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A85TRACT

Decompression schedules for air diving at aepthe of f rom
100 to 'SO F.".lv' mth vaz~us times of hark on the bottom ~z e

computed by Haldarw, Vorkn.zn, and Iambertsen techniques
 Decom 1!, after the method of BQhlmann  ."''om .:!, ~r !
after the scientific approach of Hills  Decom 8!.
resultirug dive tables vere compared mth depth ard time diving
schedules used by the V.S. Navy on one hand and those recom-
mended by the British Royal Naval PhysioZoyicaZ Iaboratcry on
the other. The comparative evaluations discLosea that t'k» V.5.
Navy tables have signi ficantly shorter decompression times and
use more shally decompression stops than do the other ~Les.
It is recommended that the British Hoyal Naval Physiologica!
Laboratory air aiving tables of 196'8 be adopted for use by the
commercial diving industry in this country in cn effort t!
provide greater safety to divino decompression practic».
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PREFACE

This report covers work done hy the author for the most part at
Texas A4M University under a Sea Grant project entitled "Safer
Decompression Procedures for Diving," under Grant No. 04-5-l58-19,
over the period l September 1972 through 31 August 1975, and in part
through a contract with the National Institute for Occupational Safety
and Health for the "Development of an Improved Decompression Table" from
30 May l972 through 30 June 1973. The iVIOSH contract was supplemented
and extended to 30 June 1974. During I. September l975 through 31 A~gust
1976, the report was completed and submitted to the Sea Grant College
Program, University of Hawaii, where the author is continuing this work.

James Moore, computer scientist of the Data Processing Center,
Texas A5M University, provided both mathematical consultation and
computer modeling support for this project.

The development of the computer programs used for decompression
table computation was accomplished under federal grant support and there-
fore these calculation methods are in the public domain. The computer
programs and techniques developed in the course of preparation of this
report will be made available to any agency upon request and payment of
a non-profit service fee. For information contact:

Edward L. Beckman, M. D.
Professor of Physiology
University of Hawaii
School of Medicine
Honolulu, Hawaii 96822

 Phone: 808-948-8032!





! NTRO DUCT I DN

Statement o f the Problem

In 1971 le i1, 1 egislat ion was enacted in the United States to "assure,
as far as ossibl epossible, safe working conditions for every man and woman in
the country"  I ! . This legislation is in the form of a 1 aw cal 1 ed the
Wi 1 1 iams -Steiger Occupational Safety and Health Act . Although emp»yers
and employees are beginning to accept the need for this 1 eg i sl a t io n, the
concept as to what standards are necessary to ful f i 1 l the purpo s e of the
Wil 1 iams-Steiger act differs widely between the two groups. Undcrstand-
abI y, the employees are desirous of the maximum amount o f saf et y tha t can
be provided without regard to work efficiency and productivity, whereas
the employers who must be competitive in bus iness are int erested in the
maximum amount of eff ic iency and work output on the job s ite . These two
interests are not mutual ly exclusive but are certainl y divergent ~

Although the National Institute for Occupational Safety and Heal th
has the responsibi 1 ity for developing criteria for the saf ety and heal th
of' workers, the U .S . Department of Labor has the ul timate federal respon-
sibil ity for the development of standards for the safety and heal th of
workers under this 1 aw. In their f irst e f fort to est abl i sh standards for
divers, the Department o f Labor sought the obvious solution, i . e ., to
e stabl ish the U. S. Navy Diving Manual   2! as a s tandard for commercial
d iv ing op erations, wi th which the U . S . Navy concurred . However, the
div ing industry through it s As soc i at io n o f Diving Co ntract or s  A DC !,
resis t ed the use of the U. S. Navy Diving Mantua I as a standard and delayed
the Department of Labor f rom e stabl ishing it as a standard . The ADC
objected to the use of many parts of the diving manual as being unsuit-
abl e for commercial use and to the "across the board" acceptance of the
diving tables, as did al so the divers themselves .

The U . S . Navy has historical 1 y bel ieved that its decompression
tables were exceptional ly safe and that it was only when divers were
injudicious in the use of the U.S. Navy diving tables that decompression
sickness would occur . I t al so bel ieved that dysbaric o steonecrosi s was a
di sease af f ecti ng caisson and tunnel work ers and divers who did not
fol low the U.S. Navy decompression tables, and that U.S. Navy divers were
protected against this disease. It is al so the bel ief of the U. S . Navy
that should one of their divers develop Type I I, central nervous system,
decompression sickness due to some technical error, it wou 1 d produc e only
the less serious spinal cord 1 esion and not affect the critical higher
brain centers.

xperience of commercial divers working in the Gulf of
Mexico oil field development has 1 ed them to different «»clu»ons rega~d-
in th use of the U. S ~ Navy diving tabl es from those hei d within the
naval s ervi ce . Like other commercia 1 divers, Navy divers who 1 ef t the
Navy and became commercial divers in the "oil patch" had probl ems with
decompression sickness when they used the U. S . Navy air tabl es below
I SQ feet o f seawater  FSW!, Commercial divers were al so troubl ed with



deconrpression sickness regularly when they made successive dives  i.e.,
one dive every 12 to l6 hours over a period of several days!, or
"repetitive" dives  i.e., successive dives repeated in less than 12 hours!
using procedures approved in the U.S. IVavy Dirring Manual. The U.S. Navy
hei>urn diving tables produced decompression sickness so frequently that
the cormrrercial diving companies developed their own helium diving tables.
A survey of one group of coramercial divers who were working in the Gulf
and who used the U.S. Navy air tables, some of whom had been trained in
the Navy, revealed that 30 percent of them suffered from significant
dysbaric osteonecrosis �!. It appears that the use of the U.S. Navy air
diving tables for cormrrercial diving had not only produced severe
decompression sickness but also caused a high incidence of dysbaric
osteonecrosis as well.

