
SELF-CONTA1NE.D DIVING 
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Introcluciion 
A I-ecluirement exists for a large number o f  engineer olliccrs to have ;I 

knowledge o f  rlaval diving, togethcr with a limited practical experience ol' tlie 
tnore common types ol'apl>arat~rs. Most  of the proble~i is  that occur, aftcl- these 
officers have completci i  their shot-t course. recluire tlie Llsr o f  sell'-coritainetl 
appa~mtus and, for that reason, n o  reference i n  l l l i s  article wi l l  he made to the 
t e c h n i q ~ ~ c  of  Lleep D iv ing  or  to tlie Standard (Helmet) D iv ing  Apparatus. 

(Jntil the 1939 45 \v;lr years, sel l -co~lt ;~ined ciivilig was generally rel'errcd 10. 

loosely, as sllnllo\\ water diving. b ~ ~ t  since the introduct ion of  oxy-riitrogcn 
mixtures. sell-cotitained diving i s  ~ i o w  r c g ~ ~ l a r l y  carried out to  1x0 feet. 

I l is tor ica l  
I t  must have hcen vet-y early that man realised that stre;lm beds coul i l  nor be 

crossed hy using a hol low reed ;~ttaclicd to ;I piece o f   cork^--that is, i f  the lungs 
were more ilia11 2 feel o r  s o  f roi i i  the surlilce. Similarly, to-day i t  i s  ;I p11ysic:ll 
impossibility to dive on to  the propellers ol'a ship wearing ;I p;~ t t .  230 l';~ce mask. 
unless tlie liosc i s  s~~pp l iec l  wi th air at :I pressure corresponding t o  tlie depth of  
I he lungs. 

Leonartio da Vinci (1452-1519) l i~lc l  I l lal ly ideas on diving, and one w;~y iii 
which he solved this m;tlor problem of  supplying air aulomatically at the correct 
pressure to the sclr-cotltained diver, was to design at1 apparatus with a n  air 
fillecl flexible animal skirl bag. 

I t  i s  on record that Alexander the Grczit (356-323 RC), who himself 11i;lde a 
descent i n  a machine called a ' C'oli~iipli:i ', used divers to destroy t l ic submarine 
defences erected dur ing the siege o f  Tyre. I~:or those who desire an early 
precedent, this tliay be compared wi th the beach clearing arid ' frogman ' 
activities o f  the Seconcl Wor ld  War. 

I t  was tlie last war that g;~vc self-tontained diving its biggest push forwal-d. 
Prior to 1939, most jobs had t o  be tackled wi th the standard d iv ing s~ l i t - ;~  
dress eminently unsuitable on many occasions because o f  its weight, bulk, air 
pipes and so on. S~rlv~r.s and D.S.E.A. were in  use to a small degree, but again 
they were not designed for many ol ' thc tasks they were called upon to pc r fo rn~ .  
Ut i l iz ing the experience o f  the war years. there i s  now a Superintctldcnt o f  
D iv ing  (a Cominnnder 1i.N.) allcl a small, but  highly trained, team a t  H.M.S. 
V ( , I . I I ~ I I  designing, dcvelopi~ lg and testing the (l iving suits a n d  breatl i i l ig appara- 
t ~ ~ s  that the Navy requires. 



PI-IYSIOLOCY O F  DIVING 

No work can be done conveniently on diving apparcltus without an elementary 
knowledge of the theory of mixturc breathing. For the sake of simplicity, the 
:1~1tIio1- has treated the three gases that are of particular concern to the sclf- 
contai~led diver scpnr:~tcly, each gas being dealt with in its own ' waterlight 
cornpartmcnt '. In fact, the prescnce of large traces of onc gas may well accelcr- 
a t e  thc pliysiological cfTects produecd by another. The physiological ell'ect of ;I 

gas is proporlionnl to ils partial pressure. 

Nitrogen 
Air is composecl of 21 per cenl oxygen by volume, the remainder being 

rlitrogc~i. Nitrogen is valuable as a diluent for- the oxygen, but i t  brings its own 
problems when breathed under pressure. Tlicre is ~ l o  limit, in diving, to the 
speed ol'descent, providcd that tlie air breathed is increased in pressure in step 
witli tlie rate of descent. Wilh practice, the ears czun be ' cleared ' as rapidly as  
desired. 

a U~,r~tl .s  ' 

l'lic quantity ol' gas that dissolvcs in a fluid is, according to Henry's Law, 
proportional to the pressure. Noting that approximately I litre of rlitrogen is 
dissolved in thc hloocl ; t t  atmospheric pressure, and that more than 75 per cent 
of tlie body is fluid, nitrogen, under the two variables, pressure and ti~iic,  will 
be absorbed in the blood and transfel-red to tlie tissucs, which lake i t  up 
exponeriti;~lly at a rate dcpending o n  their relative blood supply. Hcnce during 
a dive, dill'erent t i s s ~ ~ e s  are saturated to a difl'crent extent. If decomprcssio~l is 
carried out immedintely, the tissues become supersatur;~Ied witli nitrogen wliicli 
may ;tppe;lr in the form of bubhlcs, causing grcat pain nt the joints. l!' tle- 
compression is sufticiently rapid, the bubbles may appear in the bloodst~-earn 
(uil .  like a soda water bottle) causi~lg an embolism and fatal obslructioti of the 
c i t -c~~l ; l t i~ t i  in va~-ious vital organs. This h n g e r  can hc overcollie by inakins 
' iL(>JX ' ; I [  sel poinls d11rit18 lhe asccnl, 50 11);11 ;I per11iissible supe r s ;~ lu r ;~ l i~~n  
of 2  : 1 is ilevel- exceeded, arid hence alloh tlic dissolved nitrogen to hc liberatcil 
;I[ ;I sal'e 1r;lte. 

