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e 1959-1963 Proving the feasibility of deep-diving with Heliox
e 1964-1981 Development of deco-tables for offshore work
e 1972-1986 Altitude dive-tables for SCUBA bounce-diving

e 1983-1994 Support for development of dive computers
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Hannes Keller
Scuba Diver

Mathematics High-School Teacher
Friend of IBM Manager and Programmer
Knowledge of USN Heliox Tables

Hypothesis: Diving deeper than 180 m possible with

e avoiding narcosis by replacing N, by He
e pre-oxygenation (max. N, elimination)
e reducing inert gas load by ultra-fast descent

o fast decompression by using counter-diffusion effect,
multiple gas switches
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Prof. A.A. Biihimann

. Medical Doctor, Internal Medicine Specialist, University Zurich

. Research in lung physiology

. Interested in Haldane and Dwyer approach for gas exchange
simulation

Hypothesis.
Diving with air would work even for deeper dives, if sufficient CO2
elimination was assured (Narcosis = CO, retention phenomenon)
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Early Deep-diving experiments

1915 91 m  air (free dive) USN [N, narcosis]

1919 ? heliox (experiments) Thompson

1937 127 m  heliox (free dive) Nohl/End

1937 150 m  heliox (simulation) Nohl/End

1939 73m  heliox (squalus lifting) USN [He Tbles,closed circ.]
1945 189 m  H,-O,(free) Zetterstrtdhm [blow-up, 1]
1966 180 m  heliox (free) RN [surface supplied]
1958 Starf of H. Keller/A. Buhimann-experiments

J Wending, Nustberger, Schenk, Miestones of the deep-diving DKL Zirch, SPUMS Cong Palau 11.-16.5.98 PpalaufBtab2.doc



Proving the feasibility of deep-
diving to 300m 1959-63

e 1959 Fresh water record 122m Lake of Zurich
e 1960 Fresh water record 222m Locarno

e 1961 60min work 90m research cham.
e 1961 10min work 220m sim. (4bar)

e 1961 10min work 220m cham. (Toulon)
e 1961 10min work 220m cham. (USN)

e 1962 World record (sea) 300m California
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FiIG. 2. Nine subjects, 300-ft dive with 60 min bottom time.



Vorausberechnung und Testung des Versuchs in einer
1-Mannkammer mit 5 verschiedenen Atemgasgemischen
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Abb. 2. Vorherige Testung des Dekompressionsprofils der Tauchgénge am 26.04. 1961 und
10.05. 1961 mit der Kombination von Uberdruck und Unterdruck. Von 1,0 bar bis 0,5 bar
wurde 50% O, + 50% N, und von 0,5 bis 0,2 bar 100% O, eingeatmet. Der Aufenthalt bet
0,2 bar dauerte 30 min, was fiir das Auftreten von Schmerzen als Zeichen einer ungeniigenden
Dekompression zu kurz ist
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Abb. 1. Exposition wihrend 10 min bei 22,0 bar. Kontinuierliche Kompression und Dekom-
pression mit 5 verschiedenen Atemgasen. Bei 22,0 bar leichte Arbeit mit Gewichtheben im
Wasser. Dekompressionszeit 140 min "
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Development of decompression tables
for offshore work 1964-1981

e 3 compartment sat system at ZHL
designed for 4bar (30m) in 1964

e 2 chamber sat system with wet bell at ZHL
designed for 100bar, Helium mixes, in-water
working) in 1972

e Verification dives with SSOS and Micoperi
e Mixgas tables for bounce and sat deco to 300m
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Development of Decompression Tables
for oftshore Work (1964 - 1981)

. Capshell series
. Alverstoke series
. Atlantis series

. DKL 72 series
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DEEP DIVING RESEARCH LABORATORY i

DEPARTMENT OF INTERNAL MEDICINE

UNIVERSITY HOSPITAL ZURICH BREATHING MIXTURE BREATHING MIXTURES FOR DECOMPRESSION|
I 5%0, /95 % He I 10 % 0; /90 % He

DECOMPRESSION TABLE Air
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F INTERNAL MEDICINE
SPITAL ZURICH BREATHING MIXTURE

[T ]5%0,/95%He

SION TABLE

COMPRESSION TIME 22 min.
HHAMO. 70. A1

BOTTOM TIME  (excluding compression time)

114
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BREATHING MIXTURES FOR DEC

R 10 % O, / 90 % He

Air

IR 50 % O, /50 % N,
B 0%0,

33
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Problem: HPNS

high pressure nervous syndrom

o After first experiments HPNS existence denied

e From increasing compression speed to
constant speed to depth

e From constant speed to staged compression
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HPNS with varying descent techniques

A. Continuous compression, increasing with depth

215 m |in 3 (20-50 m/'V) | O,-No-He |HPNS -  |(n=2, 1961)

