

HALFTI(11)= 320,
HALFTI(12)= 400,
HALFTI(13)= 480,
HALFTI(14)= 560.
HALFTI(15)= 720,

THE CRITICAL-VOLUME HYPQTHESIS REQUIRES AN ITERATION OVER THE TOTAL
DECOMPRESSION TIME — INITTIALIZE AND INCREMENT THE ITERATION COUNTER:

IT = 000

DPTIME = 0.0
10 IT = IT+l

FR = FRO

SET THE INITIAL DEPTH AT THE SURFACE AND MAKE THE DIVE BY SETTING THE
CURRENT DEPTH AT THE BOTTOM. LET THE DESCENT SPEED EQUAL THE DEPTH
EXCURSION DIVIDED BY ITS DURATION AND FOR SQUARE-~WAVE DIVES LET THE
ASCENT SPEED EQUAL THE DESCENT SPEED:

DEPTHO = DDEPTH(1)

DEPTH = DDEPTH(2)

DUR = TTIME(2) - TTIME(1)

SPEED = (DDEPTH(2)-DDEPTH(1))/DUR
ASPEED = — SPEED

TIM = TTIME(2)

INITIALIZE THE TISSUE COUNT (NTC) AND THE COUNT INDEX {(J). SINCE
SQUARE-WAVE DIVES SELECT PROGRESSIVELY LONGER TISSUES, LATER UPDATING
OF "J"™ WILL ALLOW THE MAIN AND SUB-PROGRAMS TO LOOP OVER ONLY THOSE
TISSUES EQUAL TO OR LARGER THAN THE LATEST CONTROLLING TISSUE, WHICH
DRAMATICALLY SHORTENS THE EXECUTION TIME FOR MICROCOMPUTERS:

NTC = 15
J=1

INITIALIZE THE INERT-GAS TENSION IN EACH TISSUE AND CALL SUBROUTINE
TAU TO FIND THE TENSIONS AFTER THE FIRST DEPTH EXCURSION., SAVE THESE
FOR THE NEXT TIME TAU IS CALLED., DETERMINE THE CRUSHING PRESSURE
IMPOSED ON EACH TISSUE BY TAKING THE DIFFERENCE BETWEEN THE AMBIENT
PRESSURE AND THE TISSUE TENSION, IF THE CRUSHING EFFECT EXTENDS INTO
THE IMPERMEABLE NUCLEAR REGIME, GO TO LINE 31 AND SOLVE THE MODEL
CUBIC EQUATION FOR THE MINIMUM NUCLEAR RADIUS. IF NOT, USE THE VALUE
APPROPRIATE TO THE PERMEABLE REGIME AND CONTINUE:

DO 20 I = J,NIC
20 CPTO(I) = FR*(DEPTHO+33,)
' CALL TAU
DO 32T = J,NIC
CPTO(I) = CPT(I)
DPTO(I) = DPT(I)
PCRUSH(I) = DEPTH+33.-DPTO(I)
PC = PCRUSH(I)*DYNES
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IF (PCRUSH(I) .GT., PCSTAR) GO TO 31
RM(I) = 1./(PC/TWOGAM + 1./RO)
GO TO 32
PZERO = DPTO(I)*DYNES
DENOM = PC-PSTAR+PZERO+TWOGAM/RSTAR
P = -TWOGAM/DENOM
Q = ~PZERO*RSTAR**3/DENOM
A = -P**2/3,
B = 2.%P**3/27, + Q
ROOT = SQRT(B**2/4, + A¥*3/27.)
CA = (~B/2 + ROQT)**0,333333
CB = (-B/2 - ROOT)**0.333333
RM(I) = CA + CB - P/3.
CONTINUE

MAINTAINING THE DEPTH AT THE BOTTOM, SET THE ELAPSED TIME EQUAL TO
THE TOTAL DIVE TIME PRIOR TO SURFACING, FIND THE CURRENT TISSUR
TENSIONS AND STORE THEM, THEN FIND THE ALLOWED SUPERSATURATION BY
CALLING SUBROUTINE DEP, WHICH RETURNS THE ALLOWED DEPTH (DEPNEW):

DEPTHO =~ DEPTH
DEPTH = DDEPTH(3)

TIM = TTIME(3) .

DUR = TTIME(3)-TTIME(2) -

SPEED = (DDEPTH(3)-DDEPTH(2))/DUR ,
CALL TAU

.. CALL DEP

40

DEPTHO = DEPTH
SPEED = ASPEED
DO 40 I = J,NTC
CPTO(I) = CPT(I)

C SET THE DEPTH INCREMENT TO 10 FSW. ROUND OFF TARGET DEPTH (DEPNEW)
C TO THE NEXT DEEPER 10 FSW LEVEL, SAVE THE STARTING DEPTH AND TIME,
C THEN MARE THE ASCENT:

50

AJUMP = 10,

IF(DEPNEW ,LE. DDEPTH(1)) DEPNEW = DDEPTH(1)
DEPNEW = DEPNEW/AJUMP

DEPNEW = (INT(DEPNEW)+1)*AJUMP

DEPOLD = DEPNEW

AT = (DEPNEW-DEPTH)/SPEED

TIMEO = TIM

TIM = TIM + AT

DUR = AT

A NEW CONTROLLING TISSUE MAY COME TO PREDOMINATE DURING THE ASCENT,
SO RECHECK THE ALLOWED DEPTH -- IF IT IS DEEPER THAN THE CURRENT
DEPTH, RETRACT THE ASCENT TIME AND BEGIN AGAIN USING THE DEEPER
TARGET DEPTH (EXECUTE LINES 60 THEN 50):

CALL TAU
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CALL DEP
IF (DEPNEW .GT. DEPOLD) GO TO 60
GO TO 70
60 TIM =~ TIMEO
DEPNEW = DEPOLD + AJUMP
GC TO 50
70 DEPTH = DEPOLD
C AFTER ARRIVING AT THE FIRST STOP, CONTINUE BY FINDING THE NEW TISSUE
C TENSIONS AND THE NEXT ALLOWED DEPTH. IF IT IS NOT PERMITTED TO GO
C ANOTHER 10 FSW, KEEP INCREMENTING THE TIME IN ONE-MINUTE STEPS UNTIL
C THE NEXT STOP CAN BE REACHED:

