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Summarv

An hypothesis has been d.eveloped. to explain the mechanlsm

and. klnetics of tire occurrence of marglnal symptoms of d.ecompnession

elckness. The approach 1s essentlally qr.rantltative, al1 expressions
belng d.erlved. from fund.amental physical and. physiological parameters.

lhe hypothesls attempts to offer a more compnehensive

mechanism for processes lead.ing to ttre onset of pain than d.o existing
theonies. It d.eviates widely from the latter on several maJor issues
by includ.lng postulatlons of :-

1. Random nucleation for gae phase sepanation in tlssue.
fhls ls adopted 1n pneference to ttrre concept of a netastable
limit to the supersatunatlon of tissue by gaoes which 1s

effectlvely inplied by conventional methods of calculation.
Expeninental evid.ence 1s provid.ed. for the ranclom nature of
cavltation at liquid.-11quld. intenfaces.

2. Tissue as a tvuo-phase system of irregular internal
bound.aries. This has provid.ed. a satisfactory tnansport
mod.el for d.escrlblng the transient uptake of gasee whlch
is consistent with histological considerations. Data for
assessment has been obtained experimentally from the exchange
of lnert substances in the same tissue both with and. wlthout
cj.nculation. The neLevant rnodel for pned.icting the
occurrence of symptoms is taken as the lworst possible caget.
This nefers to consid.erations of both the rand.om geometry of
tissue and. the statistical thermod¡rnamics of phase separatlon,

3. Ðiffusion as the rate-limlting process in thls particular
rworst posslblef caÊe.

4. The dniving force for lnert gas elimination followlng phase
sepanation to be an f lr¡Ïrenent r¡nsatuir.ationt arising ln tlssue
by virtue of metabollsm and. the pTgrslco-chemical pnopentles
of blood..



vl11

Experlmental evid.ence is provided. for the existence of
this rinherent rlnsatr:rationt, and 1ts pred.icted. tendency to lncrease
with elther oxygen enrichrnent of irrtraled. gas or wlth lncreased.
pnessure. îhe latter ls the chief source of deviation from existing
pned.ictions of the optimal d.ecompression format. Much d.eeper
staging of a d.iver is suggested.. Thls is shown to be consistent
with the purely emplr1cal fonnat d.evised. by peanl divers operatlng
in Australian coastal watens.

the same expressionÊ provide a betten quantitative
conrelation of fifteen d.iffenent sets of published. practlcal d.ata
than d.o the existing theories. Data analysed includ.e aenial
decompnessions, repetitive d.ives, and dives where there is oxygen
enrlchment, herir¡n inhalatlon, tltnated. staging, no staging, worklng
cond.itlonsr nesting cond.itions, an effectively infinite exposure, etc

The hypotheeis also appears to be quaritatively more
consistent with sone twenty-three essentially d.lfferent aspects
of d.ecompresgion sickness.

A pneumatic analogue has been d.evised to analyse d.j-ves
accond.ing to the hypothesis. It can simulate nad.lal d.iffusion and.
can automatically account fon the effeets of a phase change upon
inert gas transport. Excessive mathematical conplexlty has been
similarly avoid.ed by using a thenmal analogue to pnedict the
optimal d.eployment of d.ecompression time.

These optimlsations have shourn a saving of at Leaet i5?6
in the decompression time for egual safety folJ.owing a d.ive of laO

minutes at 1Do feet, relative to stand.ard. tables tested. concunl.entry
ln vivo. 'fhese comparative trials offer ttre stronges.t support for
the neality of the mathematical expnessÍ-on and synthesis of the
h¡rpothesis.
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NCTXXTTON

fþ foLlouine sJrmboLs retaln orr ¡¡Earxing ttlroughout the taxt,
ottrers being tlefir¡ed. 1ocalþt-

- capillary radius.
surface area of a ce1l.

A ... êtc. - coefficients as defir:ed. in text.
2

¡ radlus of voLr¡æ receivir¡g gas frcnr one capíL1arXr.
- blood. ¡nrfusÍon rate.

t' o.t ci gas cêpacities per unåt tenslon - see fí9. 5.
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cliffusion coefficíent of i¡rert ga,s iJr cellular r¡aterLal.
òiffuslon coefficient of Írprt ga.s in water.
èiffusÍon cæfficient of heJ;lur¡ ín cytoBlaut.

enefry.
volunþ fraction of separated. gas in extravasculår bissue.
critiical- va}¡e of F for the occur:rence of s¡ruptcas.

írert gas entering unit volr¡e of extravascul€r tissuo upon conpression.
irert gas eliminated. frorn r¡rit vo}.æ of extravascular tissr¡e.

total írert gas traversing r.rnít J.errgth of capillarar wall upon conp:ress:ion.
i¡rert gas elkrinated. ¡nr urit fength of capillary.

depth, rivhose ma:cimum value for a ctíve is \.
I,,, J,', K, - Bessel an¡l moilífiecl Bessel fr:¡rctions defi¡æcl. by tatsot (t9&).
k - ti¡e çor¡sta¡¡t.
K - br¡ak moclulus of the critical tissue t¡4r.
L - tt¡i"clsæss of tissr:e section.
p inert gas tension at a¡r arbitrar¡r poínt in tissue.
p¡r Fyr pg a.rterial, venous a¡rd. ræarr tissr¡e tensions of the Írsrt gas.
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QV - arteriaL ancl venous bl-ood. fLow rates (volure ¡nr unit trt"-).

- þmph dratnage rate (vo}æ per unit tiræ).
arterial and. r¡enous orygen capacities, volurÞ Oa per r¡rit volr¡re
of bIood,.
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raclial co-orùinate.
deccrnp:ression ratio.

- coeffioients defired. in text.
tissue:bIood. partition cæfficient for iært gas.
peri-capillary filtrate:bIood. partitfon coefflcient for írært gas.

So r S"o ret solubilities of j-rprt gas, Oa and, Cþ2 in cellular rnaterial.
22

solubilíty of o4rgen in senu¡.

tiJre,
, Îe, Ti - fi¡nda¡rental half-ti¡æs of isolated. procêss€sr

volune of gas separated. in tissue vo}¡re V.
tissue vo1we.

É mole fraction of inert gas.
bubble radius.

Ner¡ne¡¡e firnctions - see lYatson (f g44).

- ].irear co-ordlnate.
roots of equation.

t P", 9i inert gas capacit¡r ratios.
sr¡rface tension.
a general intensj-ve paraneter.
pressure of bubble ¡g1ati.ve to tissue.
critical va}.p of dt for just causing pain.

, 0 

", 
0, ex¡nri-nental hal-f-ti¡res of tîesponse co:rporænts.

exposu¡e ti¡e at ma¡cjmur¡ depth.
temperature¡ ¡-u

- ti-ne s¡nnt at the mth stage.
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n,¡ERODI¡OrIO\¡

1.1 SERSEACI'IVE

-

1.ll Genoral

-
Dcompæa¡lø ciol¡¡Ë¡l ¡rfuc¡ tlrrougb subJcotfon of

the htna¡¡ bod¡r to cxocscLrn prc!.r¡¡rt varlatLonr arð 1¡ ø¡p of nrny cxanplce

tllwtratlng tho Unltatlonc d rubJootå.ng nan to r¡¡¡¡¡tr¡¡al cnvlro¡¡ænts.

llhtle lts na¡¡ùfoctatlons nay telo narqy foma and itogrce¡ of rcncrlty, tlrclr
avold,anse hes pronn far noæ c:r¡¡cdlfcnt tl¡a¡¡ tùctr lou¡icr.

Hcnoe ¡rq¡ca¡sh hr¡ bcca tlLrlotccl largcþ tcnva¡il,¡

attatntng suf,flol,ent understandl4g of thp s¡mdræ to enabla ttrc poutblo

oeouÍFonoe of e¡mBto''nÊ to bc Brcdlotcrl r¡¡rdpr ar¡¡r olrorrnata¡tocs. fhc ultl¡ate
goal of h¡rperbarJ.o fnwgtlgatÍo¡¡c i¡ tho qpplloatJ.on of suoh oonolusf.or¡s to

or¡aþlo a dLrrer to bo rctu¡rpcl rafeþ to the curfaoÊ at tùe f¡rtcst ratc¡

ntnJ.n:l.elng tl¡c uearlgæ tÅns a¡nnt euc¡nndcô ln t&c oocèn durfrrg a¡ocnt.

fhts topltos a oatofulþ oaLor¡latcdt dlcptlr-tlæ rrlatlonalrip fæ crab

clcoøpresgLon.

fho l:Ltrttatlon¡ oú ¡t¡oh optfo.taatlons ¡n¡ct tÌ¡erefoæ

dspond' uBon tlr ebflLty to r.coognt æ tlrc pæ<lotnatirrg ncolranlûnc ånd, to

d¡corLbo thc ryetora ln a prcoirc yut reallctfo uattrcu¿tlo¿1 forn Droøprecef.on

sla¡s¡.rg 1g thu. orc ar¡nct of l{cctlolæ nh¡rc tùrc pnotLorL valr.p of argr new

conaoBt fs gr.oatþ enhe¡pccl tf oqprblâ of, cx¡pt quantftatlnc ox¡ncgglon.
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1.12 The Pro.iect

-

Decompnession sicls¡ess features a vast literatr:re in

which the nr¡r¡ber of independent quarrtitative approaches a¡e few by conparison

rrith the wealtt¡ of excellent pattrological, histological a¡¡d. physiological

theory a¡rd. reco¡ded. e:qrrirnentation. The latter provides a host of evidence

upon rhich to judge the merits of an¡r conprehensive h¡potlresisr ttre

information ranging frøn at least tv'enty of the most varíed. qualitative

facts to marry sets of decompression d.ata r"equi-ring detailed. mathematica.l

cor¡elation.

Despite rn¡ch attention from the Navies of ttre worId.,

tlre published. quantitative approaches have tendecl to be mostly semi-enpi.rical

in origin and restrictæd. in application. Their shortcomings have been lve11

illustrated. for long, deep or repetitive d.ives in recent Royal Nava1

articles (i{empleman, 1960 and. 1962) v¡nich tend. to cor¡fi¡rn earlier sugçstions

that ttre recognised. theories contain at least or¡e fi¡nd.a¡nental error - probably

physical rather than physiological in natu¡e. Such conclusions are

corroborated. by observatior¡s of ttre .Aeromed.ícal Urr;it (Âdetaide) whose

record.ings (eplrnrüx I) of the extre¡ne exposur€s to pnessur€ experienced.

by native r)ear1 d.ivers in tlee lorzes Strait inùicate the existænce of sorre

mearrs of decornpressing the humar¡ bod.y far faster tl¡a¡r advocated. by starrdard.

ta.bles. lvioreoner, the devj-ations of such data are far too great to be

attributable to any approxjmation made i¡r cteriving ttre conr¡entional

equatíons.

ltle writer tlne¡efone, decided. to analyse rigorously the

marry facets of decomp:ression siclg¡ess accord.ing to the basic concepts of mass

bar¡sfer and tlre¡mod.¡mamics, ir:res¡rctir¡e of tù¡e matlpmatical couplexity

imposed. by tissue cor¡stitution.
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1.15 Aus_þralia¡r eroblem

A fi:rtÌ¡er reason for underta.lctng this project ls the

unique opporttrnity for sturdylng this subject afforded, by ti.rdng ln Awtralia.

Arour¡d. the liorthern coast of tt¡e contirent, both t¡r¡na of d,Íving most J;ileþ

to deviate from conr¡entlor¡al theory are performed. regul.arþ. These vary

from Long exposures in the deep tid.aL cher¡nels of ttre Torce gtralt to
repetitive sub¡rersions in the shallovr waters a¡orr¡rd BtrosË.

Desplte tl¡e amazing suocess of Looal decompæsslon

techniques, empirically derlved. at the initlal cost of ma¡y llves, unforeseen

eircr¡¡utances stilL lnci¡r s¡nrptome and a few fatalft{es. Reciuctl.on of the

latter would. be greatþ aided. by ad.jusbnents to thefr rpthod, baged. upon a

realistic quantitative theory, a,lthough these wouLd. be acceptect onþ tf the

oneralL ascent tfmes suggested proreê as econonlcal ae tirelr pnresent

techniquee. Such a solution should, thue prcrrre of value to the d.ir¡ers

suppl¡ring tlre oysters eEeential for cultr¡ro peårI f,arrnlng which Lg one of

the few profltabLe lnd,wtrfes províd.lng nattve empLo¡zrrnt a¡rd. helBlng to

retain populatlon in the fa¡ North of Auetralia.

112

1.21 Symptqn¡

-

Deeomprrrsston SlalÕÊgs Ls the tem glricn to tl¡c
syndrørn experionced by d,ivers, plLots a¡rd. o¿lsgon worlers foi.lonrtng

decønpresEl,on. lhe feature of lte manlfestatlon le the tremenêous d,iversf,ty

of, s¡mptomer Behn¡(e Ugil) cl.aiming that l¡r ftß 55 oases fnrrestlgated by

Masta¡rd. (lg4Ð üon no slngle pofnt d,o eII oases agrcen.
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T}¡-is Ls f,r¡rther Ll.lt¡stratect by the folLonring list, as

quotecl. in order of deoreasing ¡reponderance by Dtrffrrr et a1 (f l¡e):-
I¡ocalised. patn (ænas 7V94)l.

2.
3.
l¡.
5.

Nr¡nbrpss
MusouLa¡ rrrea]æss
Rastr
Visual, ðisturbances

(orptopÍa j.7Á)

Vertlgo
Aphasia (a.Tq'/")
Head¿cire
Unconsciousrpeg
ohobs (1.6-Ø)

Naus€a
(s¡i)

6.
7.
8.
9.

10.
11'

lqy of ttrese may be transitory to the more serÍous

effects of herniplegla¡ pa:ra\rsÍs or, ultlmat,eþ, death.

Figuues 1n parentheses ref,er to tåe Ínoiclence rate

quotecl by llaymaJcr (195ù swnnarising tt¡s detail,s of TrOOO oases pr¡bL:tsheð

by various aut¡¡ors. À¡rproaching deconrpression sfolcr¡ess frqn a pathol,ogica-L

angJe, tre estÍ.û¡ated spinaL cord. involve¡rent as O.6-21fi.

Dr¡ffrpr et al (f g+g) for¡nd. that tv¡o s¡rmptøns occurned.

sÍmultarpousþ tn 2&/o of cases, mo¡e tha¡¡ tlvo in lr.416, ar¡d. corrfi¡rned. t*¡e

ovenvleLmir¡g precløÉnarce of beniLs, pa,in failÍng to ooour in onJ¡r 5.fi,

1.22 fþe-@
Behnl€ (lg1l) cÞfi¡reil the symptom of ber¡d.s as tra d¡¡LL

ttrrobbing t¡6n of pajlnr prognessive and st¡ifting ín charaater, ard'

fæquentþ felt in tJ:e joints, or deepl.y lnmuscles a¡¡cl. bonesrr. This may

be preceded. by ¡raresthesia, often described. as nt¡nbress or just an at'ra.re-

æss thåt nsorething is not rigþtrl.

1.2t l¡ocation of bend.s

Bend.s seem to be strictþ Limtted. 'to those parts of the

bocl¡r prfrnariþ concer¡pcl. wítl¡ looøotíon. Fe¡rris et aL (l%lù, hav€ sl¡oyvr¡

that the pain aan be narlæclJ¡r inflr;encecl by cüfferentia]. e:æroÍse, ber¡d.s

oocr"trf.ng onl¡r 1n t&¡ose neglons seLectivel¡r e:ærcisecl. Such conclusions
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ar€ corroborated. by the :¡esults of si¡nilar decønpnessÍon charnber tests

þrformed. by Ár,,thorgr et al (l%la), Henr¡r et aI (l%5a) and nargr sources

of ðiving ir¡forr¡ation. Ùlost pearl dj.vers confi.:m ttris findj.ng.

Dissi¡ni1ar bod¡i morrements, nequired. by ttre r¡atr¡¡e of

their work, may thus accor¡¡rt for arry d.ifference in ttre location of pai:r

ex¡nrienced. by divers and. caissun worlcrs.

1.2+ Pain arrd occuoation

llhile a p:reponderance of ber¡ds in tl¡e lor¡ver ext¡remities

of caisson'¡;orlers is clai¡re¿l, Behr¡lærs report (lgZl) on tù¡e a¡aþsis ú 1t1

Naval dives, shor,'¿ed. /O7o occurrence of painful syarptanrs in the utrper extremities

- particularly the shoulder. Holler/er, reversal of the l¿tter fir:rùings for 17

I satr.¡rationt exposures supports tlre general opinion tbat there is no ¿þfirÉte

ruLe for pædicting pain location.

Bend.s, essentially identical in character to ttrose

described. by divers 2 arê experierrecd. by pilots, Behnie (t g+et) :reported.

ttrat nen riith mild. s¡rmptoms vrere r¡r¡able to d.istingu:isl¡ betu¡een pain Ír¡duced.

in a lorv-p:ressure chamber antt that follovring èiv:lng. Ttre relatir¡e rareress

of spinal cord. involvement rrrittr aerial decompression, and. mole rapiô

a¡nelioration of s¡rm^ctons upon recomplession, i¡rd.icate ttrat argr ùiffe¡rence

is essentially one of degree. The absolute val¡¡e of aùnospheric pnessure

appears to limit the severity of the rnanifestations of decompnession siclrness

experienced. by pilots (Piccaril, 19t+1).

1.25 linp of onset

For all tl¡ree occupations, tlre tire of onset of s¡znptoms

and. tlre r¿¡.te of bend.s propagation are variable - as irrustrated. by the

follovring table for caisson workers.
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TIti,lE O¡' OI{ST CE STlfnO¡vÊ

IN C¡.T,SSON YrcRKER,S

Nr¡r¡ber of cases

6sÁ
Sfii

7/"

4"
3æ

thorre (i %1 )

line of onset

Fírst hotrr
Second.
Third.
Fourth
Fifth - eighteenth
After t'j'Jelfth
Total cas'es
Source of data

raBrë,_t

II'el1er et al (t æO) ana\rsed tlre tjne of death of 92

fa.tal cases necorcted. in the líterature, quoting the follorulrrg figures for

ùiver.s - 28 i¡nrecliately upon sr:rfacing, t J with-in 2 hours, t I afier 2-4

hours, 1J after 2-{4 dqyst 5 aftær 2-l+ r'¡eeksr 10 after 1-J months, €tc.

IGays (f gog) reported 85.1?i of s¡rmptoms occuffing within t hour in 31692

ca.se s studied.

Sinrilar distributi-ons appear to apply aeriallyr Ferris

and. Engel (l9Y) stating that pain gernrally reacbes rxrbeara.ble interistty

after 15 minutes at 35rO0O feet, whiLe it rarely develops after 90 nÉnutes.

In the writerr s opir::!on, ther€ are tv¡o salient feattr:res

a.bout onset tilæ a¡ising from tle vast quantity of d.ata available - Iaræly

collected. by the U.S. A-ir Force cluring World. War fI. The first is the

marlcefl dec:¡ea.se in induction lnriod Tv:it'h increased exercise follcmring cle-

cønpression. Cook (t 9Í ) aescribed. al er¡lerirrent upon 471+ nr.n wlre:re a

chanç from 1 to 2 sets of 1O x f I ste¡rupsr every JO second.s reduced. ttre

al/erage onset tire þrqn 42.4 to JJ.8 nrlnutes at JOTOOO feet, ar¡d. frcrn 29.O

to I 9.4 mlnutæs at JBTOOO feet.

A+,4
17.7/o
6.flí
1.4
7.9,4

2æ
bw Qgzz)
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The abone ex¡nrinent arso iLrustrates ttre seco¡rd,

featr¡re which is the dec:rease of inductlon ¡nriod. rrith i.ncreased decompæssion

- a trend confirned. by nan¡r sets of data from ùiv:ir¡g ar¡d. aerial ¡¡ecord.s.

thus the more rapict or¡set of s¡mptoms seems to be favor.¡¡ed. by conditions
most lilcely to e¡ù¡a¡ce tÌ¡e sêverÍty of ar¡r pain eventually develotrnd..

1.26 Severity of s:¡urptoms

throughout tt¡e Literatr¡:¡e there wouLd appear to be

ur¡anirnous¡ agreement rrlth the staterent that, abor¡e certain ttrreshold. lirnits,
mone severe s¡mrptons are generally i.ncr¡ræd by arr¡r increase in either tbe
extænt of deconpressr.on or ttre exposur€ time at tbe higher pressuæ. a
mor€ quantitative approach toward.s serrerity see¡ns hard.ly justifi.ed. on acco¡¡¡rt
of the arbitrary means¡ availabLe for its estimation. These usually de¡rnd
upon inùivid'ual ability to witt¡stand. pain or a trErsonal- description of 1ts
intensity.