In addition, some cormnerciai divers who suffered from severe Type II,
central nervous system, decompression sickness were found to have lesions
affecting diverse parts of both their brain and spinal cord, including
some which caused a significant decrease in their mental capacity �! .
This enfeebling type of cerebral dysfunction found in cormnercial divers who
had had Type II decompression sickness of the central nervous system is
comparable with the cerebral dysfunction observed among caisson workers
who had suffered Type II, central nervous system, decompression sickness
desex ibed by Rozsahegyi �! . He reported multiple lesions in the
telencephalic, diencephalic, mesencephalic, metencephalic, and mylen-
cephalic structures of the brain which he observed both clinically and
during autopsies on caisson workers who had suffered from central nervous
system decompression sickness.

These facts lend support to the premise of the ADC that the use of
the V. S. Navy Diving Hamcat may not be suitable for use as a standard for
connnercial diving operations, at least insofar as diving tables are
concerned.

Importance of the Problem

Since the advent of the Arab energy embargo, the production of off-
shore subsea energy resources and the requirement for diver support in
such efforts have taken on far greater importance than they had five
years ago when the problem of developing standards for safe diving arose.

The exploration and production of energy resources beneath the North
Sea alone have demanded the support of over 500 commercial divers. This
number is expected to increase threefold within the next two years.

Inasmuch as the offshore mineral leases have already been granted,
the development of energy reserves in the Texas portion of the Gulf of
Mexico is likewise irrrminent. The energy reserves of the Santa Barbara
Channel in California will undoubtedly also be developed, as will those
off the Atlantic coast. It has been estimated within the offshore oil
production and diving industries that the number of cormnercial divers
needed by the oil industry will increase from 1, 000 to 10, 000 within the
next five years.



This country needs the help of these divers and they,
deserve the protection of adequate federal work standards. It is there
fore important to determine what diving tables should be used to permit
these divers to carry out their job with safety and with the assurance
that they are not undermining their own safety and health in the process,

Approach to the Problem

Although both the ADC, as management, and the commercial divers, as
labor, wish to avoid the penalties of decompression sickness arid
effects upon the health and safety of the diver, neither is in a position
to directly resolve the differences between the Department of Labor, a
proponent of the use of the U.S. Navy diving tables, and the diving
industry which has had unfortunate experiences from the use of these
tables in commercial diving.

In order to satisfactorily evaluate any decompression table, numerous
human experiments must be carried out to test the proposed schedule both
in hyperbaric chambers and in the open sea. These procedures are not only
costly in time and money, but are inherently dangerous to the subj ects.
Therefore, it is appropriate to first evaluate any new concepts and
decompression tables by comparison with standard established tables.

In order to evaluate the various concepts in use and those proposed
for calculation of decompression tables and without resorting to extensive
testing with human subjects, a program was established in which the
various new concepts could be computer modeled so that comparable pressure-
time profiles could be calculated. Numerous decompression profiles could
be rapidly computed and then compared with each other and with standard
tables to determine whether any systematic errors or significant deviations
existed.

Since the use of the U.S. Navy diving tables represented the basis of
the contention which established the need for this investigation, 1 t was
therefore appropriate to compare the Navy tables with other tables.

Comparative studies of all the U.S. Navy diving tables were not
indicated. Tables for scuba diving systems and closed-circuit, oxygen-
breathing systems which are useful to the military in clandestine opera-
tions also were not studied because they are not helpful to the commercial
diver who needs the safety of surface-supplied diving equipment. Further-
more, because the various commercial diving companies which comprise the
diving industry had already developed their own tables for helium/oxygen
divi.ng to permit divers to operate with greater safety and at greater
depths than permitted by the U.S. Navy diving tables, this analysis was
not directed toward helium/oxygen diving. Comparative studies
limited to the tables for air diving greater than 100 FSW.

If the U.S. Navy standard air decompression tables for diving »e
be compared with experimental tables, then some other decompression table
should be used as a standard for comparison. Since much commercial diving
is currently being done in the North Sea where the British Royal



Physiological Laboratory  RNPL! air diving tables of 1968 �! are in use,
it would be appropriate to consider these tables as a standard for
comparison, Des Granges �, 8! similarly accepted the Royal Naval diving
tables as a standard of comparison when he developed the current V.S. Navy
air diving tables in 1956.

There are, however, more compelling reasons to accept the British
RNPL air diving tables as a standard. First of all, they have been
operationally tested. They have also been adopted for commercial diving
in the North Sea and have met the test of producing minimal decompression
sickness in operational use. Even more important, however, is the fact
that these accepted tables represent a scientific and experimental depar-
ture from the Haldanian, Des Granges, and USN air decompression tables.

British investigators had long questioned the dedication of U .S.
workers to the Haldanian theory  9!. However, progress in understanding
and applying the basic physical laws applicable to gas uptake and elimi-
nation in the tissues as related to diving had been limited until
Hempleman �0! began to reevaluate older theory and then introduced his
"single tissue" model in 1952. This model was further refined by theory
and animal experiments and culminated in the British RNPL Atz D~u~ng
2'abKea of 1968 �!.

In developing the model for the calculation of these tables,
Hempleman �0! made the following limiting assumptions:  I! only one
tissue type is involved in the production of the decompression sickness
pain known as Type I bends; �! the rate of uptake of gas in that tissue
is limited by diffusion; �! the rate of gas uptake in that tissue is
greater than the rate of gas elimination during decompression by standard
methods because "silent" bubbles which interfere with gas elimination form
in the tissue even in a "troublefree" dive; �! a certain critical quantity
of gas can be tolerated by the tissue without producing symptoms  bends
pain occurs only if that critical excess quantity is exceeded!; and.,
�! the rate of gas diffusion into the critical tissue could be stated
by the equation for linear difFusion of gas into a slab of tissue, one
face of which is exposed to the gas tension dissolved in the arterial
blood.