A.; at1 exam[,lc, the ibllowing (T;~blc  I )  is an extract from the Admirz111y 
I'nhles \$hell diving on Air : -~  
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fl-om sul-klcc to 
besinnins OS time at dilkrciit 

Feet I'atllonls lb pe~-  scl in ;iscetit depths 
( rn i~i~l tes)  2 0  f l .  l l .  ( ~ i i i n ~ ~ t e i )  

~~ ~~p -p-~ -p--- 
~ ~ - .  ~ ~- ~~ ~~~~~ ~ ~ ~ -p~~- ~~~~ 

Ll p to 1 0 3 5 
10-20 5 7 

78/84 13-14 34;-37 20-30 3 8 13 
30-40 4 13 l9 
40-45 5 15 22 
45-55 X I 0 2 h 
55-05 9 I S 29 



Nitrogen under pressure has :I narcotic clreet on the body, which i s  no r~na l l y  
expel-ienced below about 140 feet, th0~1g11 i t  d ~ e s  1101 become a serious problem 
unt i l  a depth o f  240 feet i s  reached. I t  causes the diver to  behave as though 
intoxicated w i th  alcohol, and to have an optimistic:~lly high sense o l  well-being, 
but, as wi th alcohol, i t  can be controlled t o  a degree by  will-power. Described by  
C ' o ~ ~ s t e a ~ ~  as ' L'i~.~.e.ssc, tk~s f i r c ~ ~ i c l c ' . ~  /)rc?fi~i~(lc,~ri.,v ', i t  disappears very rapidly on  
ascending. 

Oxygen 
I3otl1 the above dangers f rom nitrogen can t11eo1-ctically be eliminated i f  the 

nitrogen i s  removed f rom tlie breathing mixture, but pure oxygen diving bl-ings 
its own problems. 

o~\-.l:yo,? /)Oi~"lii17,q 

I f  pure oxygen i s  breathed under a high pressure i t  can have a toxic elTect. 
Unfortunately, n o  table wi th variable depth-time l imits can be worked o ~ ~ t  ['or 
oxygen i n  ;I siniilar manner t o  the nitrogen ' stops '. I n  over 2,000 expcrirnenls 
o n  oxygen poisoning, i t  was found that no curve could be drawn due to the 
large scatter, ~ i o t  only betweell different divers, but betwee11 the same diver 
o n  diftcrclit occasions. 'The Admira l ty  Ilas, therefore, very wisely decided 
to treat pure oxygen as being toxic below 33 feet (i.e. 2 at~nosphercs absolute 
or  10 times tlie partial pressure as compared with breathing i iormal ; ~ i r  on 
t l ~ c  surface). 

Hence 33 feel becomes the l imi t  for pure oxygen diving, and if the diver 
wishes to go deeper, he must dilute the o x y g c ~ ~  with tiitrogen, or, in  tlie case ol' 
decp tlives below 240 feet. with helium, tvhicli eliminates [ l ie narcotic problems 
ol' nitrogen ~ ln t le r  pressure. 

The syniptoms of' oxygen poisoning can normally he recognised i n  a re- 
compression cliamber, but are more dilticult to  diogtiose when encumbel-ed h), 
diving apparatus. They are mainly pliysic;~l in  nature, and  consist, in  tlie earl) 
stages, ol' l i p  twitclling, nausea nncl d i~z inc i s ,  follo\zwi linally by convulsions. 

I.;~ck o l 'oxyge~l  01- anoxia i s  pal-ticularly dangerous, because the tlivcr ~ ~ s u a l l )  
receives no w a r ~ ~ i l ~ g .  b ~ t t  lapses into S L I ~ ~ C I I  L I I ~ C O I ~ S C ~ O I I S I ~ ~ S S .  11 car1 occ111- it1 
pure 0x)gen appar;rtlls, but its danger i s  more rcal in  tlie ~ n i x t ~ l r e  breat l i i l~g sets, 
w1ie1-c ;I f l o \v  o f  gas t l i r o ~ ~ g h  the di\/cr's c o ~ t t i t c r l ~ ~ n g  t i ~ i ~ ~ t ~ i i s  1111' correct 
oxygen content. I he counterlung could still k e l  pl-opel-ly inflated to tlle diver 
when conlairl ing only liitrogen, alt l lougli al ioxi :~ would occur a1 so111c poin l  
belo\r the 20 pcr cent min imum oxygell content that is designed l o  he main- 
tained in  niixture breathitig apparatus. 

Anoxia can occur wit11 pure oxygen lipparatus due t o  i l ic  pr-eserice ofri i trogeri. 
~v l i i ch  dilutes a designed 100 per cent oxygen til led countel-luny. 7'his inay occu~- 
t l i~-ouyl i  inel l ic ie~lt  r insing o f  the l u~ igs  allcl apl7ar:I[us before diving, supply ol' 
i r n p ~ ~ r e  oxygen, and nitrogen liheratcd [l-orn tile blooi l  grailually i rccurn~~lat ing 
i n  tlic counter lu~ig. 

Carbon Dioxide 
Exhaled air consists of f rom 2 - 5  to 4 per ccnt carbon dioxiclc, I 6  pcl- ccnt 

oxygen, the r-cm;~inder hcing nitrogen. This carbon dioxide mLlst not be allowed 
to accurnul;~tc. a n d  in  most sell-contained apparatus is ;tbsorbed i l l  ' protosol-h ' 
caliisters lil led with soda-lime. 



SYHNG A N D  W A T I R  PLOOL> DIAPHRAGM 
~ A L V L  L E V F R  i i n i r i  

l 

Excesses or carbon dioxide have physical. as opposed t o  mental, effects and 
are t h i ~ s  very easily recognised. Coi l l ing normally f rom incfticicrit protosorb, 
the action to take i s  obviol~s, hut  they can occur by  over-exertion. The sy~np-  
toms arc panl ing and :I feeling o f  clistress. I f  allowed to continue,  inc conscious- 
riess wi l l  clevelop, but i i i  most cases, when caused by over--exertion, the s y m p t o m  
wi l l  disappear i f  tlie diver deliher;~tcly forces himself to  have a ' starid-easy '. 

This may appear an uriusual di\,ing dise;~sc, but since carbon dioxitlc i s  the 
gas tIi;~t stiniulaies breathing i t  is possible, i f  excessively [,roloriged inl i ;~lations 
o f  pure oxygeii arc taken, to  arrive at 21 state where breathing stops. .l'liis i s  
usually self reg l i la t i r i~  as the built1 tip, by c l i f f~~sion,  o f  carbon ciioxide i l l  the 
t>xygcn-~.icli lungs once more stimulates breathing. 