DO 110 M = 1,100
DEPTHO = DEPTH
SPEED = O.
DO 80 I = J,NIC
80  CPTO(I) = CPT(I)
DNEXT = DEPTH - AJUMP
TIM = TIM -1,
DUR = ~1.
90 TIM = TIM + 1.
DUR = DUR + 1.
CALL TAU L
CALL DEP
IF (DEPNEW .GT. DNEXT) GO TO 90

WHEN THE ASCENT IS ALLOWED, RECORD THE DEPTH, WAIT, CONTROLLING
TISSUE, CONTROLLING TISSUE TENSION, AND ALLOWED SUPERSATURATION FOR
STOP NUMBER (M), THEN MAKE THE ASCENT AND EXIT LOOP M IF THE SURFACE
HAS BEEN REACHED, IF NOT, UPDATE THE TISSUE TENSIONS AND REPEAT THE
LOOP (LINE 110) TG OBTAIN THE NEXT STOP:

o NoNeNeNe]

ADEP(M) = DEPTH
ADUR(M) = DUR
AHT(M) = HALFTI(J)
ADPT(M) = DPTJ
APSS(M) = PSSJ
DO 100 I = J,NIC
100  CPTO(I) = CPT(I)
SPEED = ASPEED
DEPTH = DNEXT

C INSERT INERT-GAS FRACTION CONDITIONAL STATEMENTS HERE

AT = (DEPTH-DEPTHO)/SPEED
TIM = TIM + AT
IF(DEPTH ,LE, DDEPTH(1}) GO TO 120
DUR = AT
CALL TAU
110 CONTINUE

C ONCE THE SURFACE IS REACHED, FIND THE TOTAL DECOMPRESSION TIME
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(DTIME) AND COMPARE IT TO THE CORRESPONDING TIME FOR THE PRECEEDING
PROGRAM ITERATION. IF THE TIMES ARE THE SAME, THE ITERATION HAS
CONVERGED AND THE RUN IS COMPLETE. IF NOT, RESTART THE PROGRAM AT
LINE 10, SAVING THE TOQTAL TIME (TOLD):

OO0

120 DTIME = TIM - TTIME(3)
IF (ABS(TOLD-DTIME) ,LE. 1.,) GO TO 130
TOLD = DTIME .
GO TO 10

C IF THE RUN IS COMPLETE, CALL SUBROUTINE OUTPUT, WHICH PRINTS THE
C FINAL DECOMPRESSION SCHEDULE:

130 CALL OUTPUT
STOP
END

SUBROUTINE INPUT

THIS SUBROUTINE WRITES THE PROGRAM HEADER AND THE MODEL PARAMETERS
TO LOGICAL UNIT 2. IT THEN READS THE DIVE PROFILE FROM UNIT 1 AND
WRITES IT TO UNIT 2: -

QO

COMMON/THREE/DDEPTH(B) y TIIME(3) ,HALFTI(16),FR
COMMON/SIX/GAMMA,GAMMAC, PCSTAR, RZERO, REGEN, XLAM

O

WRITE THE PROGRAM HEADER AND THE MODEL PARAMETERS:

WRITE(2, 20)
20 FORMAT(1H ,8X%,25('#'),/,1H ,8X,'* TINY BUBBLES 05/05/85 *',
+/,18 ,8X,25('*'))
WRITE(2, 30)
30 FORMAT(1H ,/,1H ,8X,'** VALUES OF THE INPUT PARAMETERS **')
WRITE(2,40) GAMMA
40 FORMAT(1H ,8%,'GAMMA = ',PF6.2,' DYN/CM')
WRITE(2,50) GAMMAC
50 FORMAT(1H ,8%,'GAMMAC = ',F6.2,' DYN/M')
WRITE(2,60) PCSTAR
60 FORMAT(1H ,8X,'PSTAR = ',F6.2,' ATM')
WRITE(2,70) RZERO
70 FORMAT(1H ,8X,'RZERO = ',F6.3,' MICROMETER')
' WRITE(2,80) REGEN
80 FORMAT(1H ,8X,'REGEN =',F7.0,' MINUTES')
WRITE(2,90) XLAM
90 FORMAT(1H ,8X,'LAMBDA =',F7.0,"' FSW-MIN')
WRITE(2,95) FR
95 FORMAT(IH ,8%,'INERT =',F4,2,'  NITROGEN')

C THE PROFILE IS READ IN THREE LiNES USING FORMAT 2F8.2, IE, FOR A
C 100-FSW, 30 MIN DIVE STARTING FROM THE SURFACE AT TIME ZERO AND
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DESCENDING AT 60 FSW/MIN:
(DDEPTH) (TTIME)
0.00 0.00 (START DESCENT HERR)
200.00 3.33 (ARRIVE AT BOTTOM)
200,00 60,00 (START ASCENT HERE)

WRITE THE DIVE PROFILE:

WRITE(2,100)
100 FORMAT(1H ,/,1H ,8X,'** DIVE PROFILE **')
DO 130 I = 1,3
READ(1,110) DDEPTH(I),TTIME(I)
110 FORMAT(2F8.2)
WRITE(Z,120) I,DDEPTH(I),TTIME(I)
120  FORMAT(1H ,8X, 'MANEUVER ',I1,2X,'DEPTH = ',
+ F6.2,' FSW',2%,'TIME = ',F8,2,' MIN')
130 CONTINUE
WRITE(2,140)
140 FORMAT(1H )
RETURN
END

SUBROUTINE TAU

THIS SUBROUTINE CALCULATES THE TENSIOR IN EACH OF THE TISSUES FOR
WHICH HALP-TIMES ARE GIVEN.