Although the principles underlying this model and the method of
calculation of RNPI. decompression tables are almost diametrically opposite
to the method used by Des Granges �! for calculating the U.S. Navy air
decompression tables, each has been considered successful by its respec-
tive navy. Thus, these tables should serve as excellent standards by
which to judge other decompression tables, as well as a scientific counter
point to the empiric U.S. Navy tables.

lt will also be necessary to review the developments in decompression
sickness calculation techniques described in the open literature and, to
deterraine which methods represent the optimal developments in both the
empiric and the theoretical approaches. These methods or concepts. could
then be developed into computer models and used to generate appropriate
comparative air decompression tables.



ANALYSIS OF THE PROBLEM: HISTORICAL REVIEN

Decompression sickness was recognized as a disease entity affecting
divers and caisson workers lOG years ago. Ever since, physicians,
physiologists, physicists, chemists, engineers, and even divers themselves
have been devising decompression techniques which are intended to prevent
the onset of the disease. The results have been disappointing, to say the
least.

The most heralded of this group of scientists was Haldane  9! who,
with his associates, proposed a method for calculating decompression
tables based upon an empiric firrding that divers could safely ascend from
33 FSW to the surface, i.e., a pressure change in the ratio of 2:1,
2 atm abs/1 atm abs. This ratio principle has been modified and adapted
to accumulating empiric data. Since then, innumerable variations of this
technique have accumula.ted and the original calculation technique has been
remodeled by successive investigators. The number of "tissues" has been
tripled and the fixed ratio modified by factors which varied for different
tissues and depths. The ratio principle has been extended from air diving
to the use of breathing different gas mixtures to include nitrogen, neon,
argon, helium, oxygen, and various combinations of each.

However, there had been little progress in understanding and apply-
ing the basic physical laws pertaining to gas uptake and elimination and
bubble formation until Armstrong  ll! discovered that aviators suffered
from the same decompression sickness syndrome that afflicted divers and
caisson workers, As a result, the V.S. National Research Council  NRC!,
during World War ll, appointed a subcommittee to study the problem of
decompression sickness from a broad biological standpoint so as to
elucidate the factors involved in bubble formation in the tissues and to
devise ways of minimizing the dangers of decompression sickness to flying
personnel �2! . The NRC, through contracts, stimulated some pioneering
investigations. Notable among these were the works of Harvey and Nims.
Harvey's �3, 14! fundamental work was on the physical factors of bubble
formation and the relation of these factors to the formation of bubbles
in animal tissues �5! . Harvey determined that gas micronuclei had to
be present in order for bubbles to form during decompression regardless
of the supersaturation tension. He related this physical requirement to
the response of biological systems to decompression and the development
of decompression sickness. Nijns �6! then incorporated Harvey's �3!
concepts of "precursor" microbubbles into a theory of the causation of
decompression sickness based upon the physical laws affecting gas
diffusion into bubbles, bubble growth, and tissue distortion, producing
pain and the syndrome of decompression sickness.

Early progress in operational diving in the United States was limited
principally to that carried out by the U.S. Navy. Diving research had
been primarily directed toward improvement of the basic Haldanian ratio
tables �7!. As early as 1935, V.S. Navy specialists in diving medicine
established that the Haldanian 2:1 ratio was too conservative for the
short half-time tissue compartments �8!. Nonetheless, when the current
U.S. Navy air decompression tables and the repetitive diving decompression
tables for air diving were calculated {7, 8! a.nd published in 1963 �9!,



the "slowest" tissue conrpartment considered to be of significance was
that of T I/2 = 120 minutes with a surfacing ratio of 2:1. However, when
Workman calculated the air saturation decompression tables �0!, which
later became known as the U .S. Navy Standard Air Decompression Table for
Exceptional Exposures, he determined that a tissue compartment with
T I/2 of 160 min and 240 min had to be included in calculations for diving
to 300 FSW for 60 minutes. Progress in the development of the empirical
Haldane model was limited to increasing the number of "tissue half-times"
from Haldane's 5, to l6 ancl over, and increasing the half- time values
from the 5 to 75-minute vat.ues used by Haldane to the 5 to 1000-minute
T I/2 values used by later investigators in an attempt to make experimental
data fit the model.

The next significant advance in diving technology occurred in 1960
when Keller, working under the tutelage of BUhlmann, carried out a short
dive to over 70D ft in the lake at 7urich, Switzerland �1!. This was
shortly followed by a dive to I 000 FSW in the open ocean. Both dives not
only opened up a new horizon to the diving world, but also demonstrated
that the differences in uptake and eliraination rates of different inert
gases  e.g., helium, neon, argon, and nitrogen! could be used advanta-
geously in diving �2, 23!.

BUhlmann continued with the development of his empiric method. By
painstaking experimentation in his laboratory and careful review of the
results of operational testing of his tables, he developed curvesrelating the allowable safe supersaturation ratio for different half-time
tissues to depth �2!. He found that. these curves can also be related to
each other for dives in which different breathing gas mixtures are used,
according to Graham's law, on the basis of the relative diffusion
coefficient of these gases; i.e., in proportion of the I of thegases. Vmol, wt.

These relationships were presented to the scientific community in
Philadelphia in June l970. By the use of these changes in allowable safesupersaturation ratios, as shown in the curves in Figure 1, Bohlmann �3!
has been able to calculate decompression schedules for short, deep dives,
as well as for saturation dives using all types of inert breathing gas
mixtures both in the laboratory and in operational. diving. It would
therefore be appropriate to compare the air diving tables calculated
according to Nihlmann's concepts with U.S. Navy and RNPL air decompression
tables.

Progress in the development of decompression procedures based upon
the opposite approach to that of the Haldanian empiricists, i.e., develop-
ment of a scientifically conceived model which subsequently was tested in
the laboratory and modified on the basis of experiment, was given its
greatest impetus by British investigators, notably Hemplemen �4! . His
efforts and progress have been described previously and his decompression
schedules have been established as an appropriate standard.

As might be expected, Italian medical investigators began research on
diving and its diseases at the same time that the Italian frogmen were
accomplishing so much in their clandestine underwater activities in the
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On the basis of these investigations, Albano �8! conceived of a
method for decompressing divers by postulating that the growth of the
microbubbles, could be controlled by appl.ication of known laws of physics .
He determined "overpressure"  delta p! values for the minimum allowable
pressure gradients across the gas nucleus to prevent growth of the
bubbles  and the production of decompression sickness! in various tissues,
i.e., bone, mesentery, spinal cord, and brain stem  Table 1!.