Not ing  some of the physiological points raised i n  the previous paragl-aphs. 
the probleriis associ:ltcd \\,it11 l l ic  design o f  various types 01' sell'-coritainctl di\,ilrg 
apparattls car1 readily be r-ccogriised. 

Compre\setl A i r  ' Zqoalung ' Breathing Apparatus 

Ail-, stol-ed in  l i i~li prcssurc cy l i~ i t lcrs  o f  steel o r  alloy, i s  fcd to a sc;!-\vater 
lo;~cled redi~c ing valve. Tli is valve, due to the external loacling, alwayh hupplics 
air at 100 lb.; per scl incl1 approxiriiately above ambicr~t  pressure to a lung 
iiper;ittxI dcn1;111cl V;IIVC. (SCC FI<;. I ) .  

'In inlialation, a C l ~ p r C ~ s i ~ n  I'rOm A iii-2 irl water gntlgc pressul-e procluccs a 
How of f-rom 30 to 200 litres per ~ i i i n ~ r t e  by depressing a rubbel- dinphr-agm, on 
t l i e  top o f  wliicI1 i s  Sec1 \\';lieI- \)rcssLI~-C. -I'Iie lowering o f  the c l iap l i rag~ i~  causes n 
v t~ l vc  to lil'l, which allo\vs ail- to  pass I'rom the I-ctlucing valve into the body o f  
the demand valve and  thence to the ltirigs. On exhalation the diaphr-agm is 
1~1sI ied back to tlie s1;ltic po\ilior?, w l i i c l ~  s l i ~ ~ t s  the valve, the exhaled air passing 



l l i r o l ~ g l i  :I rubber  N.R. valve \ v l i i c l ~  i s  located close t o  t l ie  dcma l id  valve. Th is  
l oca t ion  is importz lnt ,  t o  prevent pressure dif l~erentials occur r ing w h i c l ~  c o u l d  
le ;d  t o  the demand valve be ing d i i l i c ~ ~ l t  l o  opel-ate, o r  t o  i t  b l o w i n g  oft' con-  
t inuous ly .  I t s  si tuation, bellincl the shoulder blades. i s  a compromise  pos i t ion  
for b o t h  t l ie  lungs ancl ['or vision. \vl i ic l i  inust  not  be obscured b y  exhalecl a i r  
bubbles.  (See FIG. 2). 

T l i c  b o d y  r c c l ~ ~ i r e s  a give11 mass of  oxygen t o  sustaiti it. \vhilc the l u ~ ~ g s ,  I'or 
vent i la t ion  purposes, rccluire ;I given uolut i ie.  A s  depth  increases, the aqua lung 
becomes mol-e a n d  more  inefticient as t l ie  follo\\,it ig example w i l l  sho\v :- 

-1'Iie corn~%-esscd a i r  b r e a t l i i ~ ~ g  set s l i o \ \ ~ i  i n  FIG. 3 co~ ls i s t s  of t v o  ail- bot t les 
each ch;~rgct i  t o  1,800 Ib ' sq  in a n d  c o ~ ~ t ; ~ i t ~ i n g  750 litl-es ol'l'l-cc a i r .  

( V o l u m e  o l ' e a c l ~  cyl int ler  is tl icrel'orc 0.2 l i tres). 

A t  the SIIS~;ICC 1,500 l i tres arc i ~ v ; ~ i l ; ~ h l e  

k s s u ~ ~ i c  a l l  ;lvcragc v e n t i l a t i o ~ i  ra te  o f  30 l i t res mill 

Endur; l l icc i s  50  n ~ i l i u t e s .  

A t  33 l'ect [ l ie  pressure i s  2 : ~ t ~ i i o s p l ~ c r e s  absolute, hence to ta l  avai l ;~blc gas i h  

750 lilt-es on ly .  

Et id l l ra t ice  is l i ;~lvcd, as t l ie  vent i ln t io i l  ra te  rcm:~ ins  the hanle. 

S imi la r ly  at 99 I'eet i t  ca l l  be seen t l iat 

E n d r ~ r a l i c c  i s  1 7   minute\. 

A \  [ l ie  (l iver i s  b r c a t h i t ~ g  a i r  \vhicl i  i s  o n  open circuit ,  carhon d iox ide  exccbs or 
lack, ;!lid oxygen 1:1ck do lnot p rcse l~ t  a n y  pl-oblcm. I( cal l  be shown t h ; ~ t  oxygen 
excess w i l l  r i o t  c~ l icer -11 the diver ~ l l i t i l  l i e  passes t l ie  2x0 feet mork---all extreme 
t lept l i  f o r  th is type of apparatus, a l l hough  i t  has been llscd very occasionally 
I'or s l i o r l  dives w i t h  success t o  300 feet. Ni l t -ogen, being prese~l t ,  requires 
a t ten t ion  t o  be given to h o t l i  i ts  narcot ic  a n d  ahsorp l ion  propel-ties. 





1-16, 4 Punt:  OXY(;I N RI<;I:NI IUAIIVI EQOII'~~IINI 

KE(;ENEIIA'I'IVT. BKE,il'HlN(; AI'PAI<ATLIS 

Purc Oxygen Apparatus (U.B.A. Typc) 
Oxygen of n ~ o r e  tlian 99.5 per cent p ~ l r i t y  i s  fed, either by hand or  by 21 

rrctlucirlg valve ;IS desired, to  a r ~ ~ h h c ~  bag or  c0~1111erlu1lg o f  : lbo~rt  X l i tre- 
cap;ici(y. A protosorb canister i s  l i t ted between thc mouthpiece and tlie countcl- 
ILIII~, the cxlialctl a i r  passing pcndulurn i;~sliion t l ~ rvug l l  ttie cariisier irrto (lie 
colrrrterlung. ancl [ l ie inti;~lcd air hack ilil-ouglr the c;~llister t o  i l ie  moutlipiccc. 
-l'lie carbon dioxide i s  t l i~rs  absorbed, ;111d the 4 per cent to  5 per cent deliciency 
i n  exhaled oxygen is m;ide up  by oxygen i n  the counterlung, \vIiicll is at the sarilc 
pressure ;IS tlie surrounciir~g water allcl, i l ' t l ic corrntcslur~g is s1~111g ;!l (l ie corrcct 
height, :rt [Ire snmc prcss~lrc ;is the llrrigs. 