COMMON/ONE/SPEED, NTC, DEPTH, DEPTHO, DUR,J, TIM
COMMON/TWO/CPT(16),CPTO(16)
COMMON/THREE/DDEPTH( 3) , TTIME( 3) ,HALFTI(16),FR
COMMON/FOUR/DPT(16),DPTO(16) , PCRUSH(16),RM(16)

LET THE INERT GAS PRESSURE EQUAL, ABSOLUTE PRESSURE IN FSW:

PO = DEPTHO + 33.
SUBTRACT THE OXYGEN WINDOW FROM THE INSPIRED OXYGEN TO GET THE CONT-
RIBUTION OF ACTIVE GASES, ABOUT 4.429 FSW (102 MMHG). FOR OXYGEN
PARTIAL PRESSURES ABOVE 1500 MM HG, TREAT THE EXCESS AS AN INERT GAS:

DEPTHA = 65.1/(1-FR) - 33.

ACT = 4.429

IF(DEPTH .GT. DEPTHA) ACT = 4.429 + ((1-FR)*(DEPTH+33.) ~ 65.1)
USING THE PERFUSION~LIMITED EQUATION WITH A SOLUTION OF THE FORM

TAU = A*EXP(-TIME/HALFTIME) + B*TIME + C
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FIND THE INERT GAS TENSION IN EACH TISSUE AND STORE THE RESULTS IN
MATRIX CPT FOR THE COMMON BLOCK:

20 DO 30 I = J,NTIC
A = CPTO(I) - FR*(PO-SPEED*HALFTI(I)/TWOLN)
ARG = TWOLN*DUR/HALFTI(I)
E = BXP(-ARG)
CPT(I) = A*E + FR*(PO+SPEED*(DUR-HALFTI(I)/TWOLN))

INSERT RESIDUAL-NITROGEN MODIFICATION HERE

ADD THE ACTIVE GAS CONTRIBUTION TO THE INERT GAS TENSION TO GIVE THE
TOTAL TISSUE TENSION AND STORE THE RESULT IN MATRIX DPT FOR THE
COMMON BLOCK:

DPT(I) = CPT(I) + ACT
30 CONTINUE
RETURN
END

SUBROUTINE DEP

THIS SUBROUTINE CALCULATES THE ALLOWED SUPERSATURATION FOR EACH
TISSUE, DESIGNATES THE CONTROLLING TISSUE, AND PREDICTS THE ALLOWED
DEPTH. THE CRUSHING AND REGENERATION OF BUBBLE NUCLEI ARE INCLUDED.
PARAMETER SIGMA AUGMENTS THE NO-BUBBLE SUPERSATURATION TO PERMIT
BUBBLE FORMATION, HOWEVER, SIGMA DEPENDS ON THE T DECOMPRESSION
TIME, AND ITERATION OVER THE WHOLE DECOMPRESSION S  WLE IS
REQUIRED UNTIL SIGMA CONVERGES. CONVERGENCE IS EV. AT WHEN TWO
SUCCESSIVE PASSES GIVE THE SAME TOTAL DECOMPRESSION TIME (DTIME),
INDICATING THAT THE CRITICAL VOLUME OF FREE GAS HAS BEEN REACHED,

COMMON/ONE/ SPEED, NTC, DEPTH, DEPTHO, DUR, J, TIM
COMMON/THREE/DDEPTH( 3) , TTIME( 3} , HALFTI(16),FR
COMMON/FOUR/DPT(16),DPTO(16),PCRUSH(16),RM(16)
COMMON/SIX/GAMMA , GAMMAC, PCSTAR, RZERO, REGEN,, XLAM
COMMON/SEVEN/RO, DYNES, TWOGAM, PSTAR, RSTAR, GAM, ALPHA
COMMON/EIGHT/DEPNEW, PSSJ, DPTJ
COMMON/NINE/DTIME M, IT

FIND THE TIME ALLOWED FOR REGENERATION (T), AND INITIALIZE ALPHA AND
THE ALLOWED DEPTH (DNEW). NOTE: SIGMA IS ZERC FOR THE FIRST PASS.

T = TTIME(3) - TTIME(2)

ALPHAl = 0.0

DNEW = 0,0

IF(DTIME .GT. 0.0) ALPHAIl = ALPHA
TWOLN = ALOG(2.)
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FIND THE MINIMUM NUCLEAR RADIUS (RMT) AFTER REGENERATION AND
CALCULATE THE NO-BUBBLE SUPERSATURATION. ADD SIGMA AND FIND THE
ALLOWED UPWARD DEPTH EXCURSION, UPDATING THE CURRENT CONTROLLING
TISSUE INDEX (J) AS WELL, STORE THE CONTROLLING TISSUE TENSION IN
DPTJ, THE ALLOWED SUPERSATURATION IN PSS.J, AND THE ALLOWED DEPTH IN
DEPNEW FOR THE COMMON BLOCK:
DO 40 I = J,NTC
20  RMT = RM(I) + (1-EXP(-T/REGEN))*{RO-RM(I))
PSAFE = GAM*TWOGAM/(RMT*DYNES)
SIGMA = ALPHAl / (DTIME + HALFTI(I)/TWOLN)
PS = PSAFE + SIGMA
PNEW = (PS + SQRT( PS#%2 — 4*GAM*PCRUSH(I)*SIGMA))*0.5
DEPA = DPT(I) - PNEW
DOLD = DNEW
IF(DEPA .GT. DNEW) DNEW = DEPA
IF(DNEW .GT. DOLD) GO TO 30
GO TO 40
30 JalI
DPTJ = DPT(I) - 33.
PSSJ = PNEW
40 CONTINUE
DEPNEW = DNEW-33. B
RETURN
END

SUBROUTINE QUTPUT

THIS SUBROUTINE WRITES THE DECOMPRESSION SCHEDULE IN COLUMNAR FORMAT
TO LOGICAL UNIT 2:

COMMON/ THREE/DDEPTH( 3) , TTIME(3) ,RALFTI(16),FR
COMMON/FIVE/ADEP(100},ADUR(100),AHT(100),ADPT(100),APSS(100)
COMMON/NINE/DTIME,M, IT