TABLE l . VALUE OF SOHE TISSUE CONSTANTS

T/2  mi n! Kp
 mn Hg!Location

of Lesions He 1 iumNitrogen

6O5'

1,0203
36. 29

18.99

63.59

43.87Mesentery

Spina I
Cord

1,O35

1,2703

27. 2841, Ol

Brain
Stem 23.4933.98

Kpc specific critical constant of the pressure gradient of
the gas nucleus.

The decompression tables published by Albano for saturation diving
with a nitrogen/oxygen atmosphere were compared with those developed and
tested and used operationally for Project Tektite in 1971 �9!. The
Albano tables were similar to some of the first Tektite experimental
tables which were found to be extremel.y dangerous. It was apparent tha.t

ports of' the Mediterranean Sea. These investigators also challenged the
Haldanian concepts and reiterated the concept propounded by Hill �5!
that decompression, so as to prevent free bubble growth, depended upon
the difference in pressure between the tension of the gas dissolved in the
tissues and that of the ambient pressure  i.e., delta P! rather than the
ratio of pressures as upheld by the Haldanian doctrine �6!. Further
clarification of their concept �6! that gas particles in the free state
must exist in animal tissue was achieved by Aggazzotti and Ligabue �7!.
They measured the changes in volume of animal tissues with increased
pressure and found that the decrease in volume was greater than that for
distilled water and concluded that there were particles of gas in their
free state in the animal tissues. Although this monumental finding was
accomplished at the same time that Harvey and his co-workers were studying
gas micronuclei in fluids in the United States, a world war prevented
communication and collaboration and obscured Aggazzotti and i,igabue's
work for several decades.



th~s concept of bubble growth control during decompression was deficient.
critical parts of the theory, so this method of calculation was

not adopted for comparative evaluation.

The next signi ficant advancement of the understanding of the scien-
t>fic basis of decompression sickness occurred in 1966 with the publica-

Hills ' dissez tation ent it Led, "A Thermodynamic and Kinetic Approach
to Decompression Sickness" �0!. Hills approached the problem of preventing
decompression sickness from the point of view of a physical chemist and,
on the basis of this approach, developed an entirely new concept, that of
aero tissue supersaturation for determining a rate of decompression for
divers. This method permitted no supersaturation of inert gas with
respect to ambient pressure to occur in the tissues and thus prevented
any bubbles from forming in their tissues at all. This approach was non-
Haldanian with no supersaturation ratios and was viewed with considerable
skepticism by the "old line" investigators.

In the Haldanian theory, the assumption is made that the rate of
inert gas uptake in the tissues for a given change of inert gas pressure
is comparable with the rate of inert gas elimination from the tissues for
an equal decrease in inert gas pressure. For Haldanian decompression,
this assumption was subsequently disproven when "silent" bubbles were
detected following U.S. Navy-Haldanian decompression by use of the
Doppler flow meter �l, 32!. If a gas phase  bubbles! forms in the
tissues during decompression, then the rate of gas elimination is slowed
significantly by a decrease in the tension gradient of the gas in solu-
tion and by the amount of gas sequestered in the bubble. Hills' model
is designed to prevent the formation of the gas phase in the tissues at
least until the ascent has approached 20 ft from the surface. At this
level a rapid ascent to the surface is permitted with the formation of
the gas phase, but under controlled conditions.

Hills' gas uptake and elimination model is based upon radial diffu-
sion of inert gas with the assumed geometry of a single capillary
surrounded by a cylinder of cells  Figure 2!. He assumes that the tissue
which causes bends pain is the most sensitive tissue and that if bubble
formation is prevented in this raost critical tissue, then bubbles will
not occur in other tissues, such as those which cause central nervous
system decompression sickness.

In order to meet the stipulations of the Hills model it iz
necessary to continuously calculate the changing tissue tension in the
cylinder of tissue around the capillary. The maximum tissue tension cal-
culated at any point in this tissue cylinder is then used as the control-
ling value in decompression. However, in this model, it is necessary to
know not only the value « the maximum tension in the tissue but also the
location of the maximum tension with respect to the adjacent capillary.
It is then possible to control the rate of decompression so that the
ambient pressure does not exceed the value for the "peak" inert gas
tension in the tissue cylinder, or permit local areas of tissue
supersaturation-
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MET HOPg

The initial effort of this study was to develop a competence in
computer modelzng of decompression calculation methods. Professor C 3
Lambertsen, Director of the Institute for Environmental Medicine at
University of Pennsylvania, assisted in this effort b kindl su 1

PY  Pennsylvania Analysis of Decompression for Undersea
and Aerospace! computer program. The model provided was programmed by
H. Bardin of the same institute in October L968; it used basic Haldane
and Workman concepts with Buhlmann ratios. This program formed the
nucleus around which other programs were generated.

The PADUA program is a. Haldane model and assumes equal rates for
inert gas uptake and elimination. It applies an "M" value test for
maximum allowable supersaturation in the various "tissue compartments"
which is similar to Workman's �9! . The various tissue compartments
are assigned a representative rate for gas uptake or elimination des-
cribed in terms of one-half time for each inert gas to be considered,
e.g., nitrogen, helium, neon, and argon. In addition, each tissue
compartment is assigned a pair of parameters for each gas, defined as
an "M" value, i.e., the maximum allowable inert gas supersaturation
tension for that tissue compartment. The tissue half-times determine the
tissue partial pressures tor tensions! which are then calculated for
each state of the dive profile. The "N" values for each of these tissues
indicate that it would be "safe" to ascend to the next "stage" or depth
of decompression. In contrast to the Buhlmann model, the delta M values
are not varied with increasing depth in this model,

The PADUA program for calculating decompression schedules follows
the method used by the U.S. Navy and as described by Workman �9! . This
model uses a 1 inear ascent from depth to attain a maximum permissible
gradient with level stops. The decrease in pressure between stops is
defined as a "decompression step" and has been arbitrarily and by U. S.
Navy co~ventio~ established at a default value of 10 FSW,

The model deviated from the Workman method in two ways:  I! the
partial pressures in the various tissue compartments are calculated
exactly rather than being approximated for the 1 inear decompression; and
�! a combined "M" value for the sum of the partial pressures of the
various inert gases is determined for each tissue compartment, after the
method of Schreiner and Kelly �0!,

The time at each decompression stop is the smallest integral multipl.e
of I minute which permits further decompression to the next stop without
violating the "M" value for any tissue compartment. If the time at a
given stop is computed to be zero, that stop will be skipped until the
''M" value agai~ becomes limiting at some shallower stop.