A ne~rtral, o r  very s l ig l~ t ly  riegative trim, as with i l ic  cornprcssed a i r  b r c ; ~ t l i i q  
apparatus, i s  cst:~hlislicd using a fe\v small leacl \~~eig l i ts .  Novices ~ ~ s u a l l y  require 
I i iorc c l i t  ili:\~i i l ie f~111y t ra i r~ct l  diver bcc~iirse they r e  inclinecl to  give 
thcmsclves, either by l i ;~nd demantl. 01. lhy ;I bypass iri the case of thc scts fitted 
u i i h  ;I r-ctlclcirig viclve, more oxqgcil 111;lri r cc l~~ i red .  This incl-eases [l ie co~rntcl--  
luns  volume and  hence mol-c \vciglits ;ire recluirccl to co~ll i terbal;\ncc the extra 
positive h~roqnncy. 

1~111/lll~1lfl~~l~ 

Endurance tlepentls on tlie I-atc o f c o ~ i s u ~ i i p t i o l i  ol 'oxygc~r anti the cluzrnlity of 
oxygen aritl pr-otosorh car- r id ,   rid i s  indcpcndctit 01' depth. 

e.g. app;rr;~lus coritains 2 l h  o f  131-ocosor-b ant1 t~v i r i  oxygcrr cyliritlcrs cacli ol' 
nominal .34 litl-es capacity charged to 3,000 lbjscl in. 

r l i ~ r s  cylinders contain 130 litres o f  oxygcn at N.r.1'. 
Assuming that tlie average consumption is 1.3 litres/lninu(e. 

Then endurance is 104 iiiinutes. 

PI1 ~..violo:,.i(~rrl, f i r c , f o ~ . . s  

Div ing  is l imited to 21 depth o f  33 fcet to prevent oxygen poisoning. The l u~ igs  
31-c rinsed helhre diving to remove ally [races 01- nitrogen wli icl i  could be 



rcslx>nsible l'or all(>xin. DUI-illg a long dive, i f  the puri ty ol' t l ic oxygen is 
cl~rcsiioliahle, the l u n p  and c o u n t e ~ - l u ~ ~ g  should ide;illy be re-I-insed, to  remo\c 
anyaccu~nu la t i o~ l s  o f  nitl-ogen that may I iarc ihrmeti. 

TO prcvmit esccsses ol'carholi clioxide, cal-e shoulti be taken to ensure that the 
p r o t o w r b  is fr-esli, i iud tli i it t iur i l ig tlie tlive i t  remains as dry ;IS possible. 

.Ili\lurc Rreatl~i~i:: .4pparalus. (1J.H.A. Type) 
I<ec;~ LIW o f  ihc li;~zirr-ds of oxygen poisoning. o x y g c l ~  niust he d i l u ~ e d  \v1111 

nitrogcrl. \vhen diving helo\r 33 feet. As the oxygen i s  the ' \\:orking part ' o f  
tlre mixtul-e. 21-eater ecoliomy can he achieved hy  keeping the oxygen content 
as high a. pc>shihlc. but Ilcver ;tt a greater 1x11-tin1 pressure tl1i111 ( \ \C )  iit1iiosp11~1-CS 
absolute. Hencc as tlic divcl- \vislics to make deeper dives. the oxygen per- 
C C I I ~ ; I ~ C  i l ~  tlie i i l i x t l~ re  11111st ~CCOIIIC progressi\,ely less, ~ r l l t i l  lie finds that ;I[ 

280 lket [ l ie - cot-1-ect ' 111ixtur-c' is 21 1 x 1 -  cent oxygen and  79 per cent ii itrogen. 
i.e. ii i l-. 

W i th  1>~1re oxygeli ;~ppar-atus, i t  was optional u~l ie t l ler  a i -cd~lcing feed valve 
\vas littetl her~vcen tlie bottles atici the cor~nter lung or- not. but \\,it11 1nixtul-e 
brc;ltliing ;~I,P;L~;I~LIS it is ess~t l t i i i l  to  ~ ; I V C  ;L ~ i leat is  o f  supplying all nccur-;lte 
Ilo\v ol'gas to the counterlung. The Ilo\v, to achieve economy. ~ i i i ~ s t  be as lo\&, ;IS 

possihlc, but i t ~ i i us t  ellsu~-c, in  cor i junct io l~ wi th the composit ion ol ' t l ic mixture. 
i t  l tile diver i s  resling and const~mir lg l i t l le  oxygcll he does 1101 sulkr-  
frol i i  oxygen poisc~ning. or- t h a ~  when lie is work ing hard, the pcrcent;lge of  



oxygcli ill ~ l l e  c o u r ~ ~ e r l u n g  dues not Ii1II bclo\v ;I clesigned 20 per ccnt o r  ;111oxi;l 
Inay result. The l low ~ > f g ; ~ s ,  becausc o f t l ~ c  incl-l nitrogell content, must have a n  
escape Ssom the countcl-lung, This i s  arl-nngcd by  ~~nscsewing the relief valve on 
the l o p  ol'tl ic counterlung so th:~t i t  lil'tr 211 ;In arnourll desired by t l ~ c  tliver i n  the 
2-10 inch water pressure range. 

T l ie  rccl~~ircmentb of a m i x t t ~ ~ - c - h ~ - e a t l i i ~ ~ g  sct a n d  its physioIogic:~I impl ic~rt ions 
can best he sec11 l'rorn the fol lowirlg exi1111plc : ~- 

,A diver- ivishes 10 descend 10 a11 ap(~~.ox imale  dcptl l  01' S i )  k e l .  