WRITE THE HEADER WITH THE NUMBER OF ITERATIONS REQUIRED FOR
CONVERGENCE. WRITE THE EXCURSION DEPTH AND DIVE DURATION:

WRITE(2,10) IT
10 FORMATSIH ,8X, 1% DECOMPRESSION SCHEDULE ** ITERATION NUMBER ',I2,
+! *% )
WRITE(2,15)
15 FORMAT(1H ,8X,53('*'))
WRITE(2,20) DDEPTH(3)
20 FORMAT(1H ,8X,'* FOR THE EXCURSION TO DEPTH = ',
+F6.2,"' FSW Xt /.18 ,8%,53('*'))
WRITE(2,30) TTIME(3)
30 FORMAT(1H ,8X,'* TIME SPENT AT INITIAL DEPTH = ',
+F8.2," MIN %'/ 1H ,8X,53('*"))
WRITE(2,40)
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40 FORMAT(1H ,8X,
+'* STOP * DEPTH * WAIT # TISSUE* TAU * PSS *")

WRITE IN TABULAR FORM THE STOP NUMBER (M), THE STOP DEPTH (ADEP),
THE STOP DURATION (ADUR), THE CONTROLLING TISSUE HALF-TIME (AHT),
THE TENSION IN THE CONTROLLING TISSUE (ADPT), AND THE ALLOWED
SUPERSATURATION (APSS) FOR ALL THE REQUIRED STOPS. WRITE THE TOTAL
TIME NEEDED TO REACH THE SURFACE (DTIME):

DO 60 L = 1,M
WRITE(2,50) L ADEP(L) , ADUR(L), AHT(L), ADPT(L), APSS(L)
50  FORMAT(IH ,8X,'* ',13,5(' * ',F6.2).' #')
60 CONTINUE
WRITE(2,70) DTIME
70 FORMAT(1H ,8X,53('*'),/,1H ,8X,'* TOTAL TIME TO REACH SURFACE = ',
+F8,2,' MIN *' /,1H ,8%,53('*"),//)
RETURN
END
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APPENDIX 2

BASIC PROGRAM LISTING

TINY BUBBLES—VERSION 05/05/85-—FOR HELIUM DIVES

THE TINY BUBBLE GROUP
DEPARTMENT OF PHISICS
AND ASTRONOMY
UNIVERSITY OF HAWAII
2505 CORREA ROAD
HONOLULU, HAWAII 96822

THIS PROGRAM ACCEPTS A SQUARE-WAVE DIVE PROFILE AND CALCULATES A
THEORETICAL DECOMPRESSION SCHEDULE USING THE EQUATIONS AND PARAMETERS
OF THE VARYING-PERMEABILITY MODEL. THE SCHEDULES SO PRODUCED ARE NOT
INTENDED FOR GENERAL USE BY THE DIVING COMMUNITY, AND NO CLAIM IS
MADE FOR THEIR VALIDITY. PROGRAM FEATURES INCLUDE CONTINUQUS
TRACKING OF THE MINIMUM NUCLEAR RADIUS REQUIRED TO FORM A MACROSCOPIC
BUBBLE UPON DECOMPRESSION, CONTINUOUS TRACKING OF THE TENSIONS IN
EACH OF SEVERAL SPECIFIED TISSUES USING A PERFUSION-LIMITED EQUATION,
CALCULATION OF THE ALLOWED SUPERSATURATION IN EACH TISSUE BASED ON A
CRITICAL VOLUME QOF RELEASED GAS, AND CONSTRUCTION OF A DECOMPRESSION
SCHEDULE USING THE DEPTHS ALLOWED BY THOSE TISSUES FOUND TO BE
CONTROLLING THE ASCENT,

THE PROGRAM CONSISTS OF A MAIN BODY AND THE FOUR SUBROUTINES
LISTED HERE:

INPUT — READS IN THE DIVE PROFILE, PRINTS THE PROGRAM
HEADER, THE DIVE PROFILE, AND THE MODEL

PARAMETERS.
TAU — CALCULATES THE TISSUE TENSIONS IN
, THE SPECIFIED TISSUES.
DEP — FINDS THE ALLOWED SUPERSATURATION

AND THE RESULTANT ALLOWED DEPTH,
OUTPUT-— PRINTS THE SCHEDULE OF DECOMPRESSION
STOPS (DIVE SUMMARY).

THESE SUBROUTINES ARE NON-INTERACTIVE, THAT IS, THEY DO NOT CALL ONE
ANQOTHER. NOTE: THIS VERSION OF THE PROGRAM IS NOT DESIGNED TO WORK
WITH OTHER THAN SQUARE-WAVE DIVE PROFILES, FOR INPUT INFORMATION,
SEE SUBROUTINE "INPUT,"

PROGRAM MAIN

BEGIN BY DIMENSIONING ALL ARRAYS:
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20
30

40
50
60
70
80
90
100
110

120
130
140
150
160
170
‘180
190
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DIM DDEPTH(3),TTIME(3),HALFTI(16)
DIM CPT(16),CPTO(16),DPT(16),DPTO(16),PCRUSH( 16),RM(16)
DIM ADEP(100),ADUR(100),AHT(100),ADPT(100),APSS(100)

DEFINE THE MODEL PARAMETERS AND READ THE DIVE PROFILE:

GAMMA = 17,9

GAMMAC = 256.9

RZERQ = .7

REGEN = 20160

ILAM = 7500

PCSTAR = 5

FRO = .75

GOSUB 1380 REM INPUT

DEFINE SOME CONSTANTS AND CONVERSION FACTORS FOR SUBROUTINE DEP, SO
THEY DO NOT HAVE TO BE REDEFINED EACH TIME IT IS CALLED:

RO = RZERO*.0001

DYNES = 1013300.%*33.