250 m |in 510° | (20-50 m/'\V) | O-N,-He |HPNS -  [(n=3, 1960/62)
300 m |in 16 (20-50 m/'V) | O,-No-He [HPNS (+) |(n=5, 1961/62)
B. Continuous compression, constant ‘
220 m |in 22 (10 m/'\) O,-He |HPNS - |(n=16, 1965-68)
250 m |in 25 (10 m/'V) O,-He |HPNS + [(n=11, 1967-80)
300 m |in 30 (10 m/'V) O,-He |HPNS + |(n=30, 1967-80)
350 m |in 35 (10 m/'\VV) O.,-He |HPNS ++ |(n=6, 1977)
500 m |in 50° (10 m/'V) O,-He |HPNS +++|(n=3, 1977)

C. Staged compression, continuous compression rate

300 m |in 155 (10 m/'\V) O,-He |HPNS (+) |(n=6, 1978)
350 m |in 325 ( 4 m/'V) O,-He |HPNS - [(n=3, 1969)
400 m |in 255 (10 m/'V) O,-He |HPNS ++ |(n=3, 1979)
400 m |in 415° (10 m/'V) O,-He |HPNS - [(n=3, 1981)
500 m |in 700 (10 m/'\) O,-He |HPNS + |(n=3, 1981)

© A. Biihimann 1993, Tauchmedizin
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The global decompression
algorithm ZHL 16A

e Model valid for any gas composition

e Model valid for short, medium and long
exposures to saturation

e Deterministic model (based on max. tolerated
tissue supersaturation)
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Abb. 26. N,-Halbwertszeit 27,0 min. Die experimentellen Werte fiir den p, N, weichen nur
wenig von der ,theoretischen“ Linie entsprechend den Koeffizienten von ZH-L16A ab.
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Fic. 31-1: A TYPICAL DECOMPRESSION DIVE PROFILE
WITH CEILING LINE VISIBLE. THE NUMBERS REPRESENT
DIFFERENT PHASES (SEE PHASES IN Fic. 31-2)
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Abb. 24. Theoretisch tolerierter p, He und p,; N, bei einem Umgebungsdruck von 1,0 bar entsprechend den
Koeffizienten ZH-L16A. Abhingigkeit von den Halbwertszeiten. Lingste He-Halbwertszeit 240 min,
langste N,-Halbwertszeit 635 min. ® p, He- und p, N,-Werte mit Symptomen der Dekompressionskrankheit

bei verkiirzter Dekompressionszeit auf der letzten Stufe (Tabellen 21 und 22) G
(AA. B0\ mana touchmed.




Verification studies for
air bounce tables

e Aim to get standard for SCUBA diving guidance
e Verification using altitude dives

e Validation experiments with reduced
decompression stops
(+ 10% deco-stress =2 30% increase of DCS)
DCS treated in the recompression chamber
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Support for development of dive
computers 1983 - 1994

e First challenge was to use limited hardware for
real time calculation of N2 partial pressures

e Second challenge was to introduce arterial
bubbles and pulmonary blood shunting into
the algorithm

e Many more adaptations later with increasing
hardware resources and scientific input of
influencing factors
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Abb. 22, Intrapulmonaler Rechts-links-Shunt in Prozent des Herzzeitvolumens nach einem
Tauchgang. Infolge Kumulation der Mikrogasblasen in den Lungenkapillaren wird kurzfri-
stig ein Maximum erreicht. Der Shunt nimmt ab, sobald der Abbau der Mikrogasblasen in
_ der Lunge den Nachschub von Mikrogasblasen aus dem Gewebe ubenrifft | o Bt B



Intrapulmonary right-to-left shunt

Size for some single dives

30m/99ft, 16min. (no stop dive)

_~41m/135ft, 20min. (decompression dive)

40m/132ft, 25min.

12m/40ft, 50min (decompression dive)

24m/79ft, 61min. (decompression dive)

surface interval [min]




Milestones

Abb. 14. Schema-
tische Darstellung

"des Lungen- und

Kdrperkreislaufs
mit unterschied-
lichen und varia-
blen Durchblu-

“tungsanteilen der

verschiedenen
Organe
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Adaptation of Decompression Algorithm
to bubble induced changes in gas exchange of the lung

]

Voellm approach

Hahn approach

Normal N, elimination
(no bubbles)
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Development of a
ventilation breathi
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by benno schenk




UBA CHARACTERISTICS - DEVELOPMENT PROGRESS

... to reduce work of breathing in deep dives

BESK 707 BESK 710 BESK 710 GR
CASE 1 CASE 2 CASE 3 CASE 4
EXP INSP
INSP ; EXP i -y —= - it
1 1 1} YZI [ | 1
PO 0 P® PO o P® PO PO H P®

86.12 SK










Conclusions (1)

e The combination of
- enthusiasm,
- scientific commitment
- opportunity of up-to-date IT-resources

at the ZHL led to a series of spectacular
records and research exploits.
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Conclusions (2)

e |n spite of many improved and modern
decompressions models and hypothesis,
BUhlmann's validated model with all its
simplifications is still the basis for
- recreational diving computers
- planning of professional mixed gas operations

- Teck-dives
- assessment of profiles from dive accidents.
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