The input values used in this program are shown in Table 2. It
should be noted that the delta M values are fixed, as are the surfacing
M values. However, the ratios determined from these values may decrease
as depth or tissue tension is increased.



Input Values for Tissue Half-Time Compartments
Inert

Par~lleter I 2 3 4 5 6 7 8 9

Hp

Hp
IO Ip

Hp

10 Ip
Ha

The inert gas will be lost from the tissue cylinder at a rate depend-
ing upon the tissue inert gas to capillary  venous! blood gas radient
which, in this model, is established by the "inherent unsaturation" of
the tissue. The "inherent unsaturation" occurs in the tissues as a result
of the continuous decrease in total gas tension as oxygen is continuously
util ized in metabol ism.

The above calculations of peak tissue gas tension must be repeated
continuously during decompression, which is obviously very tedious. How-
ever, the use of the digital computer makes this a. practical model instead
of a laboratory monstrosity. The mathematical modeling necessary to adapt
these theories to a computer model was proven to be feasible.

Whereas other investigators have utilized the coefficients of diffu-
sion which are listed in standard references, Hills, contending that these
are static measurements, utilized dynamic measurements in decompression
calculations. He made measurements of coefficients of diffusion for
dynamic conditions �3! and obtained values comparable with those pub-
lished by Krogh �4! for a dynamic system. The values obtained by Hills
are thought to be those of a micro-diffusion system rather than those of
a macro system It may be significant that the values for "dynamic"
diffusion of a micro system are 1,000 times slower than those obtained
for a macro system-

Certainly Hills' concepts merited evaluation and so computer mode»
of his concepts for decompression table calculation  Decom 6, 7, 8, and
ll! were developed.

The ububble birth co'rth control concept of Albano �6! has been augmented
through the significant work on growth of bubbles in elatin
LeMessurier �5! who re orte
1972. Althou h the data

  ! w reported on his work on bubble genesis in gelatin in
g presented were not directly applicable to the

T I/2  HIn.!

nIC' Vol we

pelte N

T I/2  Itin.!

"H" Values

Delta H

TABLE 2. PADUA PROGRAH I CPUT VALUES �969!

5 I 0 2P 40 80 120 160 240 320 480
I pp 84 68 53 52 51 50 49 49
16 15 14 13 12 'I I 11 IP
5 10 2p 30 60 85 I pp 120 140 18p

82 71 63 61 56 54 54 53 53 52

II 11 11 10.5 IP 10 10 10



concept of providing safe decompression procedures, they did indicate that
the genesis of bubbles occurred precipitously whenever gas tension in the
gelatin exceeded the ambient pressure by a critical measurable amount.

Recently, more definitive data on the theory of bubble formation
have been presented by Yount �6! and Strauss �7! . The physical concepts
elucidated were then carried over to considering the physics of bubb!,e
formation in decompression sickness and applying these rules to improve-
ments in decompression calculation methods.

It was apparent that these concepts would likewise be considered in
any comparative study of decompression table cal,culation methods. To
represent these concepts, a computer model which provides reasonable
decompression for all types of dives from short, deep dives to saturation
dives �8! has been generated. However, much more work is required
before this model can be applied. Consideration of this model, other than
to report on its inception must be deferred until more required
experimentation can be carried out .

OeCOID 1

After the PADUA system was used to compute various test dive profiles,
a few minor changes were made in the input values, principally in adding
longer tissue half-time compartments in modifying slightly the "M" and
delta M values in light of the Tektite program decompression results �9!.
The input values for Decom I are shown in Table 3.

TA8LE 3. DECOH I INPUT VALUES

Input Values for Tissue Hal f-Time CompartmentsinertI af arne tel
2 3 4 5 6 7 8 9 10

He

13

T I/2  Hfn.!

"H" Values

Delta H

T I/2  Hln.!

"H" Values

Del ta H

10 20 40 80 160 240 360 480 760

100 84 68 53 52 51 50 49 48 48

16 15 14 13 12 11 11 10 10 10

5 10 20 30 60 80 120 180 210 240

80 71 62 59 56 54 53 52 51 51

II ll I'I 10,5 10 10 10 10 10 10



These Decom 1 values were used to compute a series of air dive pro-
files which had been compared with those of the U.S. Navy  USN! and the
RNPI. and with decompression tables which were calculated using other
model s.

Decom 3 and 5

These computer models were developed after the concepts and input
values supplied by Professor A.A. Buhlmann  Department of Internal Medicine,
Kantonsspital Zurich, Zurich, Switzerland 8091! and through direct consul-
tation with him.

BGhlmann has developed a method of computing decompression tables
which is purely empiric; he continually modifies his system to incorporate
the results of all tests on dive profiles which he has calculated. This
is apparent from his ratio curves for 1968  Figure 1! which are corapared
with those of 1972  Figure 3! and then with those of 1975  Figure 4!.
The ratios of Figure 3 served as a basis for the decompression computa-
tion system of 1973, Decom 3. Figure 4 provided the ratios for Decom 5.