1.27

The foregoing objections d.o not apply to use of tle
bod¡r senses as a detæctor of marginal s¡znptons, these proviùing a r,æLl_

defined' I titration pointt for dete¡míning ttre th¡eshold. cond.itions. It is
this sharp demarcation of Li¡rits wt¡ich renders arr¡r rrathematicaL approach
feasible' 1'he significa¡¡ce is emphasized. by Behrt€ (lgSt) Ín describing any
contingencies as trperhaps ! feet in ùiving depth a¡rd. several ttrousa¡¡d. feet
in altitude ascent separating injrrqr from a state of r,æLl-beingr. ]ioreorrer,
vuhen prevention is so r¡n¡ch mone effecti.ve than ttre treatnent oÉ. decomp¡ession
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sicic.ress, ttre need for adva¡rced. progranuning in avoiding aly manifestations

provides arnple justification for arry quarrtitative approach.

The probJ-em tt¡us resolr¡es itself into oræ of cleternrining

the pressure vs. ti¡ne relationships which enables the hr¡¡na¡r bod.y to avoj-d

marginal syrnptoms during optimal decompression or at any subsequent tíÍP.

Honever, before attempting to expness sudr cond.itions

quantitatively, a mention shoult be made of tt¡e inf}¡ence of, paraæters

related. to the ind.ividual.

1.3 !'A0îüits I.I\IFIJIJ¡üNCII\IG SUSCIIPTIBTLTIY Ol' I¡{DIVIDU.AIS

1,31 SusceptibiLity ranse

Henry and. I'16r (t g¡t ), rrho uere primarily concerrpd. with

the develo;xænt of pilot pneselection tests, describe a d.ay-to-d.ay variation

in nen about a fairly stable nêârro Ferris ald. Engel (lgEl) state that ttre

reason for this, ar¡d. the larger variation between in¡liviiluals, is l¡r¡lsloivrl.

In tt¡e uriterr s opirrion ttre best quarrtitative assessment d susceptibility

<iistribution is afforded. by the frequency of s¡rm,ctoms obserr¡ed with

increasing decompression fo11o"J:lng a¡r effectively ir¡finite e)q)osure to the

higher pr€sslrr€.

åf ter plotting the d.ata of Gray (t g4¡U), Femis et al

(t:l+t+), cook et al (tg¿{4b) a¡¡d. lVebb et ar (t g¿+a), Nims (tg¡t) for¡nd a

linear increase in ttre incidence of asrial bend.s l¡rith the extent of decom-

pnession from ambient pressure.
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rihile eray (t 9l#[b) for¡nd. tt¡at I *o of a particular
group developed. s¡niçtonrs at 2Jr000 feet, on the results of 6,000 ¡Da¡-rurlsr

Oook (1 951) has put the Lo¡rer LerreL at 22rO0O feet. the Latter auttror

clai¡:s that cases belor;r 25.OOO feet are r8.r€¡ The sarne description vrou-Ld.

also seem to fit ttre J8fr.of sea water quoted by BehnJæ (lgn) as tl¡e

mini¡num deirth rreedeit to induce decørpnession siclmÊss. Such values probably

refer to professionaL pilots a¡¡cl èivers preselecteit for tlreir natr¡ral

tolera¡rce. accord.ing to Duffner et aL (lgtù, va¡ äer Ar¡e quotect

a critÍcaI pressr.re of 33 feet (w.g.) for the rwealcstr èfners as a resuLt

of extensj.ve trÍals by the Ur¡1ted. States Nal6r.

Royal Nava1 figures for bottr nen a¡rd. goats a.ne quotecl

in table 2.

DTS'NìIBUTION EF II'ÐIVTDUAIS .OOCORDI]\re TO MINIlfiIJ¡[

IEPIfi fOR. IIiCIJltf,lI,tG SBvilfIC&[,9

trAEIE 2

eray (t 951) has cor¡eLatect grotrp susceptibílitJr wlth

constitutionaL factors, fÍnd.Íng it possÍble only 1n tt¡¡es of n¿tlor¡al

elnergency to assemble sufficient d¿ta to establish ths lcss obvloug t¡encls.

1.32 åEg

Frqn ttrlg lÍorLô tfar II aÊrLa,l d.ata, Oray (t 95t ) has shown

a rougþþ linear aôvance of sueaeptlbllJ.ty nith a,gc, e:çæsef,ng tåo

nelatå.onshlp asr-

Number of cases showing er¡en nlLô symptoms

Total

15
11

>¿d

4
1

t944

2
o

37-39

2
2

35-37

2
1

33-35

5
o

31-33

0
2

29-31

2
5

27-29

o
o

<27

0
2

Depth (feet)

I,ien (Croctcer! 1 95t )
Goats (Davíd,sont 1)5O)
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Relatir¡e susceptíbility Gâ.gp (ín ¡tears) - lt.4

Th-is expression represents ttre cul¡nination of marSr

qualítatirre r"eports ind.icating ttre sa¡e trerrd. Ín ùlvers a¡rd. calsson

worliÉrs, datiag back to Catsaras (1 890), Sne3.1 (1 896), Heller et a-l (r goo)

a¡rd. Later corroboratetL by HiJ.l (lylZ), Boycott et a1 (f æ4") and nar¡y

others.

1.33 Hat¡r balance

Cook (t 9*4"), af,ter sr¡rrnarising aLtitucùe tests,

cJ.aùred. that nen rulth a rraturalþ high fluid. tr.rnover ï,er€ less susceptíbl.e

to bend.s, alttrough no appreciabLe effect was noticect foll-on¡ing a forced.

increase in i¡rbibect liquiiL.

1.* Fitress

IGr¡rorrich (l%Ð fourd. no conrelatÍon betr¡'æen

susceptibiHff at altitr:de anci tbe scores from ptqrsical fitness tæsts

talen by 197 .0..4.3. cadets; althougþ Motley (f %5) estj¡ratecl that ser¡e:¡e

s¡rmptoms occurrad. in 4.7o of caucasiarrs ccrnparecl" w:ith Í/o t* rægræs out

of 416{Ju_ Arerican subjects similarly deccrnpressed..

Fe¡ris and. Engel (lg>l) report a s1Íght correlation

betr¡reen bend.s incidence and. tr-rng cLearance from d.ata recorded. by Herrr¡r

(r g+¡¡) a¡c1 stær¡ens et a1 (1 %3 æù 1%7), althougþ tJ:is may not be

relevar¡t to fitrçss. å more defínite tr"end. is clafured by Jores et aL

Qgl*Z) who for.¡nd. a dec:rease in susceptibility with irrcreased. eU¡uir¡ation

rate of a radj-oactive inert gas frør ttre body. Whi-Le largely substar¡tiateè

by Henry Q9+3a, b), the corr.elatíon is still descrÍbetL as trpooil by Henr¡r

arrd. Ivy (lgn). The latter clai.ur that the uptalæ of rad.:ioactiræ lø¡pton

by a harrcl s]rovrs lmone prcmiser.
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1.35 Obesi-tY

Boycott et at (r æ9") a¡rd Vernon (t goZ) describe tl¡e

increas¿è susceptibilÍty ctr obese caisson worlers yrhíLe, as early as

1868, de Mericor¡rt raccnrrended. that no corpuJ-ent íniLiv:lctual be empJ-oyed

as a sponge fishermarr.

Mal¡r attempts have been made to cor¡relate obesity anê

bend.s incidence quarrtitatir¡elt. Irraser (¡*Z) i¡rrliç¿f,sfl a lirear va¡iatíon

betlreen corporeal densÍt¡r (Uoay v'eight/surface a:rea) a¡rd. susceptibility,
wt¡il€ G"ry (t 95t ) cla:¡red relationships with lirear densiþ (veight/heÍeht)

ancL ponderal inclex (r,'æight/heigþtl). The trenrls har¡e been confiræd.

qualitatively by ffelham et a1 (1 %4) and Swarur a¡¡d. Rosenttral (1 glrJ+), tut
seem t¡rpical of mar¡Jr correlations rrl:ith body featr:æs - nende:¡eit vague by

considerabLe ranclom scatter. Such statistical chara.cteristics a.re in di¡ect

contrast to tlre ir,fh,¡ences of externalþ contro]-lable paraneters.

1.lr Ð(ÍERlüAt P¡RAIÍEIERS IIEISRIVIINING INCIIXùIÌUE

1 .41 Exposlme

Àpart fron prrssr¡¡¡e and tfure rvhích a¡e the two pne-

d.ørinating pæametærs deterrnining ex¡rosr¡re, other externalþ imposed

factors vrhich car¡ infh¡ence tte incÍderrce of s¡rrptcrrs include:-

'1.42 Ti¡re of clay

Hr-.r,ry et a1 (t g¿*¡t), after ca.nefully standarùising

ttrei.r aerial decøp:ressions, fo¡nd. a sIígþt ¡ret &istinct inc¡ease in

s¡rmptcrns occunring in nornin¡g ccmpared. with afternoon trials. ltrís
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i¡¡crease coincided. w'it*r a reverse tr"end. ín the rÊasured. rætabo];lc ratn of

tlre sa¡re subjects. Gruy (t %*) fol¡n¿l. that this èiurnal bend.s effect

lncneased.'¡¡:ith altitude, the nr¡nber of forceð :recønpnessions reachíng /O

(morning) compared Ìrith ¿O (ufternoon) at JSTOOO feet.

1.43 Temperature

Both Nj¡ns (f g¡t ) and Cook (t g¡f ) sunrnari-se the effects

of, increased temtrnrature for wtrich all results tend to shou¡ a slight drop

in the occurrence of s¡rmptcrns. This has been particularþ uell demonstratæd

by Tobias et aI (t gl+¡) rvtro for-urd. a lorler incidence of bend.s in J.ocalþ

heated. regions tha¡r in those on the oppositæ sicle of tle body.

1.44 InhaLed. sas ccrnposition

RespíratÍon j-s practical at depth provided the recessaz¡l

¡rechan:lcal balance is maintalred bet'¡veen lr¡rdrostatic and irùaLed. gas

pressìtres. Tlre latter must eguaL the sr¡n of the partial pressures of each

molecular slncies present. Ttre effects of these gases upon ttre system may

be classjfied. accord.ing to the ty¡rs most lileþ encountenecl. under

olnrating con*itions, nanreþ: -

8¡ ir:ert gases - chemically wuneactir¡e in the body,

b. a possibLe accunulation of extraled. CO.r

cr olqfgen ræcessarlr for tlssue netaboli.g¡.

lïlÉIe nitrogen has been the inert gas inhaLed. by

subjects j-n ttre data quoted. h-itherto, Íts r.eplacenent by helir¡n is desirabLe

r¡¡rder certain cj-rcunsta¡rces if cost prmits (see section I .52).
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The literatr¡¡e contains rnuctr theoreticaL sÉcul-ation

concerning carbon èioxide. Gray (tg4a)¡ after recor&ing every detail of

al.l s¡rnptqas -rvhích develo¡ærl. at JBTOOO feet in 20h subjects breatt¡ing 1We

0a ar¡d. anotl¡er 2Ol+ sinultaneousþ decompnessed. and. b:reattring W O"+ 14 COz,

fot¡nd' tt¡at r¡in no single :res¡nct was ttrere ar¡r <LÍfferer¡ae betrceen tl¡e goarps

of ewn moderate statistical signtfícancet. lhr¡s Cook (1 951 ) woul"d. appear

uiell Juskified' l¡r stating that ncarbon dioxide has no effect whatsær¡er

upon deconpressLon siclqæsst.

Tlp llteratuæ pæsents unðisputecl agreement that an¡r

inoæase i¡¡ the o4yggn mole fraction of irù¡aLec¡. gas tend..s to rech¡ce tÌ¡e

incicler¡cc of s¡mptms. heventine æasì¡res based. upon üris trend. ta¡{Ê the

follonirrg fo¡.rns:-

a, p¡eo:çyger¡atLon of piJ.ots ¡rrior to decon¡uression,

b. incneased Oa Partial pressrrre suppliecl. to clivers,

c¡ ttrerapeutic treabnt befoæ or af,ter the tþvelo¡rent

of s¡mptorns.

Høiever, the application of tt¡ese nethod.s is Jinitecl. by

effects vrhich na¡r cÙevelop at pr€ssuæ, each of t.l.e princLpal constitr¡ents

of air befr¡S capable of producing r:ndesirable :¡eactions.

1.45 Cq¡pression lÍrits l¡¡posed. bv qas cqncosition

Excessir¡e exposl¡re to inc¡easecL o:ç¡gen partial pæêsureÊ

roaJr cause loss of consciousness vrtrile nitrogen can sæti.æs e¡¡ert a narcotLc

effect upon a ôiver rapíd.ly lowered. to tlepttrs Ln excess otr f JO feet (Betgr¡ç,

1951) to 18O feet (MiLes, 1960). Behr¡¡c et at (lglSl) quoted. l¡2g m.
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rrrcury as the irritant level for ¡xolorrgecL orryçn bneating, and. claired.

tt¡at l AVo Oz at atrnospheric pressur€ can prove toxic after 12 hours. The

tj¡æ reeclecl to procluce these to¡ric effeats is reduced. to J hours at J

atnospheres and to 15 ¡nins. at l+ atnospheres partial pressure of o¡rygen.

À J-foLd l.¡rcnease in consumption w:ith pedal.Iing a bicycle måJr produce

signs after onþ 10 mins. at J atnos.

BotÌ¡ nitrogen nârcosis ancl o)rygen rblackoutt are

enl¡a¡rced. by incneased. C0. conte¡rt. It must be emphaslzect tl¡at neither

are s¡irnptoms of decompression sÍcls¡ess, although si:niJ.ar1y provoked, by

e:<ercise.

1.1ß Exercl.se

; from the effects upon onset ttuÞ arrd. pain

location outllned. pæviously, erærcise has a considerabLe infl-r:ence upon

tire incidence of bend.s and. otl¡er s¡mptons. The many a¡ticles upon this

as¡rsct of tt¡e subject seem sotrEwt¡at confLtctiag at first, but 1t wculd

eppear tt¡at the outcorre of an¡r pLrysical e:certion de¡:end.s upon the stage

of the d.ive, or decønpnession, at which it is u¡rdertal¡err¡ i.ê. ntrether¡-

ê¡ befor"e decompnession,

b. iluríng decørpression,

cr folloning decompnession, or

ð. ðuring arÐr pre-o:çyggnatlon.

Many ¡eferenoes can be citccl. u¡hích illustrate tl¡e
incæased incidence of s¡mBtons ryith exercise at c[ept]r, Behnl€ (f g¡f )

guoting 2l ulns. as the safe workÍng ti.rle at 10O feet folloued. by non-stop

surfaoing cmpa.lrecl w:ltt¡ a na¡cimr¡n e:eost¡re æ *.5 mins. in the restÍng

cond.ition,
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There l-s simil2¡ r-t¡a!I!-!!!Oue greenent UpOn +.!p e!!ee+.=

of mrscr¡lar aotivitJr follor,rlng decomp:ression - as strown by Varr cler .Ar¡e et al
(lg16) and. marrgr ott¡ers for ðÍ.ving. QuantÍtatÍveJ.y, Gray (tg45U a¡¡l lgl+l*)

com€s to the gernral conclusion tt¡at exercise talcen aerially may recluæ a

na¡¡f s bend.s-free altitrrde by as much as 5ro@ feet sver ttre range 2610æ -
581000 feet. lhis trend is supportect by conprehensLr¡e r.ecorçl.s cøpilecl

frcm U.S. and. Ca¡aôia¡r Air Force clata by Cook (i 95'l).

the effects of e:¡ercise dr¡ring cteccmpæssÍon seem ql¡J.Þ

contror¡erÈ:.at '¡rittr va¡r der aue et a1, showing a definite increase in
susceptibility v¡hen ttre stand.ard U.S. Navy decmp:r,ession tables (t g¿¡¡) a¡e

used.. on tt¡e otl¡er hand., Behnb (lgSl) quoÞs Bornstein (tfno¡, end. otherg,

who point out tlre tl¡eonetical advarrtages of ren working itrrring ascent to tlp
surfaæ. Japp (1gOg) forur¿ no deleterious effects in Letting calsson

v,¡orlers walk tlrrough a tr.¡nr¡el dr.rring deccmpnession. Honener, Ít is
interesting to note tt¡at his æn e:rercised. at ¡ressures gneater ttran

advocated. for ascent by stanila¡d. Naval ¡rrocedures.

',fhile RobLnson (l *Ð could. fLnd no lmproveænt nLth

working durir¡g pre-orygenation, a sinlLar clq,{m by Gray (lgl*) sêems ba"æd.

upon results u¡hich i¡ròicate a sligþt fa.L1 Xn benats incl.cùer¡ae frø l Z.lft to
11.1+ò. tebb et aI (f 9¿+b) :recorded. 18 forceô tîeccmpresslons úo¡¡g 39 wn
for t hour on o:rygen befo¡s decopressJ.on, cøpareè wí+h 26 fon tÌ¡c såne

æn ¡resting chrring ttrat perf.od.. Finally Eveþn (19H ) claJm¡ t¡r¿t JO D1¡ar

Bre-orcygenatJon rryittr mr¡scular actlvlty ls equlvalcnt to 60-90 ¡ninsr of tå¡
saæ trea@nt nesting.
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1.5 PRIiV¡ü{'lfVlt IvËATURES

I .51 Cause of sr¡mptoms

Since the work of J.S. Haldaræ (tgOg), tlrere has been

no rJ.ispute that synptoms of decornpnession sickrpss âre manifestations of

the presence of bubbles somewhere within the body, the te¡m ilextricated

airñ having been used. as early as'1855 by Littleton to ex¡r1ain ttre deaths

of several Cornistr caisson workers. However, at this stagp¡ any fr¡rtler

eluciation as to tt¡e site, cond.itions for apçearance, nechanism of forrnation,

kiretics of growth or composition of the separated gas lvould. only serve to

emphasize that the etiolory of ttris s¡mdrore is one of the most ccntror¡ersíal

in the literature.

1.52 Chs¡røe of i:ært qas

The appreciabLe contrj-bution to the bubble content

generally attributed. to tlne irùraIed. inert gas would. suggest the replacement

of nitrogen by orae less soLuble in tissue. The use of helium has thus

enabled. decompnession times to be reduced. for d.ives of long dr¡ration at

mæri¡um pressure. Helir¡r¡ has lo'¡'er absolute solubiliti.es in fat and.

water than nitrogen and a mo!¡e favq"¡rab1e blood.: tissue partition

coef'ficient (ttæts , 196È).

Taking an arbj.tra:iy depth of 2OO feet, tf¡e U.S.N. Diving

iila¡¡ua1 (l g¡+), ind.icates a saving in total ascent ti¡æ for ar¡y e:q)osure

exceedj-ng J5 nrins. Houever, ttre fact that the rer¡erse is tr¡.¡e for shorter

durations suggests tl¡e mo¡re rapicl assinilation of heliurn by the bo(y despite

its lor,,¡er solubilit¡r in blood.. This obse¡vation in*icates tt¡at diffusion

ma¡r plqy a major role in controlling tissue ¡rræabilit¡r.
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1.53 fnc¡reased. oxvgen

an alternatírre æa¡s ctr avoicting the gradual accurr¡ration

at depth of a¡ excessir¡e tissr¡e cor¡centration of volatiLe substa¡ces ca¡r be

provided. by partially replacing tlre ir¡haIed. irært gas by one continuousJ.¡r

consr¡sed. by retabolisr (Gerstr a¡¡d. catchpol.e, i951). Thus, by incneasÍng

the partial pressure of o:rygen to 1.6-i.g l(gn. om.-Z, tlre Mj.croperi

cøtpanJr (feilegrid, I 962) ]nave enabLed. rren to su¡face clinectly a¡d

safely after lrorklng at 82 feet for as long as 7 hours - cqnpar€al rrith 67

mins. ¡n:mitted' by the U.S.I\i. ai¡ tables. I¡i¡nits fon tt¡e substitution of
O. for a¡¡ inert gas are ulti.urately set by those described. Ín section 1 .45.

In avoid.ing such dangers, a¡¡d. their ¡rronocation by

e:rerci'se, the breathing of o)qfgen-e¡¡riched. air ma¡r be deJ.a¡red. r¡ntÍl a prÞ-

determíred safe period' of :nest iuædj.ate1y preceèing decmpnession. using
8 d.ivers in a ruetr p:ressure tarik, Hawklns et a1 (lglù har¡e sl¡o¡rn tt¡at
breat'tring 1oúo orfor 2 mins. before d.íæct ascent, at a sirruraba 5o feet
/nan., enables tlre duration at depth to be extended. considerabfy (taU-e 5).

yrJTHOTJT 2 MINS. BREATfiING 10Ø O)

safe limíts+

1

I
7
6

26
,l

ssl-otlEr

U.S.N. tables (tgSL)

25
15

5

2

2 nlns. on O r
befo¡e 

""""rrf

h
6i
,î,
3

2
1

1

1

4z

for d.iæct ascentMaximr¡r

Depth
(reet)

100
150
,167

185
200

TABIE J.