TWOGAM = 2*(GAMMAC-GAMMA)
PCSTAR = PCSTAR*33,

PSTAR = PCSTAR*DYNES

RSTAR = RO/(1.+PSTAR*RO/TWOGAM)
GAM = GAMMA/GAMMAC

ALPHA = GAM*XLAM

FILL THE HALF-TIME MATRIX (HALFTI) — THE SHORTEST HALP-TIMES CONTROL

THE NO-STOP DECOMPRESSIONS, WHILE THE LONGEST CONTROL THE LINEAR

200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

350
360

DECOMPRESSIONS FROM SATURATION DIVES:

HALFTI(1) = 1/3
HALFTI(2) = 2/3
HALFTI(3) = 5/3
HALFTI(4) = 10/3
HALFTI(5) = 20/3
HALFTI(6) = 40/3
HALFTI(7) = 80/3
HALFTI(8) = 120/3
HALFTI(9) = 160/3
HALFTI(10)= 240/3
HALFTI(11)= 320/3
HALFTI(12)= 400/3
RALFTI(13)= 480/3
HALFTI(14)= 560/3
HALFTI(15)= 720/3

THE CRITICAL-VOLUME HYPOTHESIS REQUIRES AN ITERATION OVER THE TOTAL
DECOMPRESSTON TTME —— INITTALIZE AND INCREMENT THE ITERATION COUNTER:
IT = 0
DTIME = 0.0
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370 IT =« IT+l
380 FR = FRO

SET THE INITIAL DEPTH AT THE SURFACE AND MAKE THE DIVE BY SETTING THE
CURRENT DEPTH AT THE BOTTOM, LET THE DESCENT SPEED EQUAL THE DEPTH
EXCURSION DIVIDED BY ITS DURATION AND FOR SQUARE-WAYE DIVES LET THE
ASCENT SPEED EQUAL THE DESCENT SPEED:

390 DEPTHO = DDEPTH(1)

400 DEPTH = DDEPTH(2)

410 DUR = TTIME(2) - TTIME(1)

420 SPEED = (DDEPTH(2)-DDEPTH(1))/DUR
430  ASPEED = — SPEED

435 TIM = TTIME(2)

INITIALIZE THE TISSUE COUNT (NTC) AND THE COUNT INDEX (J). SINCE
SQUARE~WAVE DIVES SELECT PROGRESSIVELY LONGER TISSUES, LATER UPDATING
OF "J" WILL ALLOW THE MAIN AND SUB-PROGRAMS TO LOOP OVER ONLY THOSE
TISSUES EQUAL TO OR LARGER THAN THE LATEST CONTROLLING TISSUE, WHICH
DRAMATICALLY SHORTENS THE EXECUTION TIME FOR MICROCOMPUTERS:

440 NTC = 15 .
450 J =1 -

INITIALIZE THE INERT-GAS TENSION IN EACH TISSUE AND CALL SUBROUTINE
TAU TO FIND THE TENSIONS AFTER THE FIRST DEPTH EXCURSION. SAVE THESE
FOR THE NEXT TIME TAU IS CALLED. DETERMINE THE CRUSHING PRESSURE
IMPOSED ON EACH TISSUE BY TAKING THE DIFFERENCE BETWEEN THE AMBIENT
PRESSURE AND THE TISSUE TENSION., IF THE CRUSHING EFFECT EXTENDS INTO

THE IMPERMEABLE NUCLEAR REGIME, GO TO LINE 580 AND SOLVE THE MODEL

460
470

490

. 500

510
520
530
540
550
560
570

590
600
610
620
630
640

CUBIC EQUATION FOR THE MINIMUM NUCLEAR RADIUS. IF NOT, USE THE VALUE
APPROPRIATE TO THE PERMEABLE REGIME AND CONTINUE:

FOR I = J TO NIC
CPTO(I) = 0.0
NEXT I
GOSUB 1650 . REM TAU
FOR I = J TO NTC
CPTO(I) = CPT(I)
DPTO(1) = DPT(I)
PCRUSH(I) = DEPTH+33.-DPTO(I)
PC = PCRUSH(I)*DYNES
IF (PCRUSH(I) > PCSTAR) GOTO 580
RM(I) = 1/(PC/TWOGAM + 1/R0)
GOTO 680
PZERO = DPTO(I)*DYNES
DENOM = PC-PSTAR+PZERC+TWOGAM/RSTAR
P = -TWOGAM/DENOM
} = -PZERO*RSTAR"3/DENOM
A = -P*2/3
B = 2,*P*3/27 + Q
ROOT = SQR(B*2/4 + A"3/27)



650
660
670
680
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CA = (~B/2 + ROOT)".333333
CB = (-B/2 - ROOT)*.333333
RM(I) = CA + CB - P/3

NEXT I

MAINTAINING THE DEPTH AT THE BOTTOM, SET THE ELAPSED TIME EQUAL TO
THE TOTAL DIVE TIME PRIOR TO SURFACING. FIND THE CURRENT TISSUE
TENSIONS AND STORE THEM, THEN FIND THE ALLOWED SUPERSATURATION BY
CALLING SUBROUTINE DEP, WHICH RETURNS THE ALLOWED DEPTH (DEPNEW):

690
700
710
720
730
740
750
760
770
780
790
800

DEPTHO = DEPTH

DEPTH = DDEPTH(3)

TIM = TTIME(3)

DUR = TTIME(3)-TTIME(2)

SPEED = (DDEPTH(3)-DDEPTH(2))/DUR

GOSUB 1650 REM TAU
GOSUB 1800 REM DEP
DEPTHO = DEPTH
SPEED = ASPEED

FOR I = J TG NTC
CPTO(I) = CPT(I)
NEXT 1

SET THE DEPTH INCREMENT TO 10 FSW. ROUND OFF TARGET DEPTH ( DEPNE-W)
TO THE NEXT DEEPER 10 FSW LEVEL., SAVE THE STARTING DEPTH AND TIME,
THEN MAKE THE. ASCENT: '

810
820
830
840
850
860
870
880
890

AJUMP = 10
IF(DEPNEW <= DDEPTH(1)) THEN DEPNEW = DDEPTH(1)
DEPNEW = DEPNEW/AJUMP ir.