,w ; . \~ l l l l~~~ 
He rccluircs ;I 11iixtt11-e wi th the ~ n a x i n l ~ ~ m  possible oxygen coliteni, bccai~\e 

ol 'economy, and for the added ;\dv;rntagc t I i :~ t  i t  Tvill reduce time on 'stol>c', 
hut not inore than ihe calculated maximum. hecause of oxygen toxic cll'ecl. 

2 at~i iospl ic~-es ahso l i~ ic  ol' oxygen 
M a x i m u m  oxkgen 1xnnissihle Absol111e pr-csst~re in  irlnl(1s pher-e\ 

58.4 pet- ccnl 

M ~ ~ I L I I - ~  i s  ~ i i a i l e  up ill ~rourlt l  g t  s 1 0 17-1- c c ~ i t  oxygen 40 per cent 
nitrogen mixture \\joulcl he ~ ~ s e d .  

/~/OI l~ 
l T l i c  di\,cr 11 i~1st  bc supplied with huilicienc gas ol ' t l lc ; ~ h o \ c  lnixturc to )>I-c\ent 

itl1~1xi;i. 

I'cl.ccnt;~ge vl 'oxyscn hrealhed (not Ies\ III,III 20 per- cenl) 
100 

oxygen \upplred o x y g e n  cried 
tolCl l  llow - oxygen L I S C ~  



I 'o r  osysen LISXI. ;lshulnc Z l i tre5 per m i n u t e :  be ing a n  a s s ~ ~ m c d  I~~;ISIIIILIII~ 

I I L I I ~ ~ ~ I I I  I -  o r  pc1-ioii5. 

r i  l .  S i h c  actu;~l  oxygetl  contel i t  o f  the countc l - lung can he cletcl-milled, 
n o t i n g  lI i; l t l I siven llo\\, Z I I I ~  i n i x tu rc  the a c t ~ l a l  percentage ol' o x y g e ~ i  
hl-e;~tliccl illcl-e;~ses as the d ivcr 's  consumpt ion  tlccre;lses. To calcul;~tc t l i c  
r n ; ~ x i m ~ ~ m  s i l k  l im i t  011 this 11iixt~11-c t l ierck?rc,  use ;I n i i n i ~ i i ~ ~ m  oxygc l i  con-  
sumpt ion  rate ol' -25 l i tres per minute.  
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DEPTH F E E T  

. , \IO.Y~IIIIIIJI ,sf//(, ~/C/II/I 
The  slight 1uwc1-ing of the 60 per cent 1n1ixtul.e supplietl, to 57.3 per cen t  

actu;illy bre:rtIied, i~icreascs the mnxim~lm s;~l'c depth slightly. 
Pure oxygen is s:~fe ;it  Oh feel (;~l?sc>l!~tc) 

66 100 :. /1 57.4 per cent mixture is bafe at 33 fecl 
57.4 

.Y/0/1.' 

Nol.~ii;rI ' s t o p p ~ ~ g e  tiuring :~scernt ' tahlcs arc conipilctl l'ot- \\lie11 h re ;~~h ing  
i ~ i l - .  I I C I I C C  :I tlivc o n  a mixtttre contairiir~g or11y 40 pcr ccnt rnitrogcr~ will hc 
eqtrivalcrit. Srolii tlie nitrogen ahsor-ptic~n pc~irlt o f  l i e u .  to 1 nlircli sliallower 
di\,c o n  air. 

I t  is assumed for this calculation that the averxge oxygen rccluircment over 
the wliolc period of the tlivc is l .3 lilr-cs per minrrte, i.e. a pl-aclic;~l mean hetwecti 
the 2 2 n d  0 .25  litres per minirle c~scd i n  ihc pr-evio~rs c:~Iculilti~tns for ;rsccrt:~inirig 
the flo~t' arid oxygen content of the corlnterlung respectively. 

Perccnlage of nitrogen hrcirthcd 100 - 40.7 per cent 

59.3 per ccn( 



,,I l 
i 10 , $  111 > r  

FLOW LITRES/MIN 

A depth  01'82 i'cet gauge 1 1  5 ft absolute  

Stops I'or ;l11 nil- dive lo  54 feet s I l o ~ ~ I ( i  he  yiven a n d  these shor~l t l  hc c o n ~ p a r e d  
\\'it11 the stop> I'or ~ I I I  ail- dive t o  87 feet sIio\v~i eal-lies in S a b l e  l. 

/)~,/I//I Pi.~,.s.vrri.i~ 7711rc~ I(II(/CI. I I , ( I I C , ~ .  .YI~/I/JU::C,.~ 
i.e. I'rom surl;lce tiiinules ; I (  7-o/u/ I I I I I ~ ,  

t o  b e ~ i n n i l i g  of t l i fkrc~i t  ,\l1 iiiri~o.s 
I--cet F a t l ~ o ~ n  lh XI in ;~sceti t  depths  

- ~~ 

20 1'1 I0  ft 
~~ - ~ - -  - ~ p--- ~ ~-p-~-- ~~~~ 

"p  (0 l l0~l l .  -p -~ '7 
; 111.-1 1. 111.5 5 7 

48 i54 X -9 21 -24 I A hrs-3 111-S ~- 10 l 3 

Over  3 liout-s 20 22 
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l UNCOMPENSATED 
i IIYDKOSTATICALLY COMPENSATED 
3 TWO STAGE 
4 ACOUSTIC SET 

MASS 
F L O W  

l00 * 

0 50 IW l 5 0  
DEPTH IN FEET 

~ ~ l l ~ / r l l ~ ~ l / l ~ ~ ~ ~  
Assulne a set as  sliown i n  [:I<;. 7 consisting 01' a pair of hoctles each of 1 .'l7 

litres, charged to  3,000 lh per sq incli. 
C ,  ,~pdclty , .' (Initial pressure - F'in;~l pressure) 

End~rrarice 
F l o ~ v  

The  final pressure in the bottles is :rssumed to he 30 atmosplier-es. to allow for 
eflicienl working of llic reducing valve, and  to provicie a .;aScty m:rrgin for ~ l s e  
wit11 the hand opcratcd reducer by-pass v;rlvc. 