Ðata frør Hawldns et "f (r %5). +D"t" fron Mites (t 962).
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Sleil,a¡Ly, ttre clesaturation of tissr¡es by irùrating

pure o)qfgen befor"e ascent to altitr¡de has invariabl-y te¡¡ded. to reduce tlre

incidence of s¡mrptøns 1n pilots (Aatenan, 1951).

1.54 P:¡e-oxvgenation

Quantitative assessrent of tl¡e unÀisputecl. protection

afforded. pilots by breattrine 1OtÁ Oz prior to decmpnesslon is rendered.

difficult by a largo ra¡rðonr scatter of nesults. thile tt¡e Literab¡¡e Ís
prinariþ concerned. witt¡ the increased. or¡set tire reLeva¡¡t to fIf¿ng combat

missions, Bateman (lgSl) has plotted. tlre incidence of nilcl a¡d serrere

s¡mptans \¡erõus dr¡ratíon of pre-o:q¡genatj.on. These d.ata, ta"þn from

ser¡eral sources, are suunarisecl in table 4.

R¡IDUCI'ION IN ¡IRT¿I¡ SI?{PIOIüS iUITri Effi{)(TGENATION

(Data frqn Batema¡¡. I 9q1 \

r4Br8 4

Ihe results of .ore-oxygenation during ascent a-re ega5.n

-vrell sumrnarised. by Baêmal (lg>l) r'vho concludes ttrat breathing oxygen is
¡nore effective ¿rt louer altitudes. He quotes Fraserrs trial ascents (1%j)

cases as percentage of tt¡ose '¡rittrout pre-o)qyger¡ation

Severe bend.s

2 hours
pf€-OXo

25-21'a

1 3-1 5io

g_9/o

4.17o

I hour
pre-ox.

67-74b

4Þ57t"

20-2j¡o
1 .2-1 .€i/ö

It[ild. s¡rmptoms

2 ho¡rs
pre-ox.

45-5ùo

'17-19¡u

13-1jto
<fiit

t hor¡r
p.I€=OXo

fr-35ti

50-52c

20-2þo
\.8-5.1i;

Cond.itior¡s

å,ltltude
(reet)

35 
'@a

38,000

J8,OOO
j8r0o0

E:¡erci-se
leveL ,

working

-rrorklng

-working
resting

Nunbers
involved.

tria]'s

u
tl+

52

ræn

15

BO

So¡¡rce
of d.ata -
"Author

I¡erris et al-
(r z+¡u)

Clarlæ et aI
(1%5)

lienry et al
(r g¿+L)

Grql' s't .1
(t g+z)
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to J!rO@ feet 1n wirich tt¡e nr.¡mber d cases of moderatê å¡¡l s¡erreæ Bt¡mpto¡¡s

was reduced' frm 4fló ta n/ò Uy adnÍr¡ístering 1 W{ O" for I hq¡r at 2OTOOO

feet, anct finatty ro'l?/o for tlp såre tiæ at 1oro0o foet. eray (tg¿¡c) rrae.

fot¡¡¡d. oxygen ir¡hal.ation at rpre-bend.sr altitr¡des of 2O,0OO-28'OOO feet to be.

å-å * effectirre as at sea leveI. Mo:ne reænt work æported. by Fr¡er $ ggZ)

has been rather noæ specific Ín soLecu.rrg 25ræO feot as ttre 1orer pr€ssu¡¡e

l{'nít for gainfu€ a¡¡y advantage frcm ¡re-orygenatlion. The rapJ.ct onset of
s¡mptcns u:itb fi¡rther decørpnession, follow:ing a 5 hor¡r sto¡r at ZS.gpp feet,
fr¡èicatæs that deecrrpression siclnpss is alrea{y rpne.establfst¡eèt at t}rls
aLtih¡d€. tl<in to tl¡ese obsenratlons¡ are those of Houston (lgJ+ß) rvt¡o for¡rd.

that :repetitir¡e deoørprressior¡s Im¡red. the ninLnrn al,tltu& for narglna,L

s¡mptøs fron 22ro0o-2rr00o feet (sectÍon 1.j1) to 17rooo-lgrooo feet,
dcsplb tle victi¡rs breatlulng 1Wó oa ðuring each asoont¡

1.55 Î¡¡eatnent of derælopcd srmpt@s

, erænhralLy clisappear if
no t¡eafunt is applied., òir¡ers wltl¡ a elight paLn usual'Jy decid-ing to rsLt

it outr. îhls inùlcatos a <tecay factor in sever¿ty rtrlah has bêen quantitatlve
cmbiæd. witt¡ a growth tenr by r¡av¡rence a¡td. Hanil.ton (1gl+5) 1n tt¡eir
suocessfu3- empirical expression for tl¡e rate of production of apria1

s¡mptans, vizz-

ft Cn¡) = l' exp(-k, t) - â. rrp(-k t) (e)

rùe¡e N" is tt¡e ru¡nber of cases, N is üre total nrmber otr subjector I,, , Lz,
k_ and k^ a¡e cor¡sta¡¡ts and t represents t,í.E.12
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The failx¡e of dnrgs to be effective i-a cÞcompressi'on

si.clsæss has been r¡¡ell sr¡ma¡isect by Oook (t 951) u*ro classífied them as

follows:-

1. Vasoclilator drugs, vYtrich can open up capiJ,J,a.riesrhave been

effectir¡e in acceþratirrg the elÍminatton of irprt gas fræ

d.ogs, but har¡e proyen of llttle use in prerrcnting s¡nnptons

ôuring altitude tests.

2. Certain dnrgs, such as morphlrn, enabLe the vlcti¡n to

tolerate a greater pain level, but reprnesent no ¡real Gllr€¡

i. CO. has been suggested as a tor¡ic influenoe on tl¡e ca¡ùio-

vascular systæm, but ¿¡¡¡' advarrtage has been compl-etæþ

d,is¡nL1ed. by Grey (section I .ty'+).

YlhiLe tt¡e adnini.stration of o:cygen has proven helpful

j.n a¡æliorating the more serious s¡mptøs of decorrpression sicloess (¡efrnrc

"! d, '1937 end Worlanan, 19eù, no thera¡rutÍ-c treabnt has proræn more

effectir¡e than recompr€ssion.

'l .56 Recqnp¡¡ession

Provided excessine tilne has not elapseð since the

developrent of s¡mptorns, tt¡ese usual.ly clisappear corupleteJ.y upon fuLL

recqnpression. Often pt¡essr¡res far lower thån tù¡e origina"L working depüt

sr.rffice, Behnlc ('tlSl) qrroting a ggr:eral va-Lr¡e of 1OO feet (water ga,rge)

for al,Leviating the majority of rmild'r bend's pa5:rs.

Retr¡rn to grornd. LeveL al¡¡ost ínvariabþ ri.d.s pilotE of

arry syrnpto¡na - exoept in a few ra¡e insta¡rces w?¡eæ they have occurrÉd
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fo2.lowing treccmpression, the subject having er¡nrienced. no íLL effects at

altitude. The Latter has been teræd. rpost deaaupressj.on siclæsst, cases

havÍng been reportect by Ha¡mraler, (lgSl) Lel[essr.¡rier a¡rd. Ba:rter (l%5), whíle

Masland (t%Ð has cormented. upon tJre d.ar¡ger of sr¡ctr deLqye¿t ma¡rifestatlon.

A featr¡¡e of the bend.s is Íts ner¡ersible naùrze, alnost

certa-inJ-y stemríng fro¡n the ÍFcha¡ricaL effect of þdrostatic pressut€ upon

the volune of gas separated. frø¡ solution Ín the pain-pronoking tissr:e. 
^

second. decornpæssÍon, soon after recompt¡ession, causes ttre pain to rre-ocsur

ùræcliate\r in tl¡e orisÍna1 site. Man¡r authors have æportett tluis effect,
vltl¡o¡¿ prønirenoe dec¡reases rultlr the clr¡ration of recønpression, but rr¡hictr

may trnrsist for J-4 hor¡rs (Oook et aI, 19{4b) or even as long as 6 hours

(nfarrtænhorn et al, l94Z ana,1ge) follorving tte netr¡rn of pilots to grorrnd.

Ler¡el. Behnl€ (lgEt) quotes ¡nriod.s of the order of da¡rs for tåe p¡essuæ

beatrent of ser¡e¡e s¡mptoms in d.ivers.

these facts sup^cort the general opinlon ttrat rna¡lifestations

of clecønpression sickness a¡e ¡relatively d.ifficult to cure vyhen once

esiablished. To avoi-d. such a condition ttre potential treafuent tirc ma¡r be

considerably reducecl if i;tre suceessir¡e recolnptressions are effectively in-
corporatecL into tåe initial decqnpr¡ession by retr:rning ttre d.ir¡er to tlre
surt'ace in a series of stages.

X 1.57 Stasíns

Stegíng has been r:nirrersa$r elçloyecl. for deccnprsssing

ðivers since its introduction by Hald"a¡e a¡rd. co-worlers in 1908. fhe various

¡æthod.s are usuellür published. in the fo:m of tables v*rich p:rescríbe tires to

be spent at varj-ous depttrs. These sto¡rs in the ascent connentiorielly ùiffer
by intenrars of 1ot after the first tpullr tcnvard.s ttre surface.
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^t 
a.ltituûe slgnlff.aant protootf.on against aerial

s¡mptøs by staging at l2rOOOr has beon reportect byMarotta et a1 (1961)

ntrose srrbJects ue:re b:neathing air.

The publi.slrecl cÞcøpresslon tab].es a¡e based' natnly upon

enpirieal mod.l8lcations of varlous qr.rantitatå.ræ tlreo¡etical approaches rvhos

derrtation frør erqnrience for long ancl cleep or æ¡ntítiw d.Íves (EenplenaD,

1960 a¡rd. '1962) wotrLd suggest tt¡eir critical æview.

1.6 CRITICAI. NEVIEW CIF ITIEORIES

1.61 HistorlcaL

Theo¡¡etical èiscussions of cùecø¡ræssLon slclcæss d¿te

back to tåe first oaslos of rcornpnesseal-air illæssr reporteti by Triger in

18¿d, tt¡eir early cleveloSrent beir¡g ueIl sr.mari-sed by Goodnan (tl6't).

tfsr¡ienerr ttre publication otr rllra.P¡¡ession Barætriqr:eü

by Pagl Bert in 1878 1s regardecl by nany as ttrc genesis of pnesent iøtorlefue

on tlre eff,ects of prssstræ variation upon biological systems. Indeed., tlre

subsequent emphasís upon the irrert gas distributíon emar¡ates from the

pneponderarrce of nitrogen for¡¡rd. by his analysis of the bubbles rvhose

pæsence he demonstrated. in decomp¡essed. a.ni.mals.

Quantitative approaches effectiveJ.y comnenced. vrith the

appoinfuient of a cleep èlving corrn:ittee by ttre ldmiralty in 1æ6 under tt¡e

guuictance of tt¡e ceLebrated physiologist J.S. Hal.cla¡e. h¡bLication of tleir

resulting tfreory (Bo¡rcott et al¡ l gO8arb) Lecl to ttre conpilation of tt¡e

first set of decønpression tabLes 'w?rose ir¡f}.¡ence uPon present techniques

is stil1 most pronotrnced. - in fact comparlson wittr current NavaL proceclures

supports ttre clairn that ttrey har¡e r¡ndergone littl€ more tharr semi-ertpirical

mod,iJicatíon.
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1.62 The HaLd.a¡e n¡le

-"" *t"* trincipLe fo¡ms the basis upon v,hich most

decom:rr€ssion tables ar€ for.¡nded. and. i.s, perhapg best introduced. by ttre

fo3.lonång extract frqn the classical textbook by Ha1clane and, Priestley
(t glta) ¿-

[The fo¡mation of bub'b].es de¡:end.s, evidently, on ttre existence of

a state of supersaturation of t't¡e body fluids v¿ith nitrogen.

Nevert'lreless, tlrere was abur¡d.ant evidence that when tlre excess

of atrrospheric ¡ressr¡æ d.oes not exceed. about 1{ aùnosphe:nes,

ttrere is compl.ete iJmurrity from s¡mptoms due to bubbles, honer¡er

rapid. ttre decønp:¡ession. Thus bubbles of nitrogen a.rp not

liberated. witiein t'Ìre body r¡nless the su¡nrsatr:ration corrrespond.s

to mo¡e ttra¡r a decompnession frø a totaL p¡¡essuJîe of 2t ahospheres.

Now ttre volune d r::itrogen which would. tend. to be liberated. is the

sa¡ne when tlrc total pressure is halr¡ed., utreth,er that pressr¡re be

high or Iow. Henee Ha1d.a¡e ttrougþt it probabLe that it would be

just as safe to d.fuÉnish tåe pressure rapid.ly from 4 atnosphenes

to 2, or 6 aùnosphe:res to jt as frqn 2 aùnosphe¡¡es to 1t.

Quantitatirrcly this conðition for safe deconpression

¡lay þ expressed. as:-

(>p)Æ(R= z (l)
v'¡her^e & i" the total tissr:e tensÍon, P is the absol,ute press¡¡¡e a¡¡cl R is
a constant of two te¡n¡ed. the deccmpæssion ratio. Àlthougþ not usíng tåe

specific s¡mbol &, it is uncertain frcmHaL¿Lanets text vftether üris critlcal
ll

ì
¡t
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transient qualtity is nitrogen or total gas tension, both terr¡s being üsêdr

Ilovrever, he estimates & from a simpl.e e:çonentia-t format which rray be

erpressed. quantitatively for a general tissue (i) as:-

Ên), = Po * (P' - Po)(1 - er.p(-ht)) (¿l)

for a step change in absolute presswe defineil by:-

P -'Fo for t ( 0, to P = P, for t > 0, ntrez"e k, is the

appropriate tirre constar¡t. The theoretical basis for the lirpar response

implied. by equation 4 is d.iscussed. in sections 1.23 anô- 5.?h.

Ttre v¡riter cari raise no fund.anental objection to tte

verbal clescrS-ption of the principle by Hald.a¡re and. PriestJ-ey. However, the

ultimate use of equation 4 for esti:natíng & assunes that the tissr:e has an

uptale response for the retabolisable gases identÍcaI to ttrat for tJre irert

gas, and. that air may þ effectively regarded. as 1OO7ó tt. for calculation

purposes. Lloneover, ttre equation ímplies that a tissr.e wiIL eventuaLly

obtain true satr:ration vrith nespect to the inhaled atnosphene.

These basic assumptions har¡e been per¡ntuatecl by many
later authors and. partially concealed by suctr tension u¡rits as atrfootswortt¡[ of gas (nashUass, 1 955a) in vdri-ch gas cotr¡position is
not specified.. It is thi-s quantitative irnplication of a di:rect
proportionality betvleen absolute pressure and the total tissræ
tension eventually att¿ined. ivhich fo¡rns the t'l¡eme for later
èiscussion (section 5.6) .

1.63 lTl^Ì.'laa .}.acaÁ rrñ^h èrtÉ*ootrr¡oti |ha¡¡i a con

For calculation purposes most autt¡ors represent a d.ive,

arrcl arqr subseguent staging, as the closest rectarrgula.r pressure-tinre profile

(fig. 1). Tine s¡nnt moving betvuaen stages is norrnally apportioreri equa$r

beti¡reen ürose leve1s. If tÌ¡e dir¡e is of dr¡ration 0 at a tbottomr depttt

(absolute pressur€ P6) fottowed. by staging comprising ti-ne " T rrr, a a a a a a a a,
m
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at absorute pressu:æe:- Pr, Pa, .....F. res¡Þctiveþ, tt¡e æt tengion otr

uÞ lth tissr¡e at ti.æ t frm tl¡e start of cøp:sssj.on is obtalæd. fro
eqr.ration lr using the pninciple of su¡nrposition¡ i.ê.

&), = Po * ("o-"o)(t-exp(-rrt)) - ("0-*t 
[r**,O(t-u))]

-Z @ror*,, fr**,-r.rft-o1},l)] $)
lables are calcul_atect by seLecting the higþst valræ

o6 (&)r for tl¡e í tissr¡es considened. releva¡rt â¡d. applr¿ng tlre ratio r"trl,e

(equation 5) to dete¡ni¡æ tùe rprt st+¡ing pressu¡e pr*, *r-

((Ð)i)rrxÆr*, ' R((2).

In practice the convention has been ad.opted. of

cletemir¡Lng tJ¡e stlgr¡¡* tiæ (Ç for arbitrary 10 foot intervals, i.e.
Pr*, - Pr - 10 feet untiL P. = Po r*¡e¡¡e Fo is tl¡e absoLute pressr:re at
tt¡e surface. Deccmpnession tables ca¡ tttus be ccmpiled. by repeating tlre

cmputatilons fo¡ variot¡s elq)osu¡ea (0) ,¡¿ rbottør pressures (Fb).

In cø¡rillng tùe ord.gtna1 Hal.d.aæ tabLes tù¡e tissr:es

regaded. as li}ely to prwolc s¡mptms n¡e:re assignecl half-satr¡raùion tí¡res

(. o-695/k ) of 5, 10, zo, ¿ro a¡¿ 75 nins. (ua.raa¡e a¡¡ct priesttey, 19:J5a).

Uhiþ ttre proceðure aÀvocated. by Boycott et al (t gOgart)

¡lrobabþ rep:nesents the greatest single aclva¡rce in avoid.ing decomprsssion

slclæss, the va}¡e of R * 2 has been sl¡orinr to be ¿largerous for long

e)çpoSu¡e8 or cùepths in excess of 1 20r - Behnb (r g¡r ). Hawklns et a1

¡tllil 'llotted' dLffe:snt ratios to the ði.fferent tissues conside¡ed.

i:nportarrtr varJrlr\g frø R = 5.5 for the fastest to R. = 1./ for the sLorr¡est.
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¡ii¡nila¡ mod.ificatÍons rrer€ aèvocated. by Ïarborou.øÏ¡ ar¡d. Behr¡l¡e (l glù. iriore

recently Dvrr¡/er (lgS6) has selected. four tlssues of half saturation tj¡es
20, l&r 80 and. 120 mins. for v¡hich he recorupn¿led.R values of z.j, 2.J, 2.1

a¡d. 2.O res¡>ectÍveì.y as a reasonal¡Le flt for d.ata gattrered. from er:)eríei'ce.
(

Reverting to iì values of the o¡der of 1 . /, iioh:r:rp\¡¡

(tfo¡ retains ttre use of 5, 10,20, ]¡o, tÐr 5or 60 and.7o minute tissues

in mociif¡ning the original hellr¡n tables conpiled. by ${ornsen àrxl .'ìbeland. fhe

U.S.N. (1 96¿+) advocate èi¡ect surfacing af,ter b:reathing oxJ'gen at ttre àOt

stage of a"n¡r ùive on He/O m:ixtr:^æs.
2

Current starrd.arct tables a¡e based. upon such semí-

empirical approaches.

IllustratÍon of ttre clesign of a deconpression assr:nir¡g

an arbitrary J-tissue system is próvide<i in fig. 1.

1.& 8gn<lqnpntal interpretations

' ical moôifications by the U.S.

Navy to the Hald.ane netlrod. of calculation have reduced. ttre stagir¡g tines of
the origÍnal BritÍsh tables, the authors har¡e been very cautious 1n

offering an¡r firnd.arental e:çla¡ation.

Thus Beh¡¡le (llit), urith nanJr J¡ears of ex¡nríence,

admittecl. tl¡at [r'rhat ap¡nars to be a supersatr¡ration to].era¡ce cou1d. ueII

Prove to be a¡¡ index of the degnee of embolisrn vuhich ttre boil¡r ca¡r toLeraten.

This aLternatir¡e e:çLalation for a consta¡rt ratio, first adva¡rced. by Halilarre,

has been discussed. by Piccar¿ (t gl+1 ). It is based. upon the sírnple deducti.on

tJÎat decønpression of a solution, satr:rated. at P,, axd. decørpnessecl to a lower

absolute pressure P.r liberates equal vohnes of tl¡e sa¡rn gas rvhatener p,, -
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providecl *r 4 is constant, assrmring srrrface tensfon effects ca¡¡ be

ignored..

The abor¡e concept of a ratÍo as the relevant paraneter
Ín describing ttre tinit of su¡nrsaturatúon is in d.irect contrast to ttre
cor¡sta¡¡t pr€ssl¡re ôi-ffe¡enæ þp) aavenced. by Harvey (t gEl a). His biol0gical
evidence for such a conclusion is d.iscussed. later in considerabLe detail
(section l+.3).

concerning tlre upta-le of the inert gas lnrthin tÌ¡e bo4y,
Behnl€ (lgsl) has ¡reasu¡sd' a ma¡rs nitrogen el.i¡nination (c) Ín relation to
t'Ì¡e tLre forrcrvring a sud.den cha'ge to breathinglwlò o" at ahospheric
pressul€' such ro4ygen wast¡out cunr€silltarre been analysed. into tlre fom¡:-

* = *- ft &j ury(-*¡-*) ] (6)

rvheneG=G fortæ.
oo

This fo:mat has proven ex¡nèi.ent ín anal.ysÍng ttre inert
8as elimination d'ata of man¡r worlers inc}¡ùing Jones et al (rg+¡¡). Honever,
the r¡se of ex¡rri.rrental ti¡e consta¡¡ts (t, fn equation 6 ) ha.s proven no more
successful in corr¡erating clir¡:ir¡g d.ata tha¡r tlre enpirical values.