BGhlmann's method is basically a Haldanian ratio system. However,
as is shown in Figures 1, 3, and 4, �! the ratios vary with depth,
�! different tissue compartments have different ratios, and �! the
difference between these compartment ratios likewise varies with depth.
In Figure 1, he assumes that the tissue compartments which are modeled
for helium can be related to similar compartments for nitrogen or any
other inert gas in proportion to the square root of their molecular
weight. This relationship is obviously based upon a gas diffusion concept.
Thus, the tissue compartments depicted in the curves for helium in
Figure 1 can be equated with values on the same curve for the nitrogen
values for tissue half-times equal to:

~28 5. 29
or = or 2.64 x 15-30 min. T 1/2 He = 40-80 min. T 1/2 N~

~4 2. 00

A spectrum of tissue half-time compartments was then generated for
nitrogen on the basis of the helium curves in Figure 3 and more recently
for the 1975 curves. Equivalent tissue half-time compartments for N~ were
obtained from the 2.64 ratio of the square root of their molecular weight.
The values established for the tissue half-time compartments for the 1.975
curves, when rounded, are shown in Table 4.

In developing a model from Brlhlmann's curves, it was necessary to
convert these ratio values to absolute "M" and delta M values. The values
of ATA as used by BUhlmann stand for 1 atmosphere technical absolute, or
1 kg/Cm2, Which equalS 735.6 mm Hg.  ThiS value iS often incorrectly
equated with 1 atm abs, or 760 mm Hg, as used in the United States.!

14
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A series of allowable safe tissue supersaturation values, or "M"
and delta M values, were then obtained from the tissue compartment safe
ratio-graphs. Since BUhlmann's ratios are variable with depth and tissue
compartment and in relation to each other, tables for surfacing values
and for a pressure of 900 FSW are shown in Tables 4 and 5 for comparison.

TABLE 4. SURFACE VALUES USED FOR COMPUTER INPUT OF DECOM 5 PROGRAM

Inert
Gas

pa rame ter
4 5 62 3

Hs

14 16'12 1310 15

H2

12,5 12.2 12. I 11. 8 11.4 11.1 10. 7

"H" Values

De 1 ta H He 11.1 10. 7

17

T I /2  Hin. !

"H" Values

Del ta H

T I/2  Hin-!

"H" Values

Delta H

T 1/2  Hln.!

''H" Values

Delta H

T I/2  Hin.!

Input Values far Tissue Half-Time Compartments

5.3 13.3 26.5 39 7 52.9 79.4 119.1 158.8

60. 8 59.5 57 ' 3 55-1 52.9 52.6 52 .0 51.5

13.5 13.5 13.5 13.5 13.5 13.3 13.1 12.8

20 50 100 150 200 300 450 600

60.8 59.5 57. 3 55.1 52.9 52. 6 52. 0 51. 5

13.5 13.5 13.5 13.5 13.5 13.3 13,1 12,8

198 4 238.1 277 8 317,5 396.9 476.2 555.6 635.0

51.1 50.6 50.3 49.8 49.0 48.2 47.4 46.6

75.0 90 0 105.0 120.0 150.0 180.0 210.0 240,0

51.1 50.6 50.3 49.8 49.0 48.2 47.4 46.6

12.5 12.5 12.2 12.1 11.8 11.4



Inert
Gas

Paraneter
3 4 5 6

T I/2  Hin.! 79. 4 119.1 158,8

"H" Values Hp

10.010.0 10 0 10,0

45.0 60.0

10.010.0 10.0

2.o 5.0

10,0Hp

15.0 20.0 30.010. 0He

Ha

10.0 10. 0 10. 010.0 10. 010. 010. 0 10.0Hc

I614 15131210

555. 6 635. o

991. 6 983, I

10.0 10.0

Hp

Hp

10. 0I O. 0 10. 010. 0 10.010.0Hp

1 50. 0 180. 0 210. D 240. 090.0 105.0 120.075 0

10. 0 10. 010.0 10.010. 0 10. 010. 0IO.DHe

Because the input data varied continuously, it was necessary to cal-
culate input vaLves such as those shown in Tables 4 and S for each 10-ft
increment of depth to be considered, This bank of data was used for the
input values in the decompression model called pecom 5  BQhlmann, 1975:
personal communication! . This model includes the use of work factors
which are applied to tissues 12, 13, 14, and 15--if a working dive is
being considered. These factors effectively increase the rate of gas
uptake in these "slow" tissues, but only during the work period.

Deconl 8

Brian A. Hills, professor of Physiology, Marine Biomedical Institute,
Galveston, Texas, was then consulted regarding his thermodynamic concepts
of decompression. A computer model was then generated through the com-
bined efforts of Hills, Beckman, and Moore �1! in which the technique of
Gauss-l,engendre Quadrature was utilized. A series of dive-decompression
profiles were then produced by use of this model and compared with the

18

Delta H

T I/2  Hin.!

"H" Valves

Da I ts H

T I/2  Hln.!

"H" Values

Delta H

T I/2  Hln.!

"H" Values

Delta H

TABLE 5: COMPUTER INPUT VALUES FROM RATIO CURVES FOR
USE AT 980 FEET GEPTH !M DECOM 5 PROGRAM

Input ValueS for Ti SSue Half-Time Comparlments

Hp 5.3 13.3 26.5 39,7 52.9

1 088. 0 1082.6 1 073, 5 1 064 .4 1055. 5 1 050. 7 1 043. 8 1 036.9

1088.0 I082.6 1073.5 1064.4 1055 5 1050.7 1043,8 1036.9

198. 4 238. I 277. 8 317. 5 396.9 476. 2

1031. 3 1026, 9 1022, 5 1018. I 1009. 4 1000.6

1031.3 1026,9 1022. 5 IOI 8.1 1009.4 1000.6 991. 6 983.1



other tables. All of the Hills schedules were calculated for ascent to
the surface although the 15, 10, and 5 ft stops are not shown. Hills
recommends a direct ascent to the surface from 20 FSW, eliminating the
15, 10, and 5-ft stops entirely. This procedure is based upon Hills'
belief that the complete tissue equilibration to surface equilibrium
is very time consuming and that the probability of decompression sickness
occurring at this time is very low.