.7.94 (200-30) 
Endurance 

4 
l67 mln  

13ut tlie set under considcr:~tion contains orily a 2 lb charge of protosorh 

:. Endurance \vould be limi(ed to 120 mill 

Reducing Valves in Regenerative Sets 

I (  has been assumed in tlie ;tbove example that a reducing v;~l\,c, set to :I flow 
ol' 4 litrcs per ~i i inule  o n  (lie surflrce. \brould continue to supply at1 cilui\;~lent 
mass of gas :it tiny recli~ircd deptlr. I n  I;~cl, this 11;~s only  recently bcen n~;ttle 
possihlc by the work Mr. P. F. I'aync of tlie Admiralty Experi~ncntal Diving 
Orlit, or1 a n  i ~ c o ~ ~ s l i c  .jel \vl~icI~ :111o\vs ;I co~isti~rit  ln;rss OS g:~s 10 be delivcrcd to  
the diver a t  any depth. 

r i  I I0 i t  CLIII  be seen that only ;l11 ;rcoustic jet gives the ideal answer, 
the rcmaitiing valves being i~ncconomic;rl. They ~ ~ p s e t  ;I carefully calculated 
breathing mixture and make i t  dillicult to calcc~lnle the errdur-irncc of a dive. 
bearing in  mind ' stops ' ol various depths. 



I-IIC u ~ i c o ~ i i p c ~ i ~ i ~ l c t l  red l~ce l -  cirri 1~ L I S C ~  ill sIi;~IIo\v w i ~ i e ~  d i v a ,  hut  Sor 
~ l o r r n a l  ~2.01-k o l iydrostat ical ly  c o ~ i t r o l l e i l  1-cduce1- i s  o f te l l  ~ l se t l .  ' r l i c  i - c ~ ~ ~ l l  i s  :I 
r is ing mass Row and  hence wastage, incl-easing w i t h  i l cp th .  

Ano the r  met l iod  i ~ s c d  extcnsi\,cly in the N a v y  Lo incl-ease the eco l lomy 0 1 '  the 
reducer was t o  b u i l d  t w o  slagcs i n t o  i l  (1-I(;. I I ) .  W l i e l ~  the s l o p  valve i s  opened. 
t l le  gas flows t l i rotrgh the f i r - s ~  s h g e  value arl t i  f i l l s  the valve c l ~ a n i h e r  a n d  the 
vo lume outsit le t l i c  bel lows. Simi l l taneously,  the gas l l ows  t h r o i ~ g l i  t l ie  open 
second slnse valve a n d  [ l ie  holes i n  the 1%-cssure plate t o  the t l iapl i ragm c l i ; ~ m h e ~ - .  
a n d  i l icnce th rough  the t \ \ o  a l ig~1 lar  holes (c7 the del ivcry connect ion a n d  the 
acljusl:~blc restt-ictor valve. T h i s  valve, no t  sIio\\,11 in t l ic  sketch, i s  : idjusIcd 011 

the sul-l;rcc t o  givc the desired f low. H e c a ~ ~ s e  of this I -cs t r ic t io l~  ;I prcssurc b u i l d  
u p  OccLIrs, ~ ~ I i i c l i  l i r ts  t l ie  d iaphragm core and  131-essurc p la lc  against t l i c  spr ing 
i n  the t l i : ~p l i rngm c l i ; ~ m b e ~ - .  l T l i i s  movement  is fo l l owed  h y  t l ~ e  sccol ld .;(age 
\';rlve unt i l ,  at a 121-essnrc 01'50 I b s q  in, i h c  valvc i s j l l s t  about  io c lo\c.  W l i e r ~  I l l i s  
PI-essure incl-cases ill the d iaphragm cl i :~mher,  [ l ie  secolici stage valve i s  liclcl 
u p o n  i ts  seat by  i ts spring. 

A s  the pressure cont in l le \  t o  I-isc in t l ic  first-stage valvc c l iambcl-  the bel lows 
i tsscmhly collapses ag;~ ins i  i l i e  spring, a n d  i i ioves the l i rs l  stage valve seat 011 ICI 
IJK valve or-ilicc. W h e n  ;I p]-esstrrc of approx in ia tc ly  100 lb/'scl i n  exists in the 
l i r s l  stage valve c l i a ~ i ~ b e ~ - .  I l i c  valve seat covers t l ie  valvc or i l i cc  a n d  sliuts olf 
the 1"-~SSUI-e supply. A s  soon as ;I d r o p  in diapl i r ;~grn c h ; ~ m h c r  prcssurc occul-S. 



SUPPLY / VALVE ' SCALING VALVE ACOUSTIC SEALING DELIVERY 
CONNECTION BODY RING SEAT JET WASHER CONNECTION 

the press~l l -e p late mo\,cs i ~ l i i l c r  the act ion o f  the spr ing a n d  opens t l ie  sccond 
stagc v:~lvc.  up or^ ( l ie  coriseqtlel i l  rctlclction 0 1  pr-cssure ill the l i r s l  \cage valvc 
ch:\l i ibcr, the hcl lows a s w m b l y  expands a t id  opens the l i rs t  stage valve, therch) 
res tor ing the 121-cssure an i l  mn in t ;~ in i i i g  t l ie  no\\. A s  the di;~pl ir i lgl i l ,  ; i r~d  tI111s 
the scco~ic l  .;[age valve only, i s  lo :~dct i  h y  ( l ie  :cnrhier~t wa lc r  pressure, t l ie  second 
stage ol' t l ie  reduc inp val\:c supplie\ gas t o  the restr-ictor a t  5 0  lb isq  in above 
amhie l i t  u n t i l  a dept l l  i \  reacl ici i  (about 100 l'cet) \%l ien the sccond stasc pr-essure 
has incl-easetl t o  t l io t  o f  t l ic  fil-sl stage. Slre sccond stage valve n o w  st:~ys 
\side o p u i  ;III~ i l i e  r c d l ~ c c r  OI~CI-:I~CS 1'11 i l i e  Iil-xt t e  I As can he 
see11 f r v ~ n  F I ~ ; .  10 rl-orn this depth  i t  has t l ie  fa l l i ng  characlel- ist ic 01' an 
t ~ l i c o ~ i i p e n s a t c d  I - ~ ~ L I ~ c I - .  