Equation 6 t¡as gften been quoted. in support of tl¡e
existence of ind'ividrr¿I tissue t¡4res, each exhibiting a sirnple erçonential
response to changes in ah¡eolar partiar pressures. Horuever, such reasoning
suPposes ttrat each of the h¡rpottretica-l tissr.¡e t¡6rs, desígnatecl as a¡r nÍtr

te:rn i¡r equatÍon 5¡ contributes to no nore tùra¡r oæ of the rr¡n tems in
equation 6' Practical evidence for cl.oubting that each tissræ ¡response can
be descrlbed. by a single e:çoræntiar. te¡¡n is provicred. by Eggleton et a].
(l %ù rvho have for¡¡rd. that, for cats,
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G e ,.JT Q)

for slnalI ve.lues of t.

lhese au'uhors strongLy criticised Behnler s ¡node1

attribuiing eaeh of the er¡ronential terms comprising tlre elimination

cur\¡e to s¡ncific tiss¡.¡es - aL1 itr ¡>arallel vrith each other ancl in series

rvith the sane bLood su¡rply.

Pt5rsica1J.y, the sirnpLe exponential equat5-o¡tf¡+) irnpl-ies

oræ of at leasi two aLternatir¡e liattrenatical models includirig:-

. (1 ) That venous blood. lear¡es in equilibrir.rn rvith tissue, the

blood-tissue exchange rate being totally circulation-

controlled, or

(Z) That each tissr¡e (i) is eo-uivalent to a fully-stíned pot

separated. from blood. by a membra¡e v¡hich embod.ies all

resista¡æe to mass tra.nsfer, its geonetric d.inensions .a¡<1

gas penleabiJ;lty eþtermÍning kr.

The clerivation of tlre ex¡rorrential forr¡ (equation 4), f or

both cases, is inclu<lecl in ttre or¡eralI dissussion of transport (sections

5.23 anâ, 5.21+).

lhus if ttre l.irear tissr.¡e response assuned. in deriving

eo.uation 4 were vaIio, the e:çression wou1d. hold. wtrettrer ttre rate-limiting

process uere diffusion or circulation. Behn¡€ emphasized. the fonner and.

lTorlsnan Q 964) i.lnpJ.ied the latter, vrtrÍle the issr¡e Ís considered. of

second.ary írn¡rortarrce to those content with expressin¡g blood.: tissr.¡e excharrge

by tiris si-mpLe mattrematíca1 fo:s¡. The U.S. Nava1 authors have concent¡'ated.

more upon empirically nodif¡ning tissue ti-ne constants (tr) 
"na 

deecurpression

ratÍos (n) tfra¡¡ seeking fi¡¡rd.anentaL explanations.
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'l .65 Di-ffusion Theories

Contrary to the foregoing approaches, Hempletoart (lgSZ)

i.ntroduced. tJre concept tt¡at a singLe tj.ssue type ma,y be responsible for

marginal sym¡itoms r¿',hatever the decompression forrnat. Iüo:reover, he ùisputeil

the assuir¡.rtion that extravascuLa¡ tissue malr be regarded. as a fuIIy-stirred.

fluid.. åssuming tt¡at -oLood. circulation is not rate-contributing, tre seLected

a LÍnear 'buLk rüffusion model for calculating ttle u.ctalae of inert gas by

tissue. ¡ìluciaa'uion of tl¡e rate-controlling trans¡rort process is considered

in great detail later (section 5.2).

I{ernpleman aclopted. tlre approach of .å.V. Hil-l (t gZg) in

r"egarùing e>:travs.scular tissue as a flat parallel-s*cled slab, of ir,finite

areg ba'uhed. on both sj.des by væJ-1-stirr"ecl blood. at arterial tension. He

clerived. the transient ter¡sion èistribution as eJ¡ error fr.¡¡rcti.on whose fo:m

Í.mr:l-ies that ir¡finite sLab thiclspss had been assuned. (section 2.1). Applyrrlg

!'ickr s lalv tc the bLood-tissue bor¡¡rd.ery, ilem.rLeman obtained. arr expression

v¡hose ap;orox5.rn¿tion for short ti:rn e:rposures (6) vrouS-d. give the cor¡d.itions

for non-stop surfacing from ¿eptt¡ (H) asi-

H {Þ--= consta¡¡t (8)

This fo¡r¡ has prorrcn more successful t't¡a¡r artry raultipl-e-

tissr¡e sÍngIe-exporæntial approach for va}¡es of 0 not exceeðing ÀO mj.nutes

on a:ir. Exampl.es of tt¡e relative success of t'ttis retltod. is given by

Duffrer et a-1 (lgSù for no-stage ùives on bottr air anô ne/O"mixtures.

Duffner et aI found. ttrat, upon rewriting eguation I as a general power fi¡nction

of n ü = consta¡t, no single va.Lr:e of & gare an adequate conelation wltr¡

ttre experi¡rental results. Snpirically t¡e selected.¡-
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¡J sO,]8 forO<0 < JOnins.

¡/ r 0.81 for JO < 0 < 50 nlns.

P-O.f6for!0(0<æ
Tlre fo¡n suggestecl by equation I has been extendeê

by Crocler a¡rd Taylor QSSZ) to staged. ãi\res. Ihis has again ¡¡esulted.

1n a bettær correlatfon of ber¡d.s inciclence for cliræs of sl¡ort duratf.on,

25 ninutes at 18O feet being ttre greatest erçosr::re tested..

Attenpting to correlate long e)çposr¡nes, tÌæ HempJ.enan

¡noclel has been uæcl by Rast¡bass QgSÐ rri]ro rægl,ectecl alL but t]e fírst
thr"ee terms of tte erprassion for lirpar bulk cllffusíon derived. as a

For¡rier series (lp¡nrrdj.x II). Quoting Ha:ruey et aL (igr4ê), Bashbasc

asstæd. the timit of su.¡nrsatr¡ration for tt¡e orÍtícaL tissLæ to be a

constant clifferential (4P) betveen absolute pressur€ a¡rd tissr.e ter¡sÍon

(td¿te air as lWl Nz). lhus he derirædt tl¡e oondition fo¡r no s¡mptrqrs

folJ.owing decmpression to P" fran an e:q)osu¡e ti-ûle (d) at absolute

¡rressuæ P asi-

rF - (p,-p")-(r,-rorå 
L"*(-ro) 

. :grg). =*tf*J ) p teet

L

(g)

for a èiræ tþfirnct byP = Po for t ( O, P = P, for O < t ( 0, and. P =
P"fort>0.

lhflÊ Rasl¡bass drans nan¡r cliagrans iLlustrating gas

clist¡¡Ébutlon ¡nr¡nndisuLar to ttp para.ll.eL faoes of his rslabr orP tl'ssLp

af,ter partial decø¡messlon, his r¡atÌ¡ematics esæntielly re¡rresent a¡

tntegra-l approachr l.ê. ÌÞ ca-lcr¡l¿.tes rÞt gas tnarærstng tlÞ blooô-tisstæ

interfaae. If tlr nr¡cleatiion of a sr4nrsatr¡rated. soluu.on rere tt¡e hlgger
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potnt l¡rÀtoated,, tbcn gurcly ttp na¡dnn Looal ooDoontrrtion, or pal¡

bnsion, la a more ¡cl¡vant pararpbr. lblg 1a (braribctt quantl,tattËIü

i.n l¡r¡nncltx II, and, l1.lt¡strateè ln fig. 2.

ÍhlL'tåc Bast¡bass approaph ¡nwtdsal tþ bc¡t ee'nelattæ

for tù¡e or¡erall tþptå vs. tJ.rc rtlatLonslrtp repæscntf.r¡g t&Ê lttttc d ¡o-

stoge clivir¡g for bol¡l¡ aJ'r and, rr"h" mtxtr¡¡es (Orffner et a,l¡ 1959) r sl

trials of ttp staged. clfi¡es ræne d.lsappoinu,ng - Broùrctag a1* beDd,s

incidence.

Despite expoundJ.ng a cliffusLon model., rpitler SenBlenan

nor Rashbass calculatecl a ðiffusLon coefflcient. Ilorever, tald,ng thÊ1r

empinical valr¡ of k = O.Oo792 - uD/t+ba ¡ (¡ppen¿rx II), vøene 2b is tll

ttrickness of ttc s1ab, Dhz . O.OlOi mLn-l¡ i.ê. a va}¡e of D nar¡y ordsrs

less tÌ¡sn water for (Z¡) va}æs in range cf pubtlstred. inter-capilJ.ary

clistances (see section 5.49).

Ttre rcriter couLct find. no ôiscuesLon by tùese authors d

tbpLr rnpllecl contradiotlon of t¡¡e po¡¡u1ar beLief that blood, ¡rrfusd.on Lr

tlre ¡nocess llmiting tbe rate of tissr¡e ¡reæablllt¡r.

Ubí1e ttre Hemplernan conæpt of lLrpar cliftfi¡sLon bas tùê

above-rentl-orpcl flaws, his ap¡roact¡ wor¡lct æcr¡ to represent e co¡¡sLdarrblc

adva¡oe 1n tùreoretLcal t¡¡fr¡Hr¡g - botl¡ conceptua.L errd' tn ¡nacttce.

1.66 gemLæmpLrf,aa]. approacheg

Crocler çtZSùr after e:qmossJ'ng dteqppoLnhÊnt at t'b

sêa t¡rials of the Rast¡bass ãtâdr¡g proceêtrresr retaJ.rrcl the sare æthd' oû

calar¡Lation as ra conr¡enient natlrenatical, 1¡st¡'ræntr, tn¡t claJæd' no

fi¡¡¡d.aroental signiJioa¡¡oe 1n f.tg use. Àltbquglr not gtated, tl¡e integ¡al
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¡råtu¡se of equatlon 9 wouLd. sêem mo:îe q¡rproprf.ab to croclerr s acceBtance

of thÊ exLstonæ of rsLlent bubblesr¡ L.€. bubbLes not of sr.¡fficient size
to have becæ marrifest in ttp cLinical s€rts,€¡

Iviodtrying tÌ¡e Rasl¡bass cond.itions to fit tt¡e praatical
@aser he introcluces a ibubble :negnessfon factort as an orrcralL expor.renu.al

5.n equation 9 to help accømod,ate tt¡e èiffe¡renoe.

the ret effeot l-s orp of Ínc¡easing staging ti*e for tt¡e

J'onger and. cleeger ðives, tle resuLting tabLes closeJ-y :reserabling otber semí-

empiricar sets deriræcl by tlre u.$. Nar¡y. rn tùre sea trials 2¿+6 sub¡nersíong

Srocluced' 1l+ cases of clecørpressÍon siclmess. Hourcner, it rrouLd. ap¡nar most

signiftcant t^t¡at the recorsænded. clecmpressions of the offenÀing dl.ves ,¡,ære

nodifieci by lnoneasing ûre tÍre sgant on tt¡e J.ast stage on\r, i.e. at 10

feet. [hus tt¡e deeger stagrngs atlvocated. by most tables seem to have ctrangeô

littl€ arrd. :represent a legacy of the origÍnal- Halclane apirroach.

l,r¡ alternative to tt¡e U.S.N. or Crocler æthocls of
empirically incneasing steg{ng tiræ frøn deep èiræs, is provícùecL by llbano

Qgel). The latter considened. a singJe tissr:e of exporæåtial nesponse rvit¡
a ti¡e base Lnverseþ proportional to tlre dir¡errE na:dm¡n deptl¡ (pr) i.e.
æ, k/Þr. Thus Albar¡o proposecl tt¡at tl¡e condition for safet¡r wasi-

Dp. = (rtrþo)*( 76o-251.e:ç(-k.4p.Vpr), nr.Hg ( consta¡rt (ro)

r'"here éP is the decmpnessioq Po is the aþsolute pressr:rq pz{.or to ccmptsssLoa

(760 m.Hg for cliving) a¡¿ Pt is that coræsponctlng to ü¡e tt¡¡¡eshold. altj.h¡d,
for s¡rmpto¡¡s l-.'hich Â1ba¡ro talcs as 9rO0o m. i¡e. Er = 2fi qm.Hg,
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the last equation girres a good. comelation for Ìr:is

recor.ctings of 1 ,729 non-stage èives trrrforrned. by ! ren but, unforûrnate1y,

his exposure range te¡rninated. at +J minutes rvhich is just in ttre negion

vrhere Hemplema¡t " rlã rrlationship starts to d.isplay an appr"eciable cliscrepancy.

äis critical pararneter for s¡rnptoms, Dp", h" defíned' as3-

D-^ = lrue bubble pressure - absolute external pressure (P).
-i)c

Sinee he d.id. not ¡reasuæ On" **"tLy his statement to

the effect that his tra¡rsport equatÍon was deterrnirpè empirically as

D = 760 - 251 exp(-tc.Áe.t/þ )pc 1-

must ímpLy tJ:at eguation 10 i.s also ernpirical.

Referring to Hanreyr s evj.dence for very smal1 free

Easeous masses or nuclei in tissr¡e, Albanors theory (tleO¡ ís based.upon

the existence of pr.e-forned. nuclei. the origin of t'l¡ese is better described.

in his ovrn rvorils as3-

üles ¡nour¡ements, 1ractivitd foncti.oneLle des ûiffêrents systênres,

lrexlst€nce de cavitès tnês tgrdrophobÍques d.a¡rs les tissus prrnettent

1a fozmation et Ia stabilitê des noyauxn.

The tlreræ seems to be that nucle5. forrn, or tl¡at pre-forræd. nuclei d.o not grow

r¡¡rtil tt¡e ùiver is deccmpressed to the absolute external pressure (Ptt) at

ühich tt¡e critical tissr¡e Ís satr¡ratæd.. These rnicro-bubbLes a¡e t'l¡en

postulatecL to expanð frm tt¡eir initial vo1r¡re (fl) to a fÍ¡ra1 voltæ

(v.) at ttre final pressur€ (P.).

trriting Boylers 1aw as Pr.V" = P W, but cor:¡ecting ít

in later steps to be PtrV0 = F.V",
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&lbano¡-

(t ) Consl.dered, growth of each nucleus by rechanical e:çarrsion

onl¡r, thereby assrnf.ng that no mqre gas moLecules u¡e¡e

acqufuredl vd,th cle cøpre ssion be¡ror¡tÌ eqrrii,ibriru, de spite

ttp incneasing su¡nrsaturatíon sumor¡rêing an establist¡ed.

gas ¡ùrase.

(Z) Ignoned. surfaæ tension Ín app\ring Boylers lar,z, des¡r5.te his

:î ï ":î,- :" *ä 
-,."J i-:;ií;;:::

for provoking s¡ru¡rtor¡s.

Thi.s oission is nade a.LL tåe worse by luis determination

of On" as 5O9 rn.Hg rvhose reglect ¡relative to sr¡ch absolute pressu¡e as 76O

nn.Hg anð' 2n m.Hg , 5n cÞrivÍng constants frqo aerial data suggests t}¡at

Ìris ttreo¡etícal attenpts to explaln a good. enpirical. eguation (tO) a:ce an

arithretic fabrÍcatåon. The vrriter can fÍncl no autlror l'¡tro has quoted.

Àlbanors wotrk.

Ân approactr witt¡ sinilar en;frasis upon surface ter¡sion

has been recentþ described. by Degner et aL (l%ù. pri¡reriþ concerræd

wtth determinÍng tlre optima't pressu¡es and. gas cour¡rositions for spacecrai't,

a¡d. st¡l,ts for the tra¡lsfer of astror¡auts in orbit, tlrey postulate tÌ¡e model

of s¡naI1 seed. bubbLes coalescing¡ intravascularþ. Fr.rttrering tine iù¡e¡re of

Piccaril, (19h1) they derivect tt¡e vohue of blood (a) rrom nhi.ctr a bubbLe of

critical- raclius (f") r"V be foræd as¡-

'7i'fr¡¡{f:¡rr'o =F
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rvhere Fe a¡d. [. ale t]¡e fínal absoLlrte prtrseu¡e anô ten¡nraù¡¡¡e æslÞctttelJr,

V, J.s ttre nitrogen avaLlabl.e f,rcn n€nous bLootl at nressuæ { ar¡cl teq,eratu¡e

lr, ar¡d P" f.s a te:m to acoq¡nt for tl¡e e:ærcise l.cvel.

In view of tt¡c Lmportalco vitrlch Degrer et a1 attributp

to surface tensfon by stat\gt-

P, *P"-82.âî/ya,

Lt wor¡ld. Eeem a g¡:oss overslgþt to cnl,t tÌ¡e contrLbutd.on d suoh te¡ms to

bubble gas pressu¡re fn a¡rp\yfrrg Boylerg law as\ lPr. Ar¡otåer objeotion

slmilar to those leviecl at âlba¡¡o ig the rcgLect of tÌ¡e acld.itionai mole s

otr gas av¿iIab1e for bubble fo¡mation by virtue o'f cÞccopression frcut F,

to P.r írêo ê fi¡rther lncreaæ 1n V, beyor¡d that ¡reclicteô by thej.r

transient expre ssiont -
vs . 0, (r --ur.p(årt)) + c.(t.c:æ(å.tl)

rù¡ere Cr a¡¡¿[ Ca are caBacity tems arr,ð \and. ^a 
aæ t]¡e :res¡nctÍve u-æ

cor¡stants cletenuired, ex¡nrùæntalþ for tl¡e cla5-ætl. bi.noda"l. response cf

n5.trogen concentratÍon in postcavaL blooô.

Þgær of a3. clicl lrot æntion the Botentially greater

effect of sr¡¡faee tenslon upon tboir posùrlated initiaL seecl. bubbles ard.

conseqrsnt inf}¡e¡rce upon tlre posftion of phase equiÌibriurt by t¡:lrùæ of

ttre lnc¡seased. partial pressuæ of tåe æparated. gâaês. ùIo:reover, la

aôvanc.lag tho conocpt of s¡mptms arl.stng tl¡rougþ intravascular bubbleg

f¡dgf¡¡g fn captltar¡r loo¡rs, tbey offer no e:çlanation for tt¡e neLl-howr¡

fact tJrat bends paln usru1\y re-a¡4naro at tl¡e såæ sl.te follcming a¡

Lnsufficient ¡nrioct d recm¡ægüLon. Íb5'a is dl'sousscd. tn dÊta1l later

(sectü.on 3ú5).
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1.67 Bubbte sq/rttr
rsLlent bubbLer ttreories rv:ith no¡æ ¡rear stíc pl¡ysical

bases hane beon proposecl by Nirns (lgSt) a¡¡d. Baten* (t951) who a.re amor¡g

'the few to express, cluantitatively, their belief, tt¡at tlre rate of mass

transfer across the gas-tissue borrnd.ar¡r irrf}¡ences tlp ttæ oÉ: onset of
s¡mptcrns' They oonsicþr tt¡at the mani.festations of cleccnpæssion siclsæss

a.re a matter of t}¡e position and. size of bubbLes rvhose Ínitiation Ís not a
limitíng, or even rate-contributíng, factor. fn Jr.rstification of thlg
ass.unption, Hanis et aL (tgt+¡u), Harrrey (l%¡) and.nhita¡{Þr et at (lg+s)

a.æ quoted. as havlng obsenæcl cavitation in arri¡nals provoled. by e:ærcíso

without a char¡ge of externa.l presEur€.

Ni¡¡s and. Batema¡r assì.ûned. a model of bubbLes grorning f.n

a su¡nrsatu¡atecl' extravascr¡lar fl-uicL of tensÍon pæs.unably unifolør - aE¡

infezred. by ttre quarrtitatirre e:çr"ession that Íts resporup to alveolar
partíal p¡essu¡e Ís a siurpLe e:çoræntial, (eqr.raüion h).

Hornerær, Nims took ttre rate of aoatmr¡f.ation of t¡Þ
irert gas by the bubbls as¡-

Rate e surface area (ttssr:e ter¡sion - bubbre tension)

This simple Lirpar relationship Ís incongmor¡s v¡ith tlp
abor¡e model- j-n view of the absence of al¡r resísta¡¡ce s¡ncifÍc to tlp inte¡r-
face, as oríglnalþ expnessed. by rinvasíon coefficientsr (o.g. Krogþ¡ 1flga)
but now renct¡ered. obsoLete by a revision of absorption theory. It ís cu¡rent
practice to asstue canp3-ete equilibration at t*re phase bomilar¡r (ftrfAan,

194). lhÊ onl¡r resista¡ce to the growth of a bubbLe in a su¡nrsaturated.

solution can be affozdecl by the establishrÞnt of a conoentnation graclient
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Ín the lic1uid. extend.íng rad.iaLLy beyond. ttre interfac€ - ín v'¡hich case

ciiffusion in the fluid. is rate-controJ.ling. ShouJ.d. tt¡e latter 5-npose tJlre

appreciable ti¡ne lag irnl:lied by the lvhoLe approach, tlren extravascular

il.iffuslon must apply eo¡ralJ.y to the uptab of ínert gas from tlre bLood., in

r'¡hich case, a single erçonential, tern for each tissue t¡pe can no Longer

descrÍbe tlre latter process adequately.