1.* TANJ adaption of PADVA to include Texas input values.
2. Second iteration of Decom l.
3. Model development after data concepts provided by

BQhlmann �2! and data of 1972.
4. Second iteration of Decom 3, with input data of 1975.

This model has only 12 tissue half-times.
5. Third iteration of BUhlmann's concepts developed to

include l6 tissues, work factors, and M values and
delta M values for all tissues in accordance with
BOhlmann 1975 curves  Figure 4! .

6. Firs t model developed in consu 1 tat ion wi th Hills to
incorporate concepts of zero-supersaturation
decompression.

7. Iteration of preliminary model of Decom 6.
8.* Final model of Hills' �1! concepts including

subroutine calculation of oxygen toxicity after the
University of Pennsylvania model UPTD  Unit Pulmonary
Toxicity Dose! and CTOX, Hills' concepts of cumulative
oxygen toxicity.

10. Preliminary model developed in consultation with
Professor David E. Yount to generate a decompr ession
profile based upon constraints imposed by the physical
laws governing bubble formation as derived from gelatin
studies and extrapolated to human decompression.

ll. Final version of Hills' �1! model with decompression
optimization based upon UPTD-CIOX limits.

13. Refinement of Decom 10 to include crushing and regenera-
tion of nuclei.

Decom
Decom
Decom

Decom

Decom

Decom

Decom
Decom

Decom

Decom

Decom

The basic input data relative to the different computation methods
are compared in Table 6.

These models are described in more detail. The. decompression profiles
generated by the use of these models are compared with each other with
the USN and British RNPL tables as standards .

19

Although some 16 different computer programs were generated, several
of these were iterations of one of the basic models to include refinements
which were indicated from the study of the primary model. A listing of
eleven of the principle models generated is as follows:
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RESULTS

The air decompression tables that were calculated according to the
computer programs called Decom 1  after Haldane, Workman, and Lambertsen!,
Decom 5  after Btlhlmann!, and Decom 8  after Hills! are tabulated with
comparable U.S. Navy standard air decompression tables and the British
Royal Naval physiological Laboratory air diving tables in the appendix.
Air decompression schedules for depths of 100 FSW down through 200 FSW
in increments of 10 FSW are given. In addition, schedules for 240 and
250 FSW are included. Schedules for dif f erent dive times  i. e., time on
bottom which is defined by the U.S. Navy as including the time of descent
and time on the bottom up to the time of beginning ascent! for the various
depths have been calculated by the different methods for comparison with
the U.S. Navy tables. There are approximately 150 depth time parameters
tabulated with comparative schedules for the different decompression con-
cepts given for most of the depth time parameters.

It is apparent from even a cursory perusal of the comparative tables
that the U.S. Navy tables have a significantly shorter decompression time
than the RNPL air decompression tables. Likewise, the U.S. Navy tables
in general have significantly shorter decompression times than the tables
calculated by the other three methods.

The decompression schedule calculation methods developed during the
course of this study provide a capability for calculation of decompression
schedules for mixed gas diving as well as for air diving. Two such com-
parable schedules are included, one for 250 FSW for 60 minutes and the
other for 500 FSW for 30 minutes  Figures 5 and 6!. The relative differ-
ences in the schedules are apparent. No comparative laboratory or field
testing of these respective schedules has been carried out; however, the
500 FSW x 30 minutes schedule labeled "Duke" was chosen as a standard for
comparison because this dive schedule has been proven in laboratory test.�
ing at the Duke Hyperbaric Facility.

DISCUSSION

The calculation of decompression schedules by computer provides
printouts of information which would otherwise not become available,
purely on the basis of the voluminous calculation which would be required
by manual methods. Much is to be gained from such analyses. In Figure 7,
a decompression schedule using the Decom 1 model is plotted for a
180 FSW x 30 minutes air dive with 10 FSW decompression stops. In addi-
tion, the decompression schedule is calculated for ascent stops every
0.1 ft which approximately describes a continuous rate of ascent derring
decompression. There is essentially no difference in the duration of the
decompression with continuous ascent and the one with decompression stops
every 10 FSW.

The advantage of the "continuous ascent" decompression over the
10 FSW stage decompression lies in the fact that the abrupt increases in
pressure difference between the inert gas tension in the tissues and the
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ambient hydrostat ic pressure which occur at the time of the ascent. to thc
next stop are eliminated, thus decreasing the likelihood of bubble forma-
tion. In addition, the continuous ascent curve demonstrates that the
;rscent rate is essentially linear for the period that a giver> theoretical
T I/Z tissue is controlling or limiting the ascent.

The third plot on Figure 7 represents the theoretical maximum inert
gas  nitrogen! supersaturation above tho sea level tension which is calcu-
lated to exist at any time during decompression in any tissue of the bod> .
This curve demonstrates the magnitude of the residual nitrogen tension
remaining in the tissues as the diver ascends to the surface on this
schedule and also indicates the slow rate of nitrogen el imination after
the diver has reached the surface. The difference in the ambient pressure
indicated by the dive profile line and the maximum inert gas tensions
indicated by the inert gas tissue tension plot suggests that a pressure
difference between the tissue tension of the inert gas and ambient pres-
sure of greater than 30 FSW is permitted to exist during ascent, according
to this model. Experiments on fish �2! and on shrimp by thc author have
demonstrated that an inert gas tension difference between the tissue and
the ambient hydrostatic pressure of water of 10 FSW is sufficient to pro-
duce bubbles in these species. These data likewise are consistent with
the observations of Spencer et al. �3! that bubbles occur in the venous
circulation during standard U.S. Navy decompressions.

The differences in the decompression schedules calculated according
to the different Haldanian models are apparent in Figure 8. It is of'
interest that Decom 5, modeled after Btlhlmann's empirical data of 1975,
has not only the deepest decompression stop  at 80 FSW! but also the
longest total decompression time.