DEPNEW = (INT(DEPNEW)+1)*AJUMP
DEPOLD = DEPNEW

AT = (DEPNEW-DEPTH)/SPEED
TIMEQ = TIM

TIM = TIM + AT

DUR = AT

A NEW CONTROLLING TISSUE MAY COME TO PREDOMINATE DURING THE ASCENT,*
SO RECHECK THE ALLOWED DEPTH — IF IT IS DEEPER THAN THE CURRENT
DEPTH, RETRACT THE ASCENT TIME AND BEGIN AGAIN USING THE DEEPER
TARGET DEPTH (EXECUTE LINES 920 THEN 820):

900
910
920
930
940
950
960
970

GOSUB 1650 REM TAU
GOSUB 1800 REM DEP
IF (DEPNEW > DEPOLD) GOTO 940
GOTC 970

TIM = TIMEO

DEPNEW = DEPOLD + AJUMP

GOTO 820

DEPTH = DEPOLD

AFTER ARRIVING AT THE FIRST STOP, CONTINUE BY FINDING THE NEW TISSUE
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" TENSIONS AND THE NEXT ALLOWED DEPTH., IF IT IS NOT PERMITTED TO GO
ANOTHER 10 FSW, KEEP INCREMENTING THE TIME IN ONE-MINUTE STEPS UNTIL
THE NEXT STOP CAN BE REACHED:

980

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130

FOR M= 1 TO 100
DEPTHO = DEPTH
SPEED = O
FOR I » J TO NTC
CPTO(I) = CPT(I)
NEXT I
DNEXT = DEPTH - AJUMP
IF (DNEXT < DDEPTH(1)) THEN DNEXT = DDEPTH(1)
TIM = TIM -1
DUR = -1
TIM = TIM + 1
DUR = DUR + 1
GOSUB 1650 REM TAU
GOSUB 1800 REM DEP
IF (DEPNEW > DNEXT) GOTO 1090

WHEN THE ASCENT IS ALLOWED, RECORD THE DEPTH, WAIT, CONTROLLING
TISSUE, CONTROLLING TISSUE TENSION, AND ALLOWED SUPERSATURATION FOR
STOP NUMBER (M). THEN MAKE THE ASCENT AND EXIT LOOP M IF THE SURFACE
HAS BEEN REACHED, IF NOT, UPDATE THE TISSUE TENSIONS AND REPEAT THE
LOOP (NEXT M) TO OBTAIN THE NEXT STOP:

1140 ADEP(M) = DEPTH

1150 ADUR(M) = DUR

1160 AHT(M) = HALFTI(J)

1170 ADPT(M) = DPTJ

1180 APSS(M) = PSSJ

1190 FOR I = J TO NIC

1200 CPTO(I) = CPT(I)

1210 NEXT I

1220 SPEED = ASPEED

1230 DEPTH = DNEXT

1240 AT = (DEPTH-DEPTHO)/SPEED
1250 TIM = TIM + AT

1260 IF(DEPTH <= DDEPTH(1)) GOTO 1300
1270 DUR = AT

1280 GOSUB 1650

129C NEXT M

ONCE THE SURFACE IS REACHED, FIND THE TOTAL DECOMPRESSION TIME
(DTIME) AND COMPARE IT TO THE CORRESPONDING TIME FOR THE PRECEEDING
PROGRAM ITERATION, IF THE TIMES ARE THE SAME, THE ITERATION HAS
CONVERGED AND THE RUN IS COMPLETE. IF NOT, RESTART THE PROGRAM AT
LINE 370, SAVING THE TOTAL TIME (TOLD):

1300 DTIME = TIM - TTIME(3)
1310 IF(ABS(DTIME~TOLD) <= 1) GOTO 1340
1320 TOLD = DTIME
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1330 GOTO 370

IF THE RUN IS COMPLETE, CALL SUBROUTINE QUTPUT, WHICH PRINTS THE
FINAL DECOMPRESSION SCHEDULE:

1340 GOSUB 2050
1350 STOP
1360 END

REM OUTPUT

THIS SUBROUTINE WRITES THE HEADER AND THE MODEL PARAMETERS
1380 REM ####* SUBROUTINE INPUT ##++s

1390 REM
1400 PRINT" FHERRE AR RAHEEERR AR
1410 PRINT" * BUBBLES 05/05/85 *"
1420 PRINT" T e e L
1430 PRINT
1440 PRINT" ** VALUES OF THE INPUT PARAMETERS **"
1450 PRINT" GAMMA = ";GAMMA;" DYN/OM"
1460 PRINT" GAMMAC = ";GAMMAC;"™ DYN/CM"
1470 PRINT" PSTAR = ";PCSTAR;" ATM"
1480 PRINT" RZERQ = ";RZERO;"  MICROMETER"
1490 PRINT" REGEN = ";REGEN;" MINUTES" -
1500 PRINT" LAMBDA = ";XLAM;" FSW-MIN"
- 1510 PRINT™ INERT = ";FRO;" HELIUM
1520 PRINT" INCLUDING RESIDUAL NITROGEN"
1525 PRINT :

THE PROFILE IS READ IN ON LINE 1540 AS A BOTTOM DEPTH AND TIME
SEPARATED BY A COMMA, THEN THE DIVE PROFILE IS PRINTED, E.G., FOR A
100 FSW DIVE DESCENDING AT 60 FSW/MIN:

(DDEPTH) (TTIME)

0.00 0.00

106,00 1.67

(INPUT THIS LINE) 100.00 30.00

(START DESCENT HERE)
(ARRIVZ AT BOTTOM)
(START ASCENT HERE)

** DIVE PROFILE **"
PLEASE INSERT EXCURSION DEPTH,TIME ";DD,TT

1530 PRINT"

1540 INPUT "

1550 DDEPTH(1) = O
1560 DDEPTH(2) = DD
1570 DDEPTH(3) = DDEPTH(2)

1580 TTIME(1) = O -

1590 TTIME(2) = (DDEPTH(2)-DDEPTH(1))/60
1600 TTIME(3) = TT

1610 PRINT

1620 PRINT

1630 RETURN

1640 END

THIS SUBROUTINE CALCULATES THE TENSION IN EACH QF THE TISSUES FOR
WHICH HALF-TIMES ARE GIVEN.
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1650 REM ¥¥*## SUBROUTINE TAU *#*+x*
1660 TWOLN = LOG(2)