' This objection ls circum'vented, to scrne extent, by

Batema¡¡ ïitrose v¡hoLe argr.urent seems to rest upon the asstut.rtion ttrat exba-

vs.scufar tissr:e mqy be negarded" as a fully-stÍrrecL fllxicL. Incorporating tlre

growth eguation dete:mir:ed. exlnrirnentally in vitro by Bateman arrd Lang (l%5)

for agi.tated. solutions of various g¿rses, he derived. the cor¡lition for

s¡zmptoms as:-

(r*o+Po+62-r) (r*.-"*J (t -t o-k't)
- f t"o**o-6r)r l >x

(p+¡o),rlT

expressing al-l ;cnessures in nrn.Hg wtrene PNo d P* are the nitrogen

partial pressures for t = O a¡rd t = æ nespectivelyr P is the absolute

plessure for -,;hich P = Po for t = O. k arr¿i kl a¡e consta¡rts. X = 650

taicing l¡+t as 'i;he depth for non-stop êecompzession of a cliver.

Since Bate¡na¡¡ and Larrg essentialþ reasrred- the overall

expalsi-on of decompresseðr solutions d.ilatqnetricallyr their growttr equation

must be a fr¡nction of nucleation in ad.èition to gas transfer across the

phase bound,ary. Iiorewer, the relatÍrre magrritudes of these effects cou1d.

be far &ifferent to t^t¡at in vivo.

Bate¡na¡rr s analysis of threshold. altitudes f or va¡ious

period.s of pre-oxygenatÍon is as good. as ttre very random scatter of

ex*oerilænt¿.I va}¡es perrnits. Hovuever, his attem¡rts to explein ttre sta¿¡ing

k
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of a d,irær b¡r his tlreor¡r crq¡I¡Leùe1y brtak down 1-en_ding to his ve:r¡r boneot

admigsion tt¡at his equations rhar¡e been painst"kir¡gly exauired. only to be

coutpleteþ clemoLished' by tlre final. demonstnatlon of fund.arental 5.nacÞguac¡i,

Batema¡r, concLuded. fron ana\rsis of hls apríaI results that, althougþ his
quantitatine expressj.on ma¡r not be tb ansrer, stabJe bubbl.es ca¡r be

f o¡med. r.¿ithout rpcessariþ prod.ucing s¡m¡rtcns.

In tl¡e writerr s op5.nion, one of tåe most seriot¡s

quantitative øissions by botl¡ Nins and. Bateren i.s tt¡eir faÍ}.¡re to cøpJ.ete

a t¡ra¡¡sÍent mass bala¡roe for ü¡e irprt gas in tissr¡e. lhus the phase

separation is, f.n effect, assræd. by bottr to have no inf}¡ence upon

desah¡ration via tlre capillaries. This cmission ca¡not be excr¡sed as of
negligible effect uihen oæ consíders Bohnbrs valr¿e (tg¿*¡") of 0.04 ZT c.c. N¿/

c.c. H-O atnos' fæ the solubillty of nltrogen in water. TÌæ fo:mation of2

a bubble of ttris i¡ert gas wou1d. requíre cmplob cùssaû¡ration of about /!
tlæs its vo}¡re of s.rrrounôLng fluid. at tÌ¡e sa¡ne tensÍon. 4 more recent

figrrre given by Itels (t ge+) is O.Ol 206 c.c. N¿le.c. aùnos. - equivalent to

8J tiæs its volræ of sr¡rror¡¡rding flrri.cl..

Nins adopts ut¡at is probabïf tt¡e most real.istíc parareter

of ar¡¡r theory by clote:minÍng the tlevelo¡rent of a (þfo¡øation pressuæ (d),

or t'l¡e cli.fferential between bubble cnd. Ìrydrostatic pl¡essu¡es 1:iieþ to
èistort nelsre errdÍngs and. give pain. tbe fr¡¡rdaæntal natr¡¡re of this
conoept is emphasizect by noür (1 959).

QuotS.ng ttre e:c¡nrience d l¡men anil Sar¡¡¡ders (æe

section 1+.12) r*ro for¡¡rd. a thresÌ¡olcl rechanicar pressure (dr) ror ir:ducing

pai'n iclentical. to bend.s by injecting br¡fferect isotorri-c Ringerr s solution,
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iriins proBo*s lùe follq¡L¡rg relationsbLp for clefintng tl¡e severity (1l)

of synrptøs asl-

If . K(d - dt) wt¡ere K Ls a oonsta¡¡t.

Nl¡i¡s then adnits his greatest assrrmption i¡r stati-ng

tt¡at tire rato at l'¿[ic]r ¡renrbers of a group develop s¡mptons Ís proportional

to lf, ex¡ressfng tùe nesuLt as¡-

# t**¡l = K(5 - P'N)

rùere F* is tù:e nitroçn tissue tension d P¡f Pr* for d = dr.

'Ih5,s aptrnars to be a step of Mattremati.caL ex¡nðiency

clesigrsd. to anir¡e at a fínal e:çnession in agreerent wit'l¡ that derir¡ecl

enpirica$r by La'wænce ancl HantLton (equation 2), Nirns quoting

PN ,k"
5; . \ç- - 1X exp(-tcrt) - uræ(#'r,t)) * þo*\t) erp(-t<,t)
ot I

uàê¡€ É' . h. oP/kn, O, a¡td. ka are empÍrical tj¡re cor¡sta¡rts and. yo =

oP/oPt'r¡heæ oP* 5.s defined. as ttre tissr¡e tension at ævo t:ilre.

In reLating the defor-nation pressure (d) to bubbLe

rensions ?i¡ , ICO , PO and. Fn gr absolute external pressure (B) u"¿
2Z

surface 'iension (1), iL'tns quotes

d="rO *PCO *PO *P'O-P-2T/r
2222

'itt¡ere r is t&¡e bubble railius.

Horever, in the final integratíon for the develo¡rent

of clefo¡mation pressr¡¡e nittr tl-æ, ttie sr¡rfaæ dj.renslons of ttre bubbLe

a.re assur¡Þd. constant anil tt¡e tna¡slent aation of t't¡e elastic pro¡nrtÍes

2 2
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of tire tissue is ienozed- lr{olposs¡, üre b':I_k {roðUlus is lntroduceå,

on\y af,ter integration.

'Ihe mathematics seem r¡n:¡eallstic Ln vi.eff of tl¡e

practical iact that a bubbLe ruust change rlinp¡sie¡s as Íts internal
pressure i¡lc¡¡eases rel¿tir¡e to tt¡e Ïqnlrostatic.

In conclusion to this review of ttre published theories,

it lras felt that ttre greatest critioism of most apgroaches lay in the

i-nterpretaticn of plausible moclels into quentitative terns, i.e. ín tt¡e

ap¡llication of mattrema'cics ratlrer than artr¡r shortco¡rings in the rnarrlpuJ.e.tíon

of ecluations.
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a[ImT.TI\tF! ôF tIt¡dI¡! ItDfaTErntn

-

2.1 IHE O&IECÎ

the object of tÀis research is tlre eluciclation of ttre preècmilrating

pþsical and. chemical procesEes i.nvolrrcd. in provoking marginal, s¡mptørs of

deccrpression sicls:ess. For an¡r aBprecÍ.able contribution to be nade ín thig

fielcL, it Ís f'elt that the enphasis ¡n¡st be quarrtltative, an¡r tgpothesis

derived. ræeèing to be basetl upon firndanental ptr¡rsical a¡¡d. pfursiologicaL

paraneters.

tTxe ultfuate product of tlre work sl¡ould. tt¡us tala tÌ¡e fotr of

mathematical expressions which cþtezmine nrhett¡er present techrriques are

optÍmaI and., if not, ttc decønpnession fo:mat to be foLl-ovecL to enabLe a

diner to be :saturræd. to the su¡face 5.n ttre strortest tfurc guaranteeing safety.

lhe a¡rproach envisagecl na¡r be arbitrarily clívitled. into tl¡e

following phases:-

1. Col.Lection of ttre vast mass of literatu¡e on decorpnession

sickness a¡rd. clerrclo¡ment of a tl¡erle for íts classification accorùir¡g to a

basic set of ¡ihenoæna uttrich rarige frm sqre si1pb quaJ.itative obserr¡ations

to uurSr sets of data nequiring exactíng matùematical. anal¡rsis.

2. Â critícal ¡¡er¡:lew of this naterÍal frør a quantitatirrc sta¡rd-

poínt. l[arr¡r papers seem to har¡e ùscneparrcies betueen the written concepts

and. tf¡e n¿thematicaL e:qx.ession of ttpse concepts. In too manJr cases,

natt¡enatical nanipulation worrld. seem to be tÌ¡e r¡¡¡fortr¡¡rate lfunitation to

sor¡¡¡d. ttreo¡etical reasoning.
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5. T¡e derívation of an l¡rpothesis, its cor¡elation witt¡ the

na¡¡r qua"IitatÍve facets of cùscønpressíon sicløess, a¡¿ its rígorous testÍng

using tþe large amount of data avaiLabLe upon practical cLivi¡¡g e:çnrience

recorcþd. in the literatr.¡¡e.

2.2 IBEI¿TMINÀRÏ C.AICItI¡dfIOlË

Ma¡¡r of the oriticisms of tl¡e exi-sting tÌreories stem frqn

restrictæd. matlre¡natical arralyses of ideas r*¡ich sor¡¡rd. plausibLe. Consegr.rentl},

prior to atr.empting to derrelop an inde¡nndent approachr the follovring

moèifications to published quantitatiræ e:çressions uere triecl:-
:

1. Âssr.rning an irÉinite spectrun of tissr.¡e hal-f-satr¡ration

tfures in tlre original Halcta¡e approach requines putting k = kr in equation

l+ for ttre worst case under ar{r conòitions vr?re¡re

<o
lGkf

Ttre :resr¡ltíng poner equation defines ttre enr¡eloPe cullrre to the ínùiviclt¡¿,l

tensi.on vs. ti¡ne relationstrips conventiona.lly plotted. for selected. half-

satr:ration tj¡res. , No improverent or¡er ttre Hald.ane method. cor¡ld. be detected..

2. Reyersion to the oríginal error fr¡nctlon cþri.r¡ed. but not used.

by Hempleman. Such functions a.re tabulate¿ (Jat¡nte et al, 1960) and. rped.

not be approxirnated' to {-q i.e.

(3nù *-, = o¡ ror rvhÍch ffi)

""u 
(zfr8)

Do-P

where P - P
o

fort(0a¡rd.P=P for t ) O as clerirrect later (Àp¡nnðix II).
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Tiuis has been used. to describe tl¡e tra¡¡sÍent tpnsion ùistri.bution

perpenùicular to ttre parallel face (z-ùinectÍon) of Hemplema¡r s t:Lssr¡e

slab v¡hich luis quantitatirre expnessions i¡nply is of infir¡ite ttricls¡ess.

Only sligbt improrrement in predlicting conðitions for non-sta.ge ùives vrlg¡e

obtaired..

3. ÙIoùification of the HerrpJ.enan approach to accor¡nt for fintte
slab tl¡icls¡ess (ZU) fras been effected., the resulting equation also enab}lng

tlre peak total gas tension (&t ) to æ detæ¡mir¡ed. frqn¡-

2(rP'- Po)

(P ( )
¡¡ êrf b -zr

2Dt
+ e# fÞå¿. \VDt /

for P = P^ for t < O anci P = P- for t ) O, wtre¡e ttre ¡nak tension isO--t
located" at, zt given byt-

/à\ = o, ror vårich fgfo\ < oV, ) *r, = o¡ for vå: 
\òzz /z=2,

Emor functions a.r.e defined. in.Àp¡nnd.ix II.
Hovrever, no ratio (>pÆ) of ttre peak tension (Ðpr ) to ttte absolute pressur€

(e)ror fixed. cLifferentid (Ðp' - P)rcot¡ld. be for¡nd. w?¡ich gave a¡Ðr cor:¡elation

for non-stage òives in an¡r way superior to ttrat afforded. by ttre Rashbass

equation (!). This moùification still retains tt¡e basic assrmption tÀat

all gas behaves the sare as tlne irert gas.

l+. Reversion to a radial d.iffusi.on model (section 5.5J¡) has

resulted. in similar fa-il-¿¡e to Írqprove corelatÍon upon ttre srryersatr¡ration

concept. Rad.ial peak tensions (þt) ."r. be derir¡ed. (section 5.9.l+) as¡-



49.

(&''æ.)
TP-:F;I

oo

s1-rr >
IlFl

(.r 
o 

(r t arr)ro (aÇ +o (r' crn)Jo (aç)erp(.alot)

(.lo("Ç/;, (wrr))"-r

where 1e\ . =o,rorwhich f +) (o,\f,"t", = or for whi< \ òra /ær,
and. the roots:9r, are defined. in equation VIII.

The abor¡e analyses proved. most tj¡re-consunulng a¡d. ttre rægative

ne sults d.i.sappointing.

2.3 T}IE VTT,AI, TSSTES

The failure to obtatn af{¡ oo¡nprehensir¡e correlatj.on of ùivir¡g

d.ata accorùing to dhe publlshed. ttreories, or t?re pneceùing moùifications

eliminating sqne of the mone obvious objections, i-nùlcates tJrat at least

ore fi¡nd.ar¡rental physical principl-e has been misapplied. or remains

unrecogrrised. Tl¡-is wou1d. ind:icate the need. for a thorougb sutr¡ey of the

margr facets of decompression siclqess a¡rd. related. p}¡rsiologicaJ. featunes.

Moneorrer, the foregoing rerrlew of publislred. approaches would.

indicate that the derj.vation of an¡r theory of decønpression sicløress,

capable of quarrtitative inte4:netation, must raise ttre folloruing issr.æsl-

SIm 1. The nr.mber of tissrre t¡pes j-nvoIved..

2. The site of s¡nnptcrn-provoki4g bubbles w:ithin a tissr¡e

tJæe, ê.g. intra- or extravascular, intra- or

extracellular etc.
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ïiru pirysieaj. srcharris¡ns oontro¡äng sopa¡att on crt'

the gas phaæ.

L pl¡ysíca.L rpcha¡risn for for:nfng gas cmbolÍ a¡rd. ttrel.r

mode of provolLng s¡¡mptorrs.

lho critLcal pararcþr best æl¡otccl for prcôtctlng tho

onset of suo!¡ s!{Btcrns o.g. tcnsLon¡ bubb:,c ra¿l,us ctc,

Ílt¡e drlvtrig forocs bchtr¡¿ thc tranaport of caeh gas

wltt¡tn thê bo{y.

îhe proocsg lLcttlng tl¡c ¡nnæabtHt¡r of ü.ssus to

eaoh gas l,¡c. ètffusLon or blood. Ip¡duclon or botl¡.

Transport f oil.ortng clcoøapncrg:Lon¡

tr\y lnflucnocs of oaplllrry ¡¡rd, ecllular geantr¡r, æ

the olpmlo&I oúIrosftlon of tÅc¡uÊ, 1n clrtcnrtntng ttrc

tranaport modtl¡

^ 
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fund.a¡ncnt¡l pararptcre of tlrc modlpl to tùro cxbrn¿l

conditlons.

Usê of, pnotloal d¿ta to dctcrrnd.ne oonltantr lnoe¡rabla

of, êfroot masu¡e¡opnt.

TRANTFCRT 6.
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UIE gI[E C¡F BITBBIES EROVOKtr{G MARCII{¡I¡ S]!ÍPrcMS

3.1 SUAr{TIT{rrVtì DECITIONS

5.11 9¡¡mptøratolo¡rv ar¡d pattrolo¡t\¡

Perhaps tl¡e most Êurprising feature ln undsrta.ldng a

quantltative approach to docompnessLon sl.cls¡eee fs the remarkably Ltn.ttoð

assistsr¡ce af,forded by the s¡mptmatologJr and. pattrolog¡ of tlrla s¡mdrmot

despite the excellence and. popuLartty of such stuèles. Eêhn¡€ (lg}l)

states tl¡at nttre mochanlsm by v*¡ich Lntrarrasoular a¡¡d, porslb\r cxtnavascular

bubbles prod.uce s¡mptøns fs ¡rct to be deter¡nl¡pôrr. In a wry oarefuLly

compÍLecl. sunmâry of tlæ etiology, Ferrls and Engcl (lgll) cnptrasizcd. thc

association of ber¡d.s w'ith thÊ loccunotor aysten, fndfoatlng t.lrat pain fs

essentially phystoal ín orl.gf.n. Ílhis ncchanloal d.tstortlon of tf.esua by

bubbles may lnduco trar¡r¡atic eff,ccts wl¡lch oaus€ acoond.uy va¡oular reaotlone

1n eltlrer contlguous or d.Lstal sftes, tÌ¡r¡s accou¡rttng for ths othÊr s¡nnptøue.

lhe pathologlcal, ap¡roachec havo bocn no¡t oønprohcnsfvely

revfeued. byHa¡gra.lcr (lggl), from wt¡tah rrvaet magc of ¡¡atcrÍalrr¡ ha actnits

that tnothlng real.Ly pcrtlnont to cctabLlshlng a modlcl or mohantsn oan bc

extracteêrl ,

Tlhtl.e thers le s€Idlæ an¡r doubt abor¡t thc oausc of doath a¡¡d.
serior¡s s¡mptoms, al¡r oonoLu¡Lon¡ cbavrn frqn ob¡en¡atlon¡ of rcBaratcd. ges
fn a¡¡i¡naLs ldlþd, subsoqucnt to clooanprcàsLon wpr¡ldl appcat to suffcr frcm
onE extre¡rp d.lgadrrantagg. lhl¡ ls ths uncorta.tnty ln knourlrg wtrloh bubblos
procluced. palnr a¡¡d. ln uhfch of thstr man¡r sitce, tùrcy oould. ¡norolo margtnal
e¡nnptøns under throchold aonôltl,ons'

Bubble glzc a¡rd, freqrnnay oor¡ld. bc far outrctgþô by ruch tL¡gr¡c

factors as elastlo noêuluc anô tltâ prcpondcranoo d rr!¡¡rs cnòtnga Ln tholr

aÞfJ.ity to prochrcc ol:l.nloal m¡ntfcrtatÅoru.
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1.12 Issues vital to a¡l¡¡ quantitative approach

t". tt*a *sentíal in deriving a quantitative theory

for deconpression siclsress would. seem to be tù¡e elucÍd.ation of the nr.uber

of tissue t¡pes, arg¡ one of v¡hich ca¡r be solely responsj.ble for producing

marginal s¡mptoms over a particular rar€e of practical e:çosr:¡e to pressure.

This fixes t'he nr¡nber of inäe¡nndent tine ard. pressu¡¡e fi¡nctÍons to be

consídered. when f ore casting lÍmiting safe ty cond.itions.

The next decision in ttre formulatíon of a matt¡ematicar.

model is whether bubbles prorroking marginal s¡rmptøns occur intra- or extra-

vascularly and., if the latter, their probable locatj-on relative to cell
bour¡d.aries. The w:ide diversity in ttre selection of bubbLe sites a¡rd. nnbr
of critical tissue t¡4ns acl.opted. in ttre publishecl. theories, (section 1.6),
provides ample evidence t'trat the solutions to tÌ¡ese issues are by no means

obvious. Hovuever, it Ís felt that a detailed. comparison of ttre marr¡r

qualitative biological facts a¡rd. opinions with tlre mor"e quantitatir¡e as¡ncts

may reduce tlre extent of strnculation.

5.2 EIE NIIIúEER AF TISSIIE nrpss INVoIJDüD

3.21 Autopsies

llhen decørpression sicls¡ess is tJ¡e cause of death,

autopsies seem to reveal bubbles in vessers a¡¡d. all except the highry

vascularised. tissues. Their presence in ttre pial- vessels of the spí¡a1

cord., medulla a¡rd cerebn¡m of iþacl ùivers, was recozded. as early as 1879 by

ræyden, I 900 by Heller et al a¡¡d 1 9o7 uy zograîiði. rnvolvement of tlre
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eentrsl ne:rn'oirs s;'s+æn yic'.¡lå appÐ tc þ the '¡nåcubþå eau:e cf aaa* - ee

strsvm by Ha¡¡nalet (lgSù whose ¡revíew includes a srenar¡r of tÌ¡e reports of

post rnortem examinatiorui upon 1 2 fatal cases of aeriaL decaupression.

t,22 Fubbleg in gacrifice<l a¡¡l¡rals

Gas bubbbs oan be general.þ seon 1n mogt of the Lcss

vascularised. regions of anLûrals sacrificecL just before or aftor cÞccrpæssion,

explosive rates having 'been for.¡¡rd, necessary to produce leeior¡s Ln cuch neLL-

¡nrfirsed. orga¡s as J.ungs, braln and, heart (tÉtchcock, 1951).