The decompression schedule developed by the use of the Hills model
is shown in Figure 9. The similarity between the schedule calculated
after Hills and the schedules published by RNPI. using Hernpleman's diffu-
sion equations is striking, It is also noteworthy that both these inves-
tigators recommend the final ascent stop to be no more shallow than
20 FSW or 6 meters. This practical recommendation is, in keeping with the
findings of Kindwall et al. �4! that the rate of inert gas elimination
after a 100 FSW dive for 40 minutes on air is greater if the first decom-
pression stop is at 50 FSW than if the first decompression stop is at
10 FSW in accordance with the U.S. Navy decompression table.  See
100 FSW x 40-minute table in appendix.!

In order to better comprehend the inferences to be gained from the
plots of the decompression schedules, the descriptive data on the series of
I80 FSW x 30-minute dives have been tabulated in Table 7. The decompres-
sion schedules are similar in two respects:  I! in the rate of ascent from
the bottom to the first stop and �! in the fact that the process of decom-
pression brings the diver to the surface with a residual amount of gas and
a residual inert gas tension, which requires a significant period of time
at surface pressure before this excess inert gas can be lost. The decom-
pression schedule for Decom 8  Hills zero-saturation mode]!, with decom-
pression stops all the way to the surface, is an exception to the latter
generalization in that the diver would arrive on the surface with zero

ZS
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inert. gas supersaturation in his tissues. Theoretically, the diver could
immediately repeat the same dive without adjusting the decompression or
the length af the dive to account for residual inert gas in his body-
Unfortunately, this facet of the Decom 8 program has not been tested
experimentally. tIowever, if this concept praves to be correct, it is
apparent that this type of decompression would save the commercial diver
a great deal oF time in the repetitive dive, decompression process.

In order to compare the decompression schedules of all models of
computation over such a wide range of depths and times on the bottom, the
relative lengths of the decompression schedules were compared by assigning
the value of unity to the total decompression time of the shortest table
and then obtaining the relative lengths of the longer decompression times
of the other methods for tables of the same depth and dive duration. The
results of such a compilation are given below:

Decompression
Table Source: USN Decom 1 Decam S Decom 8 RNPL

Relative Total
Decompression Time: 1 .08 1 . 35 2.1S l. SS 2. 67

In a similar manner, the depth at which the decompression process is
slowed during ascent by insertion of the first decompression stop can be
compared using the different calculation methods. Since the five methods
of decompression considered each use the stage-decompression technique and
since the rates of ascent to the first stop of the different techniques are
essentially the same  see Table 7!, then a comparison of the depth of the
first stop will provide a relative indication of the depth at which decom-
pression requirements exceed the standard rate of ascent in that particular
calculation technique. Therefore, if the decompression schedule with the
deepest stop of the five comparable tables is given a value of 5 and the
one with the most shallow first stop is given a value of 1 and then, if
the values for each calculation method are summed and the mean obtained,
a relative value for the depth of the first stop for the various methods
of calculation can be obtained. These results are give~ below:

Calculation Method: USN Decem 1 Decom S Decom 8 RNPL

l. 92 3.60 3.92 4. 771. GSRelative Value:

If the relative values for the duration of the decompression process
and the relative values for the depths at which the first decompression
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In other respects, the decompression schedules are different. The
U.S. Navy schedule has the shortest decompression times and likewise does
not require the first decompression stop until a depth of 30 FSW, which is
shallower than the first stops of the other tables. The ratio between the
total decompression time of the shortest  USN! and the longest  RNPL! sched-
ules is 53 minutes to 139.4 minutes, or 1:2.6. Similarly, the first decom-
pression stop of the RNPL table is at a depth of 60 FSW compared with an
ascent to 30 FSW for the first stop which is allowed in the USN table.



stop which are initiated according to the different methods of decompres-
sion being considered are plotted, then it is possible to obtain an indi-
cation of the relative rates of decompression. These values are plotted
in Figure 10.

lf these two sets of data are considered together, it can be seen
that the lNPL air decompression schedules have the slowest rate of decom-
pression and the deepest first decompression stops of the five decompression
schedules compared. lt can also be easily seen that the U.S. Navy air
decompression tables, in general, have not only the shortest decompression
times, but also the shallowest first decompression stops and therefore the
fastest rate of decompression.

The decompression schedules calculated according to Haldanian concepts
 Decoms 1 and 5! used different maximum tissue gas uptake times from those
used in calculating the U.S. Navy standard air decompression table and the
repetitive dive tables for air. The maximum tissue half-time was 120 min-
utes for U.S. Navy standard air tables and repetitive dive tables. Workman,
as previously pointed out, used a maximum tissue half saturation time of
240 minutes for calculation of the U.S., Navy standard air decompression
schedules for exceptional exposures. Although consideration of the maximum
tissue-half saturation time without considering the related M values and
delta M values is perhaps a game of numbers, suffice it to say that, in
some of the air decompression schedules calculated on the Haldanian systems
 i.e., Decoms 1 and 5!, the ascent rate of longer dives at both shallow
�40 FSW x 360 minutes! and deeper depths �80 FSW x 240 minutes! were
limited by the so-called slowest �20 minutes and 635 minutes half-time!
tissues, Since the decompression schedules using newer concepts and newer
experience each has longer total decompression time and deeper first decom-
pression stops than the decompression tables which were calculated in the
1950's, it would appear that the current trend is toward decompression
tables with deeper first stops and longer total decompression times than
those of the U.S . Navy tables.

Since the commercial diving industry has found use of the U.S. Navy
tables unsatisfactory, safer standard commexcial tables are needed. The
RNPL tables were first published in 1968 and have been proven satisfactory
for operational use in the North Sea oil fields. Thus, it would seem that
their use would provide decompression procedures with a significantly
better margin of safety than that provided by the use of the U.S. Navy
tables.
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APPENDIX: DECOMPRESSION SCHEDULES



Key to Table Saurce for
l3ecompress ion Schedul es

USN = U.S. Navy

Decom 1*

Decom 5"

Decom 8"

RNPL = Royal Naval Physiological Laboratory

See page 19 for details of computer programs.
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