LET THE INERT GAS PRESSURE EQUAL ABSOLUTE PRESSURE IN FSW:
1670 PO = DEPTHO + 33

SUBTRACT THE OXYGEN WINDOW FROM THE INSPIRED OXYGEN TO GET THE CONT-
RIBUTION OF ACTIVE GASES, ABOUT 4.429 FSW (102 MMHG)., FOR OXYGEN
PARTIAL PRESSURES ABOVE 1500 MM HG, EXECUTE LINE 1700, WHICH TREATS
THE BXCESS AS AN INERT GAS:

1680 DEPTHA = 65.1/(1-FR) - 33
1690 ACT = 4.429
1700 IF (DEPTH > DEPTHA) THEN ACT = 4.429 + ((1-FR)*(DEPTH+33) - 65.1)

USING THE PERFUSION-LIMITED EQUATION WITH A SOLUTION OF THE FORM
TAU = A*EXP(-TIME/HALFTIME) + B*TIME + C

FIND THE INERT GAS TENSION IN EACHR TISSUE AND STORE THE RESULTS IN
MATRIX CPT.

1710 FOR I = 1 TO NTC

1720 A = CPTO(I) ~ FR*(PO—SPEED*HALFTI(I)/TﬂOLN)

1730 ARG = TWOLN*DUR/HALFTI(I)

1740 E = EXP(-ARG)

1750 CPT(I) = A*E + FR*(P0+SPEED*(DUR-HALFTI(I)/TWOLN))

1755 DNITRO = O,79%33*EXP(-TIM*TWOLN/(3*HALFTI(I)))

ADD THE ACTIVE GAS CONTRIBUTION TO THE INERT GAS TENSION TO GIVE THE
TOTAL TISSUE TENSION AND STORE THE RESULT IN MATRIX DPT.

1760 DPT(I) = CPT(I) + ACT + DNITRO
1770 NEXT 1

1780 RETURN

1790 END .

THIS SUBROUTINE CALCULATES THE ALLOWED SUPERSATURATION FOR EACH
TISSUE, DESIGNATES THE CONTROLLING TISSUE, AND PREDICTS THE ALLOWED
DEPTH, THE CRUSHING AND REGENERATION OF BUBBLE NUCLEI ARE INCLUDED.
PARAMETER SIGMA AUGMENTS THE NO-BUBBLE SUPERSATURATION TO PERMIT
BUBBLE FORMATION, HOWEVER, SIGMA DEPENDS ON THE TOTAL DECOMPRESSION
TIME, AND ITERATION OVER THE WHOLE DECOMPRESSION SCHEDULE IS
REQUIRED UNTIL SIGMA CONVERGES. CONVERGENCE IS EVIDENT WHEN TWO
SUCCESSIVE PASSES GIVE THE SAME TOTAL DECOMPRESSION TIME (DTIME),
INDICATING THAT THE CRITICAL VOLUME OF FREE GAS HAS BEEN REACHED.

1800 REM **4%* SUBROUTINE DEP ****X

FIND THE TIME ALLOWED FOR REGENERATION (T), AND INITIALIZE ALPHA AND
THE ALLOWED DEPTH (DNEW) (NOTE: SIGMA IS ZERO FOR THE FIRST PASS):



1810 T = TTIME(3) - TTIME(2)

1820 ALPHAl = 0

1830 DNEW = O

1840 IF(DTIME > 0) THEN ALPHAl = ALPHA
1850 TWOLN = LOG(2)

FIND THE MINIMUM NUCLEAR RADIUS (RMT) AFTER REGENERATION AND
CALCULATE THE NO-BUBBLE SUPERSATURATION. ADD SIGMA AND FIND THE
ALLOWED UPWARD DEPTH EXCURSION, UPDATING THE CURRENT CONTROLLING
TISSUE INDEX (J) AS WELL. STORE THE CONTROLLING TISSUE TENSION IN
DPTJ, THE ALLOWED SUPERSATURATION IN PSSJ, AND THE ALLOWED DEPTH IN

DEPNEW,

1860 FOR I = J TQ NTC

1870 RMT = RM(I) + (1-EXP(-T/REGEN))*(RO-RM(I))

1880 PSAFE = GAM*TWOGAM/(RMT*DYNES)

1890 SIGMA = ALPHAl / (DTIME + HALFTI(I)/TWOLN)

1900 PS = PSAFE + SIGMA

1910 PNEW = (PS + SQR( PS"2 ~ 4*GAM®PCRUSH(I)*SIGMA))*.5

1920 DEPA = DPT(I) - PNEW

1930 DOLD = DNEW

1940 IF(DEPA > DNEW) THEN DNEW = DEPA

1950 IF(DNEW > DOLD) GOTQ 1970 -

1960 - = GOTO 2000
1970 " J =1

1980 DPTJ = DPT(I) - 33.
1990 - PSSJ = PNEW :

2000 N I

2010 DEPNEW = DNEW-33

2020 RETURN
2030 END
2040 REM

THIS SUBROUTINE WRITES THE DECOMPRESSION SCHEDULE.