Gorsh et al (l%t 1745at 191ßa) have p:rescnÞd, tl¡c

si.tes of bubbles by fneeze-d¡ytng the carcasses of rats ar¡d. grrlrna pl.ge as

soon as possibJ.e after lcLLttng tÌæm upon ¡¡etr:rn to a¡rbl,ent pæssrrre. llhey

haw demonstrated. the presenco of gas in aqr¡Êor¡s tiesue, but h¿r¡e f,ound a

prepondera¡ce of bubbLes fn fat. Hill a¡ô Grcenvrood. (tflO) have dtsarfbod.

the appeara¡¡ce of such llpl,cL roglons as rla f,oamf,. Gcrgh et el (19tù) f,ound.

a narlcd. incnease tn bubbl¡ prcBondcrance in fatter a¡¡lr¡als a¡rd. deoreåre l,n

tt¡e suryival rate of tlp fattpr grrlæa pigs follor1ng clcoønpretgion. lhle
supports sl¡¡l.Lar f,lnd.tnga fn goata reportccl by Bo¡rcott et aI (t gOga).

Horovor, app\ylng tlrrÊ tb¡t to cbomprcsscô cats, tfanruy (f øf U¡ ncportr

no slgnifLearúoonrel.atlon of bnbbLo appcarå,noc rlth body uufgþt, rcx, totaL

f,at or thc 3.:l,pid content of ¡rrttorual, c'¡cntal, pogrtltcaL or cuboutansor¡s

reglona.

Gcrch (l*SU) rcBortccl bubb],es 1n borp marron foJ.Iow1ng

s€vene decompressJ.on, coroboratlng nrch ea¡Iler obscr,rratfonr by [h!¡nan (l Agg)

of borp rpcrosLg ln o¿tscon worlcr¡ whosc hlgþ lncfdpnoc of ol¡ro¡¡1o a¡tÌ¡rLtr¡s

ha¡ bccn attrlbutodt to rc¡natccl embollo tnJrlry (Bornltcln a¡ld, Platc, 1941).
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lf,ter decøpnessing excised. rat tissue to l1O m.Hg , Harvey(t 951a), has

obser¡¡ed. bubbles in cor¡rpctlve tissue, d.orsal aorta, sciatic newe, brain,

Liver a¡rd. 1n all other tÍssues examired. rrith t¡re ínportarrt exception of

muscLe. Thís comoborates tt¡e earü.er :neports of Boycott et al. (t æga)

rvt¡o could. fincl no evidence for tl¡eir p¡!€sence in sþl.eta1 muscLe, althougþ

Bert (1gl+¡) fra¿ prevÍousLy obsenred. tl¡em 1n interruscular fascia.

Gersh et al- (19È) could. find. no s5.gnifíca¡t change in

muscle, J.iver, nerrrc, or bIood. frqu the heart vthen trying to detect gas by

iùensity variatÍon. SÍmultareous cicrosco¡ric examínation :rerrcaLed. no bubbLes

in these tissues aBart frqn a few in f,sør¡g large accrnnuLation of fat cel-Ls

i.n a fascial pIanetr of muscle. Houever, a marlecL density cha¡¡ge was obsenreè

Ín tend.on - a¡r effect vlhi.ch Gersh a¡rd co-worlers ¡¡elated. to the lipÍcl content

dtrich was for¡r¡d to vary frøt ).(o for Lea¡r to an average of 13.1/o for fat

guinea pigs. In a later articl-erGersh (f g4¡t) described. fíncting gas

bubbles prcurirrently ilispJ.ayed. in tlre long terrd.on rear tÌ¡e a¡lkLe joint.

Gersh (19¿r.6b) for¡nd. that tl¡ose occurnlng in fat a¡¡ð connective tissr¡e rere

inctistinguishable ut¡en he attemptecl to locate bubbLes in clecøp¡essed.

guirea pigs by X-rays¡

lÍhiLe man¡r more :¡eferences could. be quoted. in support of

tt¡e abqve tnend.s, s¡ncial attention has been paict to tl¡e work of Gersh a¡rd.

co-worlers nhose practícal techni.qtre tend.s to tÞ1ay tlre foruation of bubbles

by putrefaction. This u¡rcertainty can¡¡ot be overloolcd. in view of the rapld.

rise in tt¡e CO concent'ratíon of tissr¡e after deattr - as demonstratecL Ín
2

frogs by Blinks et aI (lgn), and. in rats byHanis et aI (t9¿+5a).
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3.21 FhvsioloøipaL eti¡4Lnatien

Several physioJ.ogtcal featr.¡¡es can be füvolæd to reduce

the fonegoing list of a¡¡atqnical, sltes of obsen¡ed. bubbl,ss to t}¡oge wt¡c¡re

rnarginal. s¡mptoms malr be lnitiated..

0onsl.derfng depot fat, Behnle ( g¡t) dsscrlboit the Í.nprore-

ment ín deconp:ression Limltations upon chalging frcrr rrltrogen to heLirn, for
long dives, as far l,Êss ttran wor¡Ici be srrggested. by tt¡e corr¡espond.tng 5¡l
:r¡duction ín Iipíd. solublllty. [lr€ data ¡¡ecorded by Dr¡ffrpr et al (lg¡g)
indlcated. that tt¡e ninimr¡n clepths for contracting s¡mptøns ars of the ozder

of 33t for air to 42r for bneatl¡lng æ/o lle + 2úl o". IÍhllÉ nrat¡ attentfon
has been paid' to muscle, despite the nepeated. fatlr¡¡eg to dcteot bubbl¡s dn

suah areas, anottrer reason for dLEcor¡nting such tLssl¡c ls proviclcd, by

lThiteþ a¡¡cl Mctl¡oy (t gl+6). they have shorvr¡ tt¡at musoLc dcsaturates vrl.tl¡

exercíse d.uring pæ-o¡rygenation far faster tlran tÌ¡c ratc of, protcotd.on

aga-inst aerlal s¡znptørs wou1d. auggost.

the rer¡atrdng tlse,o t¡4ns a¡c t!¡us tend.on, cæ¡potd,rls

tLsetlc and. intemuscular fascÍa, alL recu¡rfng ln rcasonab\r olosc pro:6.nLty

to each ot'l¡Er at va¡Íotæ Parts of tl¡Ê bod¡r assoolatcil wltl¡ tt¡o looqnotor

system.

Iend.on has a strueture of oolLagcn flbrflg r,rûroae hlgþ
eLastlc moctuLi wouLd, give the gneatest looal pnrssu¡o cllffcrcntial for thp

saÍn quantlty of separateô gas, a¡td rvt¡oee gtn¡otr¡¡E wouLd. porntt mq¡eænt oÉ.

suoÏ¡ entra.tned, gas under ncohanfcal stimu,lus. thls coulô apoor¡nt for ths

conmon ex¡nrience that bend,s paln oan often be tra¡¡sferrod. to ¿¡1 arqJ¿oênt

sfte by massagc (futra et alr. 1*r),
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â.J.thougþ prov'idiqg a stror¡g inðication, tlre above

d.iscussíon d.oes not positively icùentify ar\lr or¡e partícular tissue t¡rpe

as responsible for marginal s¡mptoms.

3.24 Sel-ection of sinsle tissue corrceot

lilhile Rashbass QSSSù has given ttre theoretical basis

for a diving ex¡rrínrent to d.istinguish betneen a single a¡rd multi-tlssr¡e

ttreory, Íts e:æcution upon goats by Heupleroan (tffi) prorred. inooncl¡¡sir¡e.

Detdikd. discussion of their findilgs is seriousþ cr:rtaiJ.ed. by øríssíon of

the vital. graphsr but failure to neach a decision utr¡on this most d.iffícuIt

lssue seems to sêm from the uncertatnty tn t<rrcming the best natt¡ematical

expnession to descríbe the response of al¡r sir¡g1e tissue.

The uriter talcs the rrlew that vfueræver one tissr:e

su¡nrsedes a¡rother as ttre closest to its res¡nctive threst¡olcl for provokirrg

narginal s¡rmptoms, tl¡e:re st¡ould. be a discontÍnuit¡r ín the pararreters

defining safe decønp:rcssion ümits. Sínce each tissue r¡n¡st har¡e its ovrn

t5-æ response to be effectiveJ.y different frør tt¡e ottrers, a charrge d tt¡e

one most critical mr¡st result in a tra¡sj.tion point i¡ the plot of ex¡nrirrent¿llü

ctetermirecl conôitions for nrini¡m¡m safety. Selectiqg pr¡essuræ and. ti¡e as tt¡e

two pararreters most sensitir¡e in deterrnining prorinity to narginal s¡rnptcros,

no discontinuíty could be detecteil ín the plot of tt¡e 1r'pits of clepth versus

exposure tire for safe non-stage decønpnessions. Such plots investigated.

incLr¡de the diving data recordeil by Van der Aue (t 951 ) and Albano (1 960) for

air, arrd. by Duffrær et aI (lgSù for He/Q^ rrixtu¡res.'2
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In tù¡e qppa¡ent absenoe of anlr mo¡ne convinclng

evicÙence to tt¡e contraryr t't¡e Trrlter has ttÊrefore clecícþct to actopt the

concept of attributing narginal s¡mptø¡s to tlre bubbles present ín c[r¡E

tissr:e t¡rpe onþ. Horter¡er, tùÊ uLtLnate assessupnt of tlre v^LrcËty oú.

this decision ca¡¡ on\r be obtairæct frø t}re correlatd.on attairpcl in tbe

final anal¡rsts of practd.cal cl¿ta upon sr.rh a basis.

3.3 II{ìlIR.A-vs. EKRAV¿ASCIJIÁR SIES

3.lI GeæraL ¡¡evlew of o'pinions

Ehe rÞxt step in devising a ¡¡eaListic maürenatÍca1

nodeL is tltÊ cÞte¡mination of tlre síte of the separatetl gas provoking

nargÍnal. s¡mptøs. 1læ clinÍcal significa¡¡ce of such a fincling is crel1 ex-
pnessed' by Behn}e G g¡f ) v*ro states tl¡at rthe natter of bubble location l,,b d:
the greatest importa¡rce sÍnce, if bubbles fo¡m extravascularly in renrot¡s

tisstæ, arSr deconpression hold.s the probabiJ.ity of s€rious conseqr.Þrrcest.

Itre first question to be a¡¡sr¡eæd would. seem to be

wt¡ether such potentia-l]ð¡ d.ar¡geror.rs bubbLes originate within the car&isvascuf.ar

system. Divlng a¡¡d aerættical auttrorities seem to be rougr\y even\r diuide¿

upon this issue, to wt¡j-ch the s¡mptmatologr offers no i-æd.iate solution.

Ihus tr'erris a¡rd. Engel (l gn), describir¡g ttre ctevelo¡nent of bend.s frq¡ thelr
oonsiderabLe e:c¡nrience, state ttrat ipain begins in ¡nriarticuLar tÍssqes,

graclua$r raèiating ar¡rl extenrl.ing êistal]y aloru thc s]¡aft of a boræ,

geæraI\r it aptrnars to forlovr reither ¡æ¡Íes nor arbriesr. Horrrrer,

obsenring 16t293 e¡$)osr¡¡ea of 61566 æn to an altitucle of S5roool
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Stervart et al (l%Ð clai¡n to har¡e for¡¡rd. sore evidence for pain follonnÍ.ng

a particular vascularity in certain insta¡¡ces.

Mar¡r ex¡nri¡nents harre been devised. to try to settle the

g'.æstion by exanining the circulating bLood. of decmpressecl líving arrirnal.s

using such techniqr.æs as tlre lucite calvaria, as described" by Sheld.on a¡¡cl. h¡denz

(t 9/+), f or observing ttre cerebral blood. r¡essels of decmpnessed monleys.

3.32 Círculation in decomp¡essed. ani¡nals

The first bubble obserr¡ed in a living an:imal was

probably ttrat seen in ttre eJte of, a viper decompnessed. by Robert BoyLe

in 1610, usirrg his nev,rly-invented. vacu¡¡¡tr punp.

Soon af,ter tt¡e ¡¡ealization of cleccurpression sicktess,

Hop¡n-Seyler (1857) recordecl ttrat bubbles ,¡,ere more counonly, a¡rd soreti-res

exclusir¡ely, seen in rreins rattrer t't¡a¡r arteries. Bert (1 94Ð, nalcirrg

similar obserwations upon anirnals, attributed. tttis to tlre lorver hyclrostatíc

pressur€ of r¡enous blood.. More recently tlhitely a¡d. Md1roy (19a6) have again

demonstrated. t&¡at bubbLes a.ne most abr¡nd.a¡rt i-n veins - especlally ttrose frcrr

muscle. A gneater prrepondera¡¡ce in vessels drainir.g muscle riere tlre sites

frm rr?rich Bllnks et aI (llSt):¡ecozded. the sudden appearance of bubbles,

after a va¡íab1e inðuctíon ¡nriod., follourång the decop:ression of rats or

rabbits to a pressr.¡:¡e si¡m¡J"ating a¡l altih¡cle of lOrOOOr.

Behr¡lc et al (lWfA), describing ttre e'vents succeeèlng

the rapid. decmp:ression of d.ogs from 60 p.s.i.¡ have first noted. bubbLes

circulating rapid.ly ttrrougþ cuta¡cous arteríes a¡¡d veinsr and gaduaLl¡r

increasirrg ln size with eÍEuLta¡eous sLowing of tl¡e airculatj.on untiL it

eventuaLly stops. A si¡¡iIar moveænt of bubbLes has been notett in tlre pÍal.



60.

bLood. nessels of cats byflagrnr (194), rûtile bubbLes 1n tt¡e vena cava of

4 out of 11 of tÌ¡em decørpressed. to 110 m.Hg Ín tl¡e a¡¡aest¡¡etised. stat€

arre necorded byHarvey (t95tU). The Latter author neported. tt¡e occasLonal

occt¡rrence of bubb,les Ln tl¡e hunor.¡r of tle eJ¡e, oerebrospinal fluid afrd

amniotio flu1¿t of restir¡g, deep\r-narcotised. rats, cats a¡¡cl clogs returnecl

to a¡r¡bÍent pressrrre fron lOJ p.s.1. (g.rg").

The initial ap¡rara¡¡ce of bubbLes ín ttre neins drøining

tissues associatecl lritt¡ ttre loconotor system wot¡ld. seem sígnifíca¡rt j.n víew

of tl¡eir greatly increased. prevalenae a¡rd. ¡¡eðuced. ti.æ of appea¡a¡rco w:ith

e:¡ercise. This has been well demonstrated. by tlre co¡ælation of íntravascr¡f.ar

bubbLe appearance j.n bu1I frogs a¡rd. rats with the extent of rt¡gcuLa¡ activity

- as índuced. by +he 2-6 volt eLectrodes used. by Tlhitalct et al (t :I+5).

Alttrougþ bubbles harrc been freqr.rent\r obsen/ed. in tt¡e

vascular system this d.æs not settLe the qr.nstion d ttpir orÍgin. If
their çræsis occurzed. extravascularly, lesions in tlp nessel walls st¡oul.d'

be :¡evea"lecl r¡¡rder ca¡eful microscopic exarrir¡ation of tlp cLead. tissr¡e.

3.33 PatholosicaL Evidence

the autopsies of d.ivers in vÈrich decøpression sick¡¡ess

was tÌ¡e cause of cþath usually nevt¡aI bubbles pæsent both extra-a¡rd. intra-
'vascularþ (Hiu, 1112). such bubbLes i.n blood., forJ.oming ciroulatory t

co3.J.apse, har¡e been attributecl by Rmano et aI (t *¡) to stagnatlon, t¡eir
presence in pripheral nessels being a secondary or late nanifestation d
decørpression síclme ss.
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Exaninations of sacrificecL arri¡nals have tended to slrow

si-miLar firrclings for deccnpressions wltÏ¡ less sever€ consegt¡gnces. Sir¡ce

the early demonstrations of bubbles by Hoppe-Sey]er çAn) and Bert, ttre

greater ease of observíng intravascular bubbles, particularþ in livíng

anirnals, has tencùed. to favor¡r such sitps. The term traeroembolis¡nr was

tlrus introttr¡cecl by Amstrong (1 %9) to indicatæ ttrat tt¡e origin of higþ

altih¡dle s¡mptoms is t,l¡Ê occlusion of bLooct r¡essels by bubbLe emboll.

Hís obse¡vatíons have ¡rorrcaled no ctra¡rgp in rabbits but nany brrbbles on

both sides of ttre capillar¡r waLls of sacrificed goats. Sinitar fincl.ings

in guiræa pi.gs uer.e clescríbed by Gersh and. Catchpob (1 95t ) for decønpression

frøn posiii* g"oç prêssrlr€sr

B1Ínls et aJ. ('lgSl), dissecting eLectrocuted rats whose

caroa.sses had. been subjectecl to a simulated altitucþ of !0r000r for 10 míns.,

four¡d. that 4 uere free of vascuLar bubbles. These ue¡e for¡¡¡d. in on\r the

venous system of tlp remaÍníng 6 out of 10 a¡rÍmals resting befo¡re death.

Violent1y exercisirrg 12 rats before electrocution, tlrey found. only oræ to

be f¡ee vÈrÍLe tt¡e other 11 had. bubbLes in arteries, veins and. heart - often

profuse. Such findiqgs a¡e somewt¡at contrar¡l to Harveyrs fai}¡re (t95ta) to

cþtæct bubbLes Ín the vascular systems of 8 cats deccrrpressed frc¡r¡ 6-8 to

l-J ¿tnosphe:res.

Bo¡rcott et al (t gOg") concluded. ttrat a"reas of rpcrosis

in tt¡e spinal cord læ:¡e caused. by extravascular bubbles originating frør

tlre :release of excess lipid-solubJ.e gas.

Rerærting to t'tre qtrestion of vuhether t'he gercsis of

intnavascular bubbles is extravascular, autopsies of cþacl rats ¡nrfornpd.

by Blínks et aI (tgSl) har¡e ind,icated t'Ïrat they originate in ap¡nndages
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on rrcsseL waLls. Hotever, pulnonary haemorhage has been neported by Gersh

anct Catohpok (t 9t ) as occwring irreguJ.arly rruittr decorrpressj.on j¡¡ rabbíts
but regularly in ott¡er a¡¡j-mals - partÍcularJ.y wíth e:çlosive decørpnession
(n 

"eet al, 1943, a¡¡d.Smitl¡,1g+2). This supports the vÍewofleyden eglg)
vutro posttrlated ttrert e:çand.lng extnavascular bubbLes may cause vascular
congestion resultÍng in haemorrhage. This has been actr:all-y obsenrccL by
chase Q g*) a¡rd' h¡¡een a¡rd Devi¡æ Q gf). The haemorrhage a¡rcl vascul,ar
rlistention freqrrently associatæd. with extravascuLar gas, has been æported.

by Gersh and Ca'tchpob (t 9t ) ïÈ¡o mention tù¡e aLternatÍve expJ.a'atlon û¡at
Íntravascular bubbles may be responsible for the ruptr.re of bLood. vessels.

t.fu OripÉn of bubbLes

The theory of bubbl-es of extravascular origín ap¡naring
in intravascuLar sítes by tlre laceration of cell walls is certainly consistetrt
v¡it'h tlreir decreaseô tÍrrÞ of appeara¡¡ce w:ith e:cercise as recorded. by Hanrcy

Qgnb), Harris et at. Q%5) a¡ril BLinks et ar egn). More conct-usir¡e

support for this there Ís ¡rovidecl. by the considerable íncæase in rapictity of
observing bubbles rvt¡ere tissue is J-ilcly to have sr¡fferecl rnechanical damoæ.

The latter h4s incluiþcl applyång a tourniquet (Bunks et aJ-¡ 19il) or fneezi'g
orre leg of a frog (¡""e et al, ,t%5), cnrshing the J.egs of cats (ucElroy et
ú-, 19¿4a) 

"¡rd 
forcibLy stretchir¡g, pound.ing or vigorousry jerkir¡g a catrs

hindJeg (ttar-vey, I grlb).

Mone sigrrificant tha¡ argr evidence described. hi.tl¡erto
would seem to be the erperÍment conductect by Behrrl,æ a¡rd. shaw k gZ7).

Decornpressing from 6O p.s.f. (gr,tg") they found. tlrat d.ogs rrere nea$r
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sick, ôispJ.aying rapict shalLow breathlng and haLtlrrg circulation, by the

ti.æ that bubblss rÊre seen novlng ttrrough cuta¡æous arteries a¡¡d teíns'

Ttrus it woulct appear ttrat s¡mptms becæ ma¡¡lfest Long before ttre bubbles

attai¡r sufficient size to nrptrrne rrcssel walIs. Moreover, Bebr¡þ(f %5a)

descrlbes nr.rerous¡ ex¡nri.rents in nù¡ich quar¡titíes of aj.r ha¡¡e been

íntravenously introducecl j.nto tLogs wittrout a¡{r ÍLl effects - showing that

bubbLes ca¡r exist in t'he blood. strean wíthout causÍng s¡mptcrns.