..\rouslic Jct 
It' :I 9 1 s  i s  p:ihscd t l i roug l i  an or i l icc at, o r  aho\'c. the speed of sound, the11 

;In! ~~-es. ; r~ i 'c  c.h;tnge helo\\. t l lc  jc t  cannot hc r-cgi\tet-cti on the su[)ply sitle c i f  the 
jet. L ls ing :In ~ ~ r ~ c o m p e r i s a i c d  I-edc~cer l o  t ~ p p l y  clic,ic!, a coriqta111 mzrss I low (11- 

gas w i l l  h e  t n ~ i i n t a i n c d  ~regardlcss o f  a l terat ions i n  pressure i n  the diver's se+ 
water- balanced counter lung.  O n l y  at n ~ i e p t l i  wl>e~-e the water pressure reaches 
; ~ h o u t  h0 per cent o f  i l ~ e  rcdtrcer pressure ( b o t h  ahsoltrtc), ;~ncl  the q ~ ~ ; ~ ~ i t i t y  0 1 .  
p i s  i n  the bot t les becomes t o o  smal l  t o  mir inta in a flow 211 the speed of  sound, 
\\ill the  constant  l i iass How r2tll 011'. 





I3y a s ~ . ~ i t a b l c  selection o f  or i f ice and pressure a l l y  requ i red Row c a ~ i  bc  
ma in t ; l i ~ l cd  ;I( any  depth.  A s  an exa~nple ,  l ' rom t l ie re la t ion  ol' v o l u m c  
veloci ty area, a .OI it1 d iameter  jet w i l l  pass I l i t re  per- tn inute ol'g;is at the  
spectl 01' sount l .  

-1-lic (11-ilicc ideal ly  s l i o ~ ~ l d  be c o ~ i v e r g e ~ i t ,  bu t  i n  practice g o o d  results arc 
o h t ; ~ i ~ i c d  w i t h  s t r a i g l ~ t  t f r i l lcd jets hav ing  a chamlk~-ed  entry. I t  h:~s heell seen 
tli;tt clccpcr dives requit-c a l l  increase i n  g;~s Row ; orifices o f  adjustable area as 
in  ( l i e  t w o  st;~gc reducer ca l l  achieve this, hu t  n o r m ; ~ l l y  i t  is hirnplcr to use a l i xcd  
jet ;III~ \';lry t l ic  p r e s s ~ ~ r c  before  d i v i n g  w i th  an a i l . j~~stah lc  rccluccr. ( l  12). 

(;as Circulation 
III t l ie ['oregoing, o t i l y  examples of regc~icl-at ive h r c a t l i i ~ l g  appal-atus sui table 

fol- use wit11 t l i c  soft hooded d i v i n g  dresses have been consit icrcd. I ro l -  c c r t a i ~ i  
rypcs o f  wor -k  at greater depths, i t  i s  m o r e  c o ~ n h r t a h l c  to d ive  i n  ;I flexible suit 
con ta in ing  a r i g id  Ihellnct, i n  appearance somey l ia t  s imi la r  t o  the Stancla~-d 
D i v i n g  S ~ ! i t .  I3eca~1sc of t l ie  gl-cztter f reedom insit lc t l ie  l ~ c l m c t  ; ~ n d  i l i c  c o ~ i s c -  
cluent f i t t i ng  o l ' a  Lclcplione, an a l tern ;~ t ivc  method  ol'gas c i l - cu la t i o~ i  is r rcqi~i~-ed,  
tIi;~i w i l l  leave t l ic  r n o i ~ t l i  free for speech. T h i s  is achieved h y  means o f ; ]  v c n t ~ ~ r i  
i n i x t o r  oper;lred by the i n c o m i n g  mix ture .  (Sec Ftc;. 13). T l i c re  is IIO extel-tial 
c c ; l ~ ~ i t c ~ - l u n g  t o  the ahove appal-atus, but  the f ~ ~ ~ l c t i o ~ ~ s  of  one arc  pe r fo~ -mc t l  
hy t he  uppet- par t  ol' the f lex ib le s ~ ~ i r ,  \vli ich forms a watel- Ix i lancct l  rcscl-veil- 
1'01- the c i l - c u l a t i ~ ~ g  tn ix lurc.  111 th is systctil, as i n  t l i c  c o ~ ~ r i t e r l ~ ~ ~ i g  type, a spt-ing 
loadetl  rcl icl '  val\.c is f i t ted t o  release the surplus t~ i i x tu l - c  fro111 t l i c  hreat l i i t lg  
c i ~ - c l ~ i t .  

( 'O\l l 'AI<lSOY 0 1 :  'l'l+l~: AQt'AI,LIYG ANI) ' I ' IHI  l<l~:(;I~~NI~~l<.4~1'l \ ' l~:  '1'Yl'F;S 0 1 ;  

I%I<13;A'I.HINC; AI'I'AI<,A'l'L'S 
:\clu"lung Type 
l ~/ l~</ / l / ( lg(~.s 

((1) N o  I-is]; o f  o x y g c ~ i  o r  c:~rb;,!i d iox ide exccs\cs or del icict~cies. 

(l,) No (I;trigcr i l ' i ~ i t c ~ - ~ i ; ~ l  [x t r ts  OI';I~?~~:.!-;I~LI~ i tre i~ccic lct i t ;~I ly  lloocic(!. 

( 1 . )  h4 i l i i 1 1 ~ ~ 1 t i i  01 '  CII-ill r c q ~ ~ i r c c l  for- []he. 

( ( I )  1\10 1-~1hher c o ~ ~ t i t e r l u n g  t o  [car-. 
( N o  r c ; ~ ~ o n : i h l c  depth  I i t i i i ta t ions.  

/)~Y(I(/Y(III/(I~~~.~ 
((I) tt icI~11-:111ce i s  poor,  rap i t l l y  dccrcasit lg w i th  dcl>t l i .  Ar 33 11-'I, l'c>r 

i r ~ s t a ~ i c c ,  : ~ ~ O L I I  50  t i i i ies the i l i~: tnt i ty  o l ' p l s  must hc c;tr~-icd as i l t  t l ic  ~ L I I - C  

oxygct i  I ~ P C  I'or :I dive oI' given length. 