2050 REM #***#* SUBROUTINE QUTPUT **++#

WRITE THE HEADER WITH THE NUMBER OF ITERATIONS REQUIRED FOR

CONVERGENCE., WRITE THE EXCURSION DEPTH AND DIVE DURATION:
2070 PRINT" i d S T B S T S O S U
2080 PRINT" ** DECOMPRESSION SCHEDULE ** ITERATION NUMBER ";IT;"  *"
2090 PRINT" ko ok Aok RO KRR KRR R AR SRRk dor o 1T
2100 PRINT" * FOR THF EXCURSION TO DEPTH = ";
2110 PRINT USING "###.#4" ;DDEPTH(3);
2120 PRINT" *"
2130 PRINT" * TIME SPENT AT INITIAL DEPTH = ";

2140 PRINT USING "###.#4";TTIME(3);

2150 PRINT"

*

WRITE IN TABULAR FORM THE STOP NUMBER (M), THE STOP DEFTH (ADEP),
THE STOP DURATION (ADUR), THE CONTROLLING TISSUE HALF-TIME (AHT),
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THE TENSION IN THE CONTROLLING TISSUE (ADPT), AND THE ALLOWED
SUPERSATURATION (APSS) FOR ALL THE REQUIRED STOPS, WRITE THE TOTAL
TIME NEEDED TO REACH THE SURFACE (DTIME):

2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2295
2300

PRINT" Rfgdopfdkiok ik rep e gopiop it Rk Rk Rk phplokk k"
PRINT" * STOP * DEPTH # WAIT * TISSUE* TAU * PSS *"
PRINT" FEREREEREREREREEEREERRE LR REREERIR R Rk R R R Rk T
FORL =1TOM

PRINT " *n,

PRINT USING " ###. ";L;

PRINT USING ™ ###.## "3 ADEP(L),ADUR(L),AHT(L),ADPT(L),APSS(L);
PRINT"*"
NEXT L
PRINT" ek ok ook ook ke Aok ok Aok i sk kil ok e e ok ek ke Aok ke ak e akok ok o ok T
PRINT" * TOTAL TIME TO REACH SURFACE = ";
PRINT USING "#####.##";DTIME;
PRINT" *n
PRINT" deaele e espeafe ikt e ok ok ko ok ok dokokok ko koo R ek ookl ek el ek ook e 11
RETURN

END
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APPENDIX 3

ALPHABETICAL LISTING OF PROGRAM VARIABLES

VARIABLE LOCATION DESCRIPTION
A MAIN Impermeable equation variable
A TAU Tension equation variable
ACT TAU Active gas addition to inert gas tension
ADEP(100) COMMON/FIVE Stores stop depths
ADPT(100) COMMON/FIVE Stores controlling tensions
ADUR(100) COMMON/FIVE Stores stop durations
AHT(100) COMMON/FIVE Stores controlling compartments
AJUMP MAIN Ascent stop interval in fsw
ALPHA COMMON/SEVEN Equals: (gamma/gammac)*xlam
ALPHA1 DEP Same as alpha but zero on first pass
APSS(100) COMMON/FIVE Stores for allowed supersaturations
ARG TAU Tension equation variable
ASPEED MATN Ascent speed -
AT MAIN Excursion ascent time
B MAIN Imperweable equation variable
CA MAIN Impermeable equation variable
CB MAIN Impermeable equation variable
CPT(16) COMMON/TWO Inert gas tissue tension (absolute)
CPTO(16) COMMON/TWO Previous inert gas tension (absolute)
DD INPUT Depth profile input (BASIC only)
DDEPTH(3) COMMON/THREE Depth profile input
DENOM MAIN Impermeable equation variable
DEPA DEP Allowed depth in fsw
DEPNEW COMMON/RIGHT New allowed depth
DEPOLD MATIN Stores excursion starting depth
DEPTH COMMON/ONE Curreant depth
DEPTHO COMMON/ONE Previous depth
DNEW DEP Allowed supersaturation egquation variable

- DNEXT MAIN Next higher stop during ascent

DNITRO TAU Residual nitrogen inert-gas contribution
DOLD DEP Allowed depth intermediate variable
DPT(16) COMMON/FOUR Total tissue tension (absolute)
DPT.J COMMON/EIGHT Current controlling tissue tension
DTIME COMMON/NINE Total decompression time
DUR COMMON/ONE Duration of present excursion
DYNES COMMON/SEVEN Conversion from fsw to dyn/cm/cm
E TAU Tension equation variable
FR COMMON/THREE Inert gas fraction
GAM COMMON/SEVEN Equals: gamma / gammac
GAMMA COMMON/SIX Skin surface tension
GAMMAC COMMON/SIX Skin crumbling compression strength
HALFTI(16) COMMON/THREE Tissue half-time column
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APPENDIX 3 (CONTINUED)

VARIABLE LOCATION DESCRIPTION
I MAIN Counter dummy index
IT COMMON/NINE Current number of program iterations
J COMMON/ONE First tissue compartment to use
M COMMON/NINE Current number of stops
NTC COMMON/ONE Number of tissue compartments
P MAIN Impermeable equation variable
PC MAIN Crushing pressure in dyn/cm/cm
PCRUSH(16) COMMON/FOUR Initial crushing imposed on each tissue
PCSTAR COMMON/SIX Impermeable crossover point in fsw
PCSTAR MAIN Impermeable crossover point in atm
PNEW DEP Augmented allowed supersaturation
PO TAU Tension equation starting depth (absolute)
PS DEP Allowed supersaturation equatlon variable
PSAFE DEP No—-bubble ailowed supersaturation
PSSJ COMMON/EIGHT Current allowed supersaturation
PSTAR COMMON/SEVEN Impermeable crossover point in dyn/cm/cm
PZERO MAIN . Initial tissue tension in dyn/cm/em - .
Q MATN Impermeable equation variable
REGEN COMMON/SIX Regeneration time parameter ,
RM(16) COMMON/FOUR Minimum critical radius for each tissue
RMT DEP -Minimum radius after regeneration
RO COMMON/SEVEN Initial critical radius in cm
ROOT MAIN Impermeable equation variable
RSTAR COMMON/SEVEN Nuclear radius at crossover pressure
RZERO COMMON/SIX Initial eritical radius in microns
SIGMA DEP Allowed supersaturation equation variable
SPEED COMMON/ONE Rate of descent or ascent
T DEP Time during which regeneration occurs
TIM MAIN Internal clock
TIMEQ MAIN Stores excursion starting time
TOLD MAIN - Previous total decompression time
TT INPUT Time profile input (BASIC only)
TTIME(3) COMMON/THREE Time profile input
TWOGAM COMMON /SEVEN Equals: 2.0*(gammac - gamma)
TWOLN DEP Natural log of 2.0
TWOLN TAU Natural log of 2.0
ILAM COMMON/SIX Supersaturation augmentation parameter
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