3.35 Selection of extravascular sÍte

UhÍl€ the foregoing èiscussion woulcL ter¡d to favor¡r

bubbles originatirÌg in extnavascular tissr¡e, nore conclusive proof Ís

provÍdect by ttre foJ.loming points listed. by Ferrls arld Engel (t 9¡t ).

l. Cases wittr narginal symptqns of deccmpressíon siclsrss show no signs

of, locaL cyanosis, pal3.or, or tem¡nratu¡e charrge suggestive otr

defective bI,ood. supply resulting frø tt¡e occlusíon of rressels by

bubbLes.

2. Ber¡d.s are qrrtte unlll€ anoric paJ.n utrich ís most acute during

l|eCOVefy.

3. the s¡ørptons producecL by injecting sufficient ¿ir into veins a¡e

very d.ifferent to those of deccmpression siclssss.

4. X-ray stuèies :¡eneaL tioat gas seldcm foll,ows a vascular clistribution.

5. T-ocal- reconpressíon of a bend.s a¡ea wÍlL lelieve pain - enen at

pressur€s higþ eno'ugh to occlude bLood' f1ow.
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6- Pain ca¡r ¡e-occr¡r Ín tl¡e saæ site up to Þ6 t¡qurs after æcsrpression,

ind.icating 'bhat bubbles har¡e not been snept away by the cinculation
itespite tl¡efr reduced. size.

The latter woulcl appear to be the most conclusir¡e piece

of evidence consideri¡rg tt¡e obsenrations of Chase (l g?+) vrfto fo¡¡¡rd. tf¡at
bubbles rnære on\r abLe to ¡nnetrate beyoncl tlre arterioles of greater <1iareter.

å' decision being æcessa:ry at tl¡is junctr.rre, tt¡e writer consíders that tl¡e
evidence ir¡d'icates tÌrat phase separatÍon d.oes not originate in tÌ¡e carèio-
vascular system.

the single-tissr.c mathematical moder ttrus progæsses

to orp irr r¡it¡ich tt¡e br¡bbLes provoklng narginal s¡mptans a¡e located, in
extravascular sites.
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MEOEAN$ff qF IEIÍ8I¡OPINC SU[PfilF

I+.1 @- ¡{ARGINå¡ COI{DITTOTI

4.11 General

;* thís work is a',æc. at provlding a more ¡¡ealístio
quantitative definitÍon of concLitior¡s for urarginal s¡mptoms, it would. appear

tÙesirable to elucid.ate this critical state in mo¡re deteåI before ètscussing

t'tre possibJ.e plSrsícal recha¡¡is¡¡s Ínvolved..

The cLata quoted. in section 1.ã iLrustrate tùe or¡e¡n¡¡helning

pred'ominance of bend.s as tlre major clínical. nanifestation of decompression

sic]ress. While much attention has been paid. to the etiology of ott¡er

s¡øtptons, it would. seem reasonable to presune ttrat ttre cnitical state, or

titration point of ùives, coincides wittr tl¡e tù:¡estrold. for pain.

4.12 Pkrvsical ínterp¡retation of pai.n

The:re would. seem to be r¡na¡linous agreenent in tt¡e

literah:re t'trat t'he pain associated. with decorrpressÍon siclæss, a¡rd. indeecL

many other s¡mdrcnres, originates frqn ttre benùing or sone ottrer ðistortion oû

nerve end,ings. llhettrer such physical defo¡mation occurs or not, tl¡ere seems

littl.e d.oubt that pain Ís closeJ.y associaÞd. r¡rith tt¡e'estabLishrent of Local

stæss vÈrater¡er æcha¡ricaI fo:r¡ it na¡r ta.læ. Such st¡¡ess would. be c:¡eated.

by formation of arr extra¡¡ascular embolism ntrose pressu¡e diffe¡rential

reLatir¡e to tùe s¡¡mou¡rd:ing tissue, worId. prwide ttre motive force for
clefo¡mationr and vftich wot¡Ld. be retairpè by æmbra¡res prærrcnting its

ðissipation by gas expanùing Ínto ttre cardior¡ascuLar system. The latter is
ccmpatibl.e rvittr d.ata quoted. in section 3.34 strorruing ttrat appneciable
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quantÍties of intravenous bubbLes did. not provole sSmptæs. The possible

e:rpansion of extraceLluLar bubbles by pnessure tra¡snission througþ ttre

L¡mphatic system is discussed. Later.

The botl¡r ca¡r sta¡rd. a very wide range of exte¡na.l

pressure provld.íng tlre lryclraulíc fluid.s ca¡r reach aLl. sufaces includtng

tl¡e miclclle ear and sÍnal cav:ltá.es, Behr¡læ (f g¡f ) statiag trcenebrospinal'

f1uid. arul blood. pressures not changing by as rn¡cl¡ as I rnn. Hgrr in vary:ing

frqn a¡r externaL sSO ft. sowogo to a¡r equívaLent altiü¡de of lOr0OO f,t. On

tt¡e otlrer hand., a v€ry snaLL ùlfferential. pressu.re can cause excnrøiatírrg

pain. Such pain has been incluced by lrman (19/.) a¡rd. Sar¡¡¡ders (t gl+,3) w¿ttr as

litttLe as J! cm. (w.g.) trarrs¡ttitted. by isotonic RS.ngerrs solution vía a fire

tSrpodermic ¡æed.le. In t tåghtr tissr¡es t'hey have Just invobd. pain by

appLying d.iffe¡entÍaL pressures as lor'¡ as 1! cms. (*.g.) ir:nespectir¡e of tl¡e

fJ.ow requi¡¡ed to maintai¡r those d.ifferentials.

4.13 Critícal paraneter

Tfhi.l€ most of tJre published. theo:retícaL approaches

circrmvent such basic issues, tlre foregoing èíscrrssion i¡¡ôicates tt¡at the

most ¡relevant parameter Ín clete¡rrlining ttre proximity to paln is tbe ùiffe:r-

en6.a1 pressure (d) of the embolls¡n relative to tlre"st¡mor¡¡rùing tissue.

S¡rnptwrs shouLcl ttrus occur when d exceed.s a th¡"estroLct va-h¡e (dt ),

i.e. Bends íf d > dr (r)

rerrcrtfng to Rqra¡¡ næraLs to iltstinguistr equations derir¡ed. as

intêr¡reðiates to tt¡e final quantitatirrc e:çæssion of t'he h¡pothesis

develo¡nd. in ttris Project.
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À.14 P¿.essu¡e d.ifTelrentiaL an¿L tlssue qÞcha¡,iË

fhe establislunent of a pnessr¡¡re diffe¡¡entiaL must be

influenced. by arSr læchantcaL ÍnteractÍon bet'¡,een the emboLisn ar¡ct the

su:rou¡¡d.ing material. This mutr¡al adjustnent is appa¡ently igno:red. by al,l

except Nims (1951) wtro states ttrat türe 5-mportance of tÌ¡e elastic pro¡nrtÍes

of tÌ¡e tissues to decanp:nessj.on si.cls¡ess ca¡not be orrer-emphasizedt, a

scnaLler bubble in a I tightt tissr¡e being capabLe of invokir¡g tt¡e saæ pain

as a larggr br¡bble ín a rlooser tiss¡¡e.

While, in fulI agreenent w:ittr ttris staterent, t¡¡e
writer d.isagnees ìiì¿tth tire subseguent develo¡xnent of tt¡e tùere ailvanced. by

Ni¡ns for ttre reasons stated, in section 1.67.

4.15 Quantitatir¡e derrelorcnt

If v is the voLure of tl¡e embolism fo¡rred. in a mÍcro

tissr¡e region of volr¡rp V, ttren from tt¡e definition of bulk moaulus (K),

¡Kvv = .r'
If K r=fers to ttre critical tissue tJæe, cqnbinatíon

with equation I ir¡d.icates that pain stroulcl occur iJ3-

&',1rv__ (rr)

$inæ K dec¡¡eases witt¡ ease of cþfo¡mation the

critical value of v must incnease, eguatlon II tJrus prouid.ing a qr.rarrtitatir¡e

re-iteration of the above statement oøparing ttre susceptibility of I tightl

ard. l looset tissr¡es.
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. Before proceeding firrtler, it woulcl seem wise to test the

feasibílity of this approach nurrericali.y. fhe crÍtical va}æ of v¡\[ ís

cþrivett frw¡ ùLve anal.yses 1n sectÍon 8.6J as v/\ = F. = O,OO525 for ttre

most susceptible j.nd.j.vlduals. Horever, In¡ran and. Saunders quote a rarrge of

10-15 nn. Itrg for ttre mfrrimr¡r¡ pressure diffe:¡entíal. requi¡¡ed. to induce pain

1n va¡lous ir¡ðlvlduals by tlrefr fLuid iqjection ætl¡ocl (section \.tZ). For

ttre most susceptibLe Índ.Íviduals, tl¡is corr.esponds to ô c 1.33 x lOe

d¡næ cn-z.

ller¡ce ectruation l[ gives t]¡ê bulk modulus asr-

g=6t/Fo = 2.53 x lú qlnn cm- 2.

Si¡¡ce tissue in ümbs ís essentially urrbounded. by

rigict sr¡rfac€st- K o ll/5

vútene M is the elastic (Torr¡gr s) modulus.

Hence for ttre vrealcst incltv:iðuals, Ii nr 7.6 x tO6 a¡nes

Va-lues of el,astlc modulí for tissues seem to be 'very

scarce, but Àbbot ancl Iowy (rg¡g) quote a range ot 3.5 x 106 - I x 10ó

ct¡zæs cr-z, for s¡ooth muscLe. Since higþr moduli :imply greater susceptibility

it is regardecL as most significant that, frou¡ d.ata derir¡ecl from tåe realæst

dåv€rs, equation II sl¡ouJ.d. preèict a value of M v¡ithin f/o of the upper rimit

of tlre ex¡nr5-rentaL range. However, the practical values refer to smoottr

mr¡scle ar¡d. ¡reed. not colncÍde w1th those for t}¡e critical tissue t¡pe.

ûhil.e tlre abor¡e calculations ca¡rtot be offered. as

guantitative proof of equation II, tbey ilJ-ustrate that tl¡e approach ís

feasible nurcrical.lY.

2
acm
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)+"16 Variatlon in modulus

t"" -ce"-ai.-" in hrovring ntrich is ttle cri.ticaL tissrp

t¡En rencÞrs it very d.ifficuLt to obt¿i.n ar¡1r praetícaL correLation betl¡een

ber¡d.s incidence a¡rd. criticaL tissr.¡e modulus. Holæver, the¡re ís a¡r índ.irect

ræa¡rs ''¡vhich obviates the reed. for positive Ícþntifi.cat.ion.

HalLock a¡rd. Benso" (l glù¡ ancJ. ser¡eral later grqups,

har¡e for¡r¡<l a marled. increase in tt¡e Tor:r¡gt s modulus of the hunan aorta with

advancing age. The results of ttris would. inrlicate a r.oughly J.irear r¡elation-

ship for st¡esses of t!¡e order of 1!rur. Hg consistent vnith pain (section

4.15). If tt¡e same orrerall effect occurs eLseÌvhere in the body, ttren equatíon

II would. predict incr"easing susceptibÍIity to decompressíon siclsess w:lttr

advarrcirrg age - a relationship '¡ùrich wou1d. be lir¡ea¡ i^f the Last-quoted. cLata

are paralLeledl. in tl¡e critical tissue t¡6re.

Such a predlictíon ís ín d.irect agreement w:ith the practical

daia o¡roted. in sectíon 1 .J2. Moreoner, Grayt s 1irÞar r.elationstrip betvleen

ber¡d.s i.ncidence and. age v¡ou1d. tend. to cor:fi¡m the òirect proportíonality

betrnæen d¡ anit K vÈrich fo¡ms the basis of equation II.

The latter expression v¡ouId. thus seem to represent a

forrn for erçressing the threshold. of pain vrhich is both d.i¡ensional.ly and.

nu¡rericalþ feasible.

ilhile smaLl d.i.ffer.ences i.n tt¡e næchanical pro¡rrties of

tlreir critical tj.ssue t¡pes can account for the differential susceptibility

of othernrise identical ind.Ívidua-1s, eguation II indicates that one of tlle

major variables in deterrninir¡g proxirnÍty to pain is the volwuc of tl¡e

embolism.
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4.17 Formation of ttre emboli$r

Befone atténpting to erç:ress v in te¡rns of neasr¡rabLe

paraneters, it v¡ouLd. seem esse¡rtial to dete¡nrire the preclomÍnatíng recha¡ris¡ns

for Lts derrelo¡xnent. These may be argr of the physical processes r¡nderl¡ríng

tt¡e for¡r possible stages of formaùion of a¡r embolísr¡ at a point in the

critlcal tissr¡e during decompression or at any subsequent tirrÉ. Posþonir¡g

èissussion of tlre second.ary secular effects of gas transport in solut:ion,

such stages mey Ínclude:-

4" SaturetLon, ttre lgrdrostatic pressur€ beir¡g loruered. r¡ntiL it reactres

the total tensj.on of aLL volatil.e substa.nces pnesent at ttre poínt

considered..

B. Su¡nrsatr.ration, by furttrer decørpression beyond. this equillbnir.u¡ state,

until nucleation cond.Ítions¡ are reached. arrd. phase separation is

initiated..

C. lransf,er of voLatile substa¡rces in excess of saturation frqn solution

into the gas phase.

D. Coalescence, or congnegatÍon, of tkÍe ernerging gas vrith ttrat separating

at ad.jacent sites.

At this stage ttre nrriter is an:cj.ous to a:r¡oid. tåe

popular te¡rr of trbubbLen rvt¡ich pæsunes a spcific geonetric form.

While rÂr is ttæ urèisputed. fírst step in the developrent

of pain, the above enr¡reration prorrided a convenient pnelí-u:inary classifícatLon

for tbe publlshed. theories r"evielrcd. in section 1.6. À11 publist¡ecL ttreo¡etåoal

approaclæs incozporate rBr - if on\r for tJre apparent matt¡ernaticaL recessity
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of provioing a driving force for inert gas ventilati-on aflnr exceed.inq

er.uålibrium conùitions. Houever, ttre rate-limiting step is talen as rCt by

Nin¡s and. arr ex¡nri.rnental rin vitror combination of tBf ar¡d. tCt by Batæmarr

(section 1.67). rDr d.oes not seem to har¡e received consideration.

In view of this overwhelmj"ng emphasis upon critica-l
supersaturation (or nucleation) cond.itions as the ntrigger pointr to
eventual s¡mptoms, the first step in elucid.atÍng the true nechanis sÌ¡or¡J.d

thus be arr analysis of the r¡uÌ¡ole qrrestion of suspended. transformat'ion. Th-i.s

eomprises aLl cases whe¡re thene is a cùeJ.ay in ttre appearance of a ræw phase

required. for ttre system to revert to its most stable tt¡e:mod¡marric state.

4.2 $IEgtgED IRAI\SFCRMATION IN VIIA.O

4.A The Issr¡e

;"st vital issue is'rvbeti:er conditions for
separati.on of the gas phase coincide vrith those for ttre ttrezmo$mamj.c

equilibrit¡n or not. lfh:ile tlre quantitative expnessions of ttre publistred.

tåeories malce tlre irnplicit assr.uption that su¡mrsatr:ration ca¡l exist at aLL

points within the criti.cal tissr:e, nelatively few have tried. to provide

ex¡nrirental justification. Notable anong such vrork a¡e the much-quoted.

papers of E. Ifer'¿ton Harvey who was primarily concerrred. w:ith tt¡e popular

a¡¡d controversial issrre of defirring the nucleation point quantitatively.

This j-ncludes whetl¡er the li¡nits of supersaturation in vivo a¡e better

descrj-bed. as the original HaLd.a¡e ratio or a fixed tension excess - as used.

o*uantitatively by Rastrbass (section 1.65).
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Hovæver, tt¡e rvriter could. find no reference in tt¡e

J.iteratr¡re upon decompnessÍon siclsrss to a thi¡d. possibility tl¡at nucLeation

is rand.qn, the iilea being presunabLy ðismissed as irr€concilabLe u:Ltl¡ the

conr¡entional mathenatical treatment of blood.¡ tissr¡ê excharrge.

It 1s tt¡is third. alternatiæ ç?¡ich would seem to wara¡¡t

fi¡rtåer pursuit in vierv of tt¡e statistical approach ad.optecL by most d.isciplitæs

concerned. rvittr tl¡e gerreral phenænon of suppressed. trånsfo¡mation. The

Latter ¡¡efers to any insta¡rce vrhe¡re a phase charrge ma¡r not occur irmediately

the tra¡¡sÍtion point is reached, tlre ¡relucte¡roe of a system to rer¡ert to a

mo¡re stable ttrerrnodynamio state tencling to be gneater rvhen ttre reguired. ct¡a¡¡ge

irrvolr¡es a decrease of entropy. For example, water w:lll- seld.om freeæ vritt¡out

a finite degree of supercoolirrg, vitrile no report could. be found. of ice hav:ir¡g

been su¡nrheated. to abor¡e OoC at atnospheric pnessune.

llttrougþ the ræt energr requinement is included. in tl¡e

l-atpnt heat, thene is a g¡eater ersrg¡r barrier associated. w:it'h penfo:ming the

work of orientatíon reeded. to Íncrnease tt¡e order of a system and. ttrus dec:¡ease

entropy. 9uch r.easonlng applies to bubble fo:mation by deccrnp¡ression to the

extent ttrat gas phase separation pa¡tiaLLy seggregates volaàile from non-

volatfle mofecular s¡ncies.

WhíLe the t't¡eorÍes for ini.tåating a phase change woulè

constitr¡te a most inte:¡esting digression, str.rôies of clecønpnession siclaress

a:ne soleþ concerned. w'ith nhethÊr ttre rnw phase required' by the most stabfe

ttrermo{ynanic state is estab}lshed. or not - utrater¡er the mecharrlgn of

formatlon.
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Examples of supp¡¡esseal tra¡¡sf,o¡mation inch¡de¡-

1. Solid-solid. trar¡sitions, vÈ¡ere the ap¡narance of a moæ etaþL€
pol¡morphic fo¡nn na¡r be sus¡nndecl al¡nost indefÍnitÊIy, e.g.
allotropic che'ges in phosphorus wittr tem¡nrature.

2. Partially nriscible l,iquicls, rvhene tem¡nratune change nqJr
cause t'he system to exceect the Linits of miscibilíty.

3. Gas-liquicl transitions include tlre sr4rrheatírrg of liquíd.s
beyoniL theÍr boiling point and. supersaü¡ration-by decørpression,

)+. &iquid-so1id. transitior¡s incluèing both f¡¡eezing of a pure
liqrtid. and. cryst¿llisation of a solute from solutÍons super-
satr¡ratecl by cooling or solvent evaporation.

Sínce tåe latter exarnpS.e was ttre fÍrst to ¡eceive

extensive attention, its selection for i¡rltial consícùeration prorrides a

suitabLe historical Ír¡troduction of tlre terr¡:inoIory :¡eLeva¡lt to suppressed.

tra¡¡sf o:snation.

4.22 Sus'pended. appearance of a soIid. phaæ

Ostlvatd. Gfll) was probably tt¡e first to propose the

existence of tÌ¡e th¡ee negions of concentration utrich constitute fi¡e basi.s

of all'rHJnited. su¡nrsaturatiorfr theories of deconprrgssion siclæss.
Primarily concerned. with the su¡nrcooling of solutions of solid.s in liquiils,
he lists ttrese regj.ons as follou¡s¡-

1. ln wrdersatrrratect ægion extend.ing tc tù¡e satr.¡ration tirritin which no crystallisation carr occur.

2. Â metastable region on ttre other s1¿¡e of ttre satr¡ration cureË
in '¡vhich seeùing is ræcessar¡r for crysta1 deposition..

3. a labile zegion ín r'¡luich the phase char¡ge occurs spørtaneousþ,
being separated. frqn ttre rætastabþ region by a relr-clefircð
lire lorovr¡n as tlre rlætastabLe Umitr.
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Miers (lgZù, suunarisÍng hÍs earlier work w.itl¡ Isa¿c

(1p6r-7r-8), supports tÌ¡e e:rlstence d a retastable linit n¡t¡ich he æpreænts

as a clegree of srr¡nrsatl¡ration almost constar¡t rltùr æs¡nct to ten¡nreùrre.

Hotærnr, Ìre for¡¡rd t'hat ea¡efuJ. protection agatnst contanfn¿tion or æcha¡¡ical

shock wac rr¡cessdrJrr

De Oop¡nt (tg.lt) strongLy critíoLæE thp tùeories of

Ostvra1d. a¡ril Miers on tl¡e basis of hís onn e:qnrfmental results, lhese st¡ow

that phase separation can occr¡tr w:itl¡in ttpir posttrlated. ætastable neglon,

the probabiliW incneasing vrith the cleg¡ee of su¡nrsatr¡ration.