(11) N o  t.c;~tIy mcirns ol' ;tss~1111i11g ~ o s i t i v c  h~ toy ; i~ iey  i s  b ~ ~ i l i  i l l t o  i l ~ c  
:l~7~l:tl-:ltLls. 

( )  I l i c  ap l? ;~ ra t i~s  c:)ntai~~.; heavy, I J ~ l l i y  a i r  cylindel-s, w l ~ i c h  can I i , i \ vc \ .~~ i -  
he c ~ ~ ~ l v c i i i e t ~ t i y  cal.ricd o n  the hack.  

( 1 )  I3~1bhlcs  ; lpprar  o11 the sut- l i~cc.  

Itcgeneraiivc 'l'ypc 
,I(/I~<I/I/(~~(,.Y 

((1) Vel-y goot l  ent lurnncc Sol- the bullc ancl \ \ 'c igl i i  o f  the apparatus cal-r icd. 
(1 , )  T l i c rc  al-e I I ~  exhaust hubbles w i t h  the set r i g g a l  i'ol- i ~ s c  w i t l ~  p111-c 

oxygcl i ,  ; ~ t i d  reduced h i ~ b b l c s  f r o m  t l ic  m i x t u r c  sets. 





/)i,~u(l~~c~/rtuge(. 

( U )  C i ~ r e  mLIst be l i i ken  r 1 0 t  I o  exceed the tli;ixit1111111 dept l l  l'or t he  p : ~ r t i c ~ r l i ~ r  
m i x t u r e  cat-ried. 

( h )  l l i c  physio logical  l iazartls of sclS conta ined d iv i l tg  t i iust b e  tho rough ly  
under-stoocl. 

( I , )  I ' l i c  rllhhel- COIIII~CI-IIIII~ IIILI\~ he c;II-~I'LIII~ I)I-OICCICO iig:ii~lsl ( l ; i~ l~:~ge. :I\ 

any wafer ins idc t l l c  set rcriders t l ie  pi-otosor-b i t ie l l ic ient .  I Ience acci- 
clental f lood ing n i m t  he ;~voidecl, ant1 care muht hc  taken t o  l i ;~ve \\ . ;~tc~-- 
t ig l i t  . j o i ~ ~ L s  ~II a l l  COIII~I~I-~LIIIF f i t l i ~ i g s .  

( (1)  I )c~?th  c l i ; rngi t~g when s w i r n n l i ~ l ~  i n  thib gear i s  n io re  diIlic1111 h c c : ~ ~ l \ e  o f  
t l i c  v;iryitig h u o y a ~ i c y  01' the c o ~ ~ t i i $ r l u ~ i g  when s i ~ h j e c t  111 H ~ ~ c t ~ ~ ; r t i l ~ g  
ambient  pressures. 

( c )  T h e  s ~ ~ p l ? l y  of pure cjxygcn ;incl pi-otosorh is mol-c t l i l l i c ~ r l t  i l iar i  c o m -  
pressed ail-. ~ v l i i c l i  is ' la id  olr ' in n lc~st  of  t~1.M. Ships. 

An lmprovet l  .Ac]oalllnji Sct 
I t  w i l l  l iced the cntlurat ice illcl-cased by  t l ie  in t l -oduct ion of very 11igIi 131-essure 

a l l o y  cy l i~ ide rs .  I t  w i l l  ~ l e c d ,  ;llso, hcttcs st l-cirmlining ancl t l ie  i n t r o d u c t i o ~ i  ol' 
scnsi t ivc ly opct-alecl, h ~ 1 1  rohu.;t deri i :~l i t l  val\)cs. An easily in l latable b~ loyar ic !  
stole \vil l be necessary, ;is a mealls o I ' su t - l ' ~~c i~ ig  w l l cn  in di l l icul l ) , .  T h e  .;et \ \ o ~ ~ l d  
no l -n~a l l )  he ~ t s e d  i n  c o l d  c l in late\  \\ill1 t i le  R/la~-h I swim suit allcl fins. lLJsc\ ol' 
set : p?-c~pc.llcr clearing, l i r ~ l l  i l i spec l i (~n \ ,  l i g l ~ t  ~ ~ r ~ c l e t - \ ~ a t c r -   repair-S. r-ec(~\~cr-> ol '  
l igh t  articles I ' roi i i  t l ic sca bed, l i r e f i ~ l i t i ~ i ~  a n d  spoi-l. 

I t  i t  c i  c e I h1111, aritl \ c ~ l l i c i e ~ i l  ~ i i t ~ - ( > g c ~ ~ .  III~ s i ~ l i i l i t ~ .  g; i \~ 
i ~ c t  ; ~ ~ ~ t o ~ i i ~ ~ t i c : ~ l l y  ;IS ;I (Ii111c!1t 1.01- t l ie  oxyye11. It \\ 'oIII~ t l i c ~ i  l i :~\ ,c :I ~I-c;III~ 

inet-casctl ctlclu~-;ii~ci. ovcl- l l i e  cx iht iny reyeticl-ati\'e scis. a t id  \ \ . c i ~ t I c I  hc  c x l i ; ~ ~ i h l  
I?LIIJI?I~ 1.1-cc. at1 i ~ i i [ ~ ( ~ t - I ; i l i t  [?:I~III \ t , l ~c r i  c ~ i ~ p l ( ~ j , c c l  011 o l?c~-: t t io l i ;~ l  o l l ' e ~ ~ s i \ c  \s'(i~-L. 
I I l e c ~ i s i e  ~ l i i ~ t i i t i  I i ~ l i  i t  I ~ c i  i i i i  l 1  SIIOLIIC~ be 
atiti-magnetic. I t  eo~ i l c l  be woi-11 \\,it11 ~ l i c  \/l;11-1< l s\\ , i r i i  su i l  i111cI Iitls. 01. \ \ i t 1 1  t l i c  
t \ d r i~ i~~ : t I l ) ,  \II;III(I\\, ~!':tlel- t l i \ ) in? clrc\s i111tI I~CII?I?CI. l?o(> ls  I'or \\(71-h 1111 l l i c  h c c ~ .  
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