Surthor cliscreòlt to the lcùEa of a retaetable 1i¡it is
contairpd. in the results of Ïo¡¡g et aL (t%t, 1g1t) in tt¡eir ínvestlgations

of the effect of, æchanical stirr¡lus upon crystalJ.Ísati.on. SrrppS.¡nir¡g ttre

appropriate amor¡nt of æcha¡¡Ícal ernrgrrttey fourd. that nucleation could. be

induaed. ar¡Jmihe¡:le in the su¡nrsatrrratecl, negion wt¡ich they concluded. to be

effectívely labiJ.e.

More necent work by TJ.ng a¡¡d. Mc0abe Qg*) ar¡d preclcshot

a¡¡d. Brovrn (lgSZ) strour tt¡at ntrcleation ocours ttrrotrghout the sntastabLe regioa,

even r¡r¡dpr static conditÍons, if sufficlent ti.ue is ¿ll,ored.. ftn' fínaL

statistical interpnetation of nucLeation is rel,L iIlust¡ratecL by Mc0abe and.

SmitÌ¡ (lgE6) as a probabíLiþr Ross (1958) euphasiæs tl¡e similarities

betueen nualeation and. chenical neaction, e¡cpressing the enerry ba¡zier for
Ínitiation of tlp solicl phnse as an activatå.on etærgy.

ftre ffiiterf s sræra1L conclusion is one of snall ¡let

flnite probabíËty of nucleation occurring rrlthln the poaùrl"atecl, rætastablet

zone sf llquicl-solið systems. gLmilar conclusione are react¡ecl. by Smoluchwstt

(tgEZ) i¡ bis ôiscussion of solld-solicl transitåons.
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4.23 Sore t,}reoætice-l- aspects of cav:itation

RevertÍng to the strspndecl appeêrance of a vapour phêset

a necharrical balance across the gas-liquicl. interface rvouLd. inclicate tl¡at a

bubble ís in equilibriwr w:ith t*re surrorrrrcling fLutct if:-

pu * ps =P + ZT/y (tt)

rr¡here P is tùe absolute as¡bient pressure, p" ís tlre vaporrr pressì¡re of t't¡e

sohænt at that tem¡reratr.rre, pg ir tåe tension of the entrairecl gas Ín tJee

solvent, f is ttre sr¡rfaoe tension of the solvent a¡rd' y is ttre bubbl€ rad-ius.

If we ncvr consider a srnall p¡sssu¡e fluctr¡ation withÍn

ttre systen¡ a smaI1 dec¡ease in P would. be erù¡a¡¡cecl. by a corresponding

decrease in 4/y a¡rd. wor¡lcl nesult in the bubbLe being r¡r¡satr¡ratæd. ïrit'tr

res¡nct to ttre surrou¡rding fluid.. Grolrttr by acguiring gas frqn solutíon

would fnrtirer reduce the value of 2y/y, íncneasing the tension ôifferentia.l

betr¡rcen the phases arrd so prornoting fi¡rttrer grornth. A bubbLe e:çalding in

a¡r ir¡finite continuum of }Lquid. wouId. t}¡us continue to grow indefinitely.

For a¡r ir¡cnease in P, relatir¡e to the equilibritn stat€

defired. by equation 11, ttte canp:ression should. cause y to decnease. f'his

wouId. fi¡rtber increase the tension excess (p + Zf/y - P" - Pr) of internal

vapours orrer the sr¡^rror.¡nd.iag fluid.s a¡¡è cause mo¡îe gas to d.igsohte. The

effect should. t sno¡¡ballr resultir¡g in tÌ¡e eventual d.isaptrnara¡rce of the

bubble. This is tþscribed. ín moæ ¿leta.il byEpstein anð PLesset (tÞO).

A gas bubbLe in a¡r ir¡firÉt€ continur¡h of ? iquüt is ttrus

dynanícaL1y unstable, the critícal raùius (yc) ùifferentiating between

disap¡rara¡rce or ir¡definite growttr beÍr¡g derir¡ecl by tùre application of

Boyl.ef s Iaw to tl¡e vapour in the carrity. Eisenberg (l{"1) guotesi-
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P-p const
3yc

(tz)3(
yc

Thus Dea¡¡ (19È) calculates tlre criticaL raùlus for a

bubbl¡: in water at 20oC as 1.42 ¡uicrons.

It 1s felt that such a criterÍon is highly releva¡¡t to

decompressj.on siclmess where it is irnportant to ls¡ow rvhether separated gas

constitutes a stabLe phase or not.

Honrerr€r, discussing the rechanis¡n of phase separatlon,

Eisenberg (lgíl) states that nit is nov¡.the çæra"lly accepbd view tt¡at the

inception of cavitation in technical f}¡id.s is associated. with the gnowth of

nucl-ei (submicrôscopio in size) contairring vapoì.¡r, unèissolr¡ed. gas, or bothtr.

In differentiating betï,een tl¡e l-atter, Strasberg (1956) introduces tåe te¡ms

nvaporousn a¡rd. llgaseoust cavitation, a nucleus vûrich grolrys e:çlosiveþ

conta-lning mostly vapoufo l¡or¡rer rates of pressure cha¡rge enable bubbles to

grow by the slor,uer diffusion of gas. Noltingk and Neppiras (1 950-51), using

ultrasonic techniques, strored. that tlte br:e vaporous cavitation process has

only a slight dependence upon the duration of deconpressj.on.

Quantitatir¡e tlreoretical treatnents probably began with

detenuinations of the fracture strerrgth of fluid.s such as Frentaelt s (l g¡g)

esUmate of the force requì.recl for the simulta¡eous separation of aLl atøíc

bonds cutting a plane surface. Houener, these proved. many orders of rnagnitude

greater ttra¡ those found. experi:rentaLly.

Such h¡rpotheses have tended. to be suSnrsode{ by ttrose of

a more statisticaL natr¡re, a classical approach beÍng that of fibür (t gAl )

v,¡ho derir¡es tt¡e probability clistrlbution, f(y), of hol.e size from an equation

of state for }lguid.s as:-
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tV(y) ay = c ey;p(-r1,/y-¡)yt ¡'.

v¡hore. the probability, tf(y).qy, tåat t*¡e rad:[us, & of argr hole ]ies betnoen

y ar¡cl (v + av) is a fi¡nction of ttre enerry of fo:¡ration of ttre hole , u, its
raùius a¡rd. t'tre tem¡nrature. EquatÍons of state used. include üiose of E¡rring
(lg16) aniL lenr¡ard-Iores (lglù rvtro negarcL liquiiLs as èisarranged. soliðs.

[he energy barrier to fo¡matíon of a spherical hole in a

f.iguiè continut¡n, U, can be derir¡ed. in te¡¡ns of, tlre work d.ore against sr¡¡face

tension a¡rd' exte¡nal pnessure. Circumventíng a moæ detaileil description of

tÀe Matt¡ematics, such nhoLe theoriesn p:rectict a labiLe ægion a¡rd a finite
probability of nucleation occuring within tl¡e rrætastabLe I zorg. Thís is
cot¡uÞnsurat¡ u:itl¡ ex¡rrience of solid-liquid. systems as describett pr"evious3.y,

and. coners tù¡e case most ¡releva¡rt to decønpnession siclmess rvtrich is ttrat of
gaseous cavitation.

4.2+ Condensatlon a¡rd. vaporot¡s cavÍtatlon

the fo:mation of the liquid. phase from vapour cooLed. to
the boiling point, and. belo¡i', 5.s possibLe arr¡nnrùre¡re within the supersaturated.

negion accorùing to t'l¡e generaL review of tt¡e subject by Pound. (l gSZ). 11he

I supercooling nersus nucleatlod probability cì.¡¡îre given by probstein (t g¡5)

for condensation is very si¡nilar to that for crystallÍsatlon. Moreoner, most

tl¡eories har¡e a statistícal basis, inclucling tlre widely-accepted. treaùrents of
Vol¡er (lglù and. Beclcr a¡rd Doering (lglù for steam.

fhe ¡everse process, suspendect fo:mation of the vapo.rr

phaser may tre obserr¡ed. ,¡vherever the vapour prÉssure of a pure liquid. exceed.s

the absolute tSrdrostatlc pressure. lhis ma¡r be effectecl by eit]rer su¡nrheatirrg,

decørpression, o¡r botÌ¡.
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Using smal.l elea¡¡ caplllaries, Kenrick et a1 (t 9?)+a) rcæ

able to heat water to 270oC at ahospheric p:ressure, ttre vapour pnessur.e at

tJris tem¡nratr¡æ being !h atmosphenes.

The a.Lternati.r¡e ¡æthod. of su¡nrsaturat!.ng by clecørpnession,

has enabled. sqæ remarkable negatåve pressu¡es to be recorded.. Ttpse are

often designated. I tensiLe stnengthsr, values having been obtairpil u¡rder both

static and. Smanric conditions by a wícle variety of retl¡od.s. They aæ listed.

in Table 4.

AECORUED rlEl{SI[E SmtsNe$isr CE VÁRIOIJS I¡IQUIXI

Methoat

statlc
{ynanic
static
statlc
static
statia
static
statíc
statt c
static
dynanic
static
d¡manic
uLtrasonic
uLtrasorric
ultrasonic

Referer¡ce

Bett¡elot (l e¡o)*
ReSmo1ds (t g7o)
Me¡rer (t9tt)
Me¡rcr (ì 9d1)
Dtxon (t g¿4)
Dixon (t 91+)
Vincent (t gt+t )
Vincent (t g+t )
Vincent (t %t )
Harvey (t 9+A)
oea¡r (t gÀl+)

Fease & Búr¡ks (1%7)
Briggs (t *7)
wilLard (tgsl)
Ga.Iloway (lgd*)
Galloway (t g¡t*)

Lríquid

water
wabr
water
ether
water
oeL1 sap
water
mireral oi].
mineral oi]-
water
water
water
water (r ooc)
'¿vater
water
benzer¡e

TensiLe
Strengttr

JOO aùnospheres
l+.8
n
¿tO

150
207
2.38
2.%
2.9-114
t0o-1,ooo
o.8
1 00-200
2æ
20
2æ
1àO

I
t
Ò

¡
¡
ñ
tì
n
¡
r
o
n
¡
¡
ñ

TABIE 1+

tQuoted a¡rd. cbecl€cl. by l[e¡pr a¡rd. Dixon using the sa¡ne ret]rod..

[he variation of t]re values quoteiL in Table 4 rped.s no

cøuent. Houever, most auttrors tend. to emphasÍæ ttreir highest neailing, often

making no nention of other rur¡s failing to reach tlre ¡na:<imúm. f,lrile tt¡is

wor¡Icl. seem quite acceptabLe in attenpting to detemir¡e the rfractr¡re strengtlesr
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d linulds,- i.hel¡ ftenrrent arrotqt:Lon in surrñôrt ôf Lfuiritino slrtters¡'hrraùioflÀ - --- -¡--

tt¡eories of cÞcønptession siclocess would. seem of l-ittle vallæ in dl¡ecí¿Ling

v'ùetÌ¡er tlre i.rrpJ.ied. netastabls linÍt exists or rroto

The writær feels that any t'lrrestrold. for phase separation ca¡r be
greatly ir¡f}¡enced. by ttre resuLts one is p:¡epa¡e¿I. to ùiscard as
affected. by chance contanination, tl¡e whoLe stuqy of sus¡nnded.
bansforrnaüion suffering fron tlre ext':¡e¡¡E èisaðvar¡tage of never
lmoring with certainty vuhen this has occr¡med.. The sare drawbaok
is particularþ applicable to gaseous cavitation.

4.25 Gaseous cavtEatíon

Ewrd.arental approaches to gaseous cavitation have been

si.ur.iJ-arþ rürecteil tori'¡ards detennin-ing the probabilÍty of forming a nucleus

of critical radius as a result of rand.ør tt¡e:mal fluctuations wit'ir:Ín ttre gas

solution. Such kiretic p:reðictions hane tended. to agree with the maxinm

values of fractr¡re stnengttr recorded. ex¡nrirnental,ly - Harvey h91la), ar¿

[emperley ancL Chanbers (t 9¿+6).

These very higþ supersatr:rations may þ attaired. by

pressurising ttre solution, isolatecl from ar¡r gas phase, to u,eII abor¡e ttre

total tcnsion of r¡nùissolved. substarrces. The technique is reIl clescribed. by

Fease a¡rd. Blinks (t%7)r llarve;r (t91") find:ing JO mÍns. at 16,000 p.s.i.

most effective. Mar¡y authors, incl-uùing tríIlarð, (195Ð¡ have attributed.

this trpmoryr for past high pressuæs to t'tre presence of undissoh¡ed.

bubbles in no¡ma-l liquids. Qua¡rtitative expression is prov:ided. by t'he

foLlorving ÌSpottretícal. equation proposed by Strasberg (lgS6)¿-

vsheræ F

D =i.D-i.P'c 2 u

ís the criticaL p¡¡essu¡re for cavitation, p is t'he gas bnsion,

P-_ is the na¡cjmr¡n externaL pressu¡e to whicl¡ ttre f.iquiè has been subjecteèr and.
u
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f, and. l.¿ a¡e ss¡r¡ar¡ts ûlrre l,a + 'l t l, , la ) l.

In all tåis work, extnerra can must be talcn ag¿tnst

contamination or ¡æchaiaical. strock, ttre preparation of containing surfaaês

usnal.þ foll.orlng ttre proceclrræ origl.natty outlirecl by frr'üinôon (t Í367, 1875).

Ker¡rick et al (t:æ¡O) r¡'ære able to saù.¡rate water wltt¡

orryggnr nitrogen or carbon clio:d.cle at 1O0 afuios. ar¡d. then reduce t,tre pressure

to I atmospheæ without proclucing bubbles. Deccmpressing by the¡ma-l corp

traction, CLare QgZù satr¡rated. water wltÌ¡ carbon dioxicþ at 25O abrospheæs

and.r upon decanrpreosS-on, sorptl¡æs obtairecl a cloud. otr fl.ne bubbles.

Geræratd.rrg a Inuclei-freef srrpersaturatarl solution cf

@. by miring ultra-centrifirgeel solutions of lû.NeItO, d lû.lfOl, Hanoy

(t g¡t ) acùmlts that a few bubbles have been obærved..

4.26 Ra¡rdø nucleation

In attenptLng to accor¡nt for ttp general Lack of

neproduclbility by perfoming eaeh cleompnessåon tu¡enty times, Sbasberg

(lgS6) fow¡cl a lirnar :reLationsbíp betrryreen clisso]red air tension ancL t]¡e

rcritícal- ínception pæssuner for oavitation in r¡rater. By extrapolatirrg

tlrese results, ar¡d. tl¡ose of Blalc C19È¡ù, to a system at oræ atmosphere

absolute p¡ressr¡re, the uearr tension for nucleation wouLcL be 1 .65 atnos. of

¿tr. 1.65 ís appreciabþ 3.ess ttran an¡r vaLtp of tåe docørpnessÍon ratio

basecl upon eir (Vx in sectíon 1.6) quotecl ín tJle d-iv:tng låterature.

Eouener, there ls a vritle scatter of tl¡e JO points t"hror¡gfr

vrhiaÌ¡ Strasberg cl¡aws hís lirTe, ttre worst devÍatíon being l$fr on a tensÍon

basl.s.
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then it 1s realisecl that each of Strasbergrs points

represents tnenty detenÉnations, the clistributj.on of tte ir¡dÍvidual,

reaèings sÌ¡oultL be far greater. This wouLd. imply that the cav:itation of

clust-free water, w'íthout previous gressure treafuent, 5.s a very rarrdcn

proc€lssr Ur¡fortr.¡¡rately Strasberg d.oes not publish his i¡¡clivi¿uå.l read:ings'

SucÌ¡ cleta-ils a¡e available, horrerrer, for tlre work otr

Cnmp (t !l+9) r'¡tro :¡ecorcts his results for prmping both fresh a¡rd se¿ wa*er

tlrrough a r¡entr:rf nozzLe. His gra¡rhicaL nep:resentation of ser¡eraL hundred.

reaèings, on tÌ¡e basis of air content vs. critical inception pressuret

indicates that cavÍ-tation is a very ra¡rdcm process indeed. For sea watert

under such conèitions, the¡¡e is a¡¡ apprecÍabJ.e probability of nucleation

occuming for tension d.ifferentials below !0 un. Hg. Cnutp fot¡¡td. ttrat

arrerage critical inception pressìJ¡es clrop¡nct narlcd.J-y with incneased.

temtrnratr:re, inèicating that tÏ¡e 9trasberg rna¡r deccmpression ratio of

1 .65 could be appreciably 1orær at blooct temperatr:r. (l7oc).

Ho',rener, rvben tov¡n water is n¡r frcrn a tapr or soda-

water is r.¡¡rcorled, t¡ìe bubbles form at the surface retairring the f.iquicl.

Hence it woul-d. seem essential to pr:rsue ttre possibLe effect d phase

interfaces ín I cata-lysingr nucþation.

4.27 Cavitation at phase interfaces

There a¡e very few insta¡rces in rvhioh bubbles har¡e been

obsenæd. to fo:r¡ in tt¡e buLk of tt¡e fluict. The only cases seem to occur by

ext¡'ere cùecmpnession such as recordecl. by Clare (lgz>), or by gerrrating

cavities ultrasonicaflJr, eogr¡ tisrer et aL ltlSl).
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l}::ile Ibnríck et a.l. (lgpl+U) d.o not state ttæ site, and

Briggs (lg>z) could. not be certain, lïÍs¡ner (lgzZ) reports that all bubbles

are ir¡itiated. at the wal,ls of tlre containing vessel. Moreorrer, Pease a¡d.

Blinks (1%7) found. it impossible to fo¡m bubbLes in the bulk of tt¡e ftuid,
concluùing tl:at a soli.d. surface is tt¡e separation point.

Uhile the tt¡eo:¡eticaL i.nplications of tle ¡nicro-geqnetqr

of the conta-irer waLls has been ùiscussed. byHaney Qgy), the simple

ex¡rlanation ttrat ttrey netain gna1l poclets of gas which act as the embryos

for bubble Brtr&r no longer seens aiùequate. Farncombe (lgZ>) r.eports bubbLes

forrnir¡g at t't¡e sr¡rface of solid.s cleposited. frcrn tle sa¡re solution as ttre gas,

particularly upon tÌ¡ose substances only netted. w'ith difficulty by üre so}¡ent.

Since such inte¡faces have nener been expose¿l to anJr gas, tt¡ese obsen¡ations

sornewhat detract frø¡ the emphasis vùrich ttre aðvocates of supersaturation

t'lreories of deconpression sicloess pJ.ace upon the sea-led. envirorsnent o¡1

tissue fluid.s.

Harvey (lggl) :¡ecord.s that a para.ffin su¡face always

bubbles profusely i-n sod.a water horrær¡er viell it is clea¡ed.. þart from

gIass, or retal su¡faces where galva¡ric action :¡enders an¡r findings imeleva¡rt

to this projectr very l;ittle ir¡fo:mation could. be found concer:r:ing cavitation

at other phase bound.aries.

In r¡lcrv of the finite lipid. content of er¡en the præd.crn.i n-

antly agueous tissue t¡pes, (üidd.ovrson et alr 1951)r üre fat-agueous

interfaee assuuþs greater Ímportance. Âlthougþ it is a rather moot point

w?¡etl¡er such èi¡ect j.nterfaces erist in tt¡e body, arr¡r intervening membrane

co,t¡Ld niel1 supply tlre rorganic sklni uÈ¡ich Fox and Herztrelcl (1954) postulate

as e:ßrtiing such a vital role in stabJ,ising nucLei a¡rd. lrence prmoting

cav:it¡tio¡¡
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If ùi¡¡ect contact of the liquid. Bhases is d.iscowrted,

tJre pertirnnt bor¡nd.aries a¡e again tlre sr¡rfaces of the netaining waIls.

Houener, a rembra¡e may be regarded. as a ç1 a¡rd tÌ¡us inte¡nediate betneen

a solid. and. a liquid. frcn bottr nechanical and. chemical stanclpoínts (ttitts,

1962). Since a si-rniLar interpolation applies to its effect in prcnotir¡g

cavitation in a¡r adjacent liquid. phase, tlrere should. be litt1e d.oubt of ttte

response of a ggl-liquid. system to deconpnession if botå liquid-Iiquid. and.

solict-Iiquid. cases behar¡e sirnilarly. lïhil€ bubble forsration in the latter

system has been shown to be rand.øn, no published. i¡¡fo¡mation coultt be fou¡rd.

for tlre ott¡er limiting case.

fhether direct lipitt-aqueous contact is postulated. on

not, th,e releva¡tt behaviour wou1d. seem to be that of cavitation at 1iqìJuid-

liquid. interfaces. Ihe experirnental prograrure described. j¡r section 6.2 has

been undertal¡en to offset the apparent absence of published ir¡formation upon

úri-s system, ttre ¡"esults obtair¡ed. leaving tlttle leevray for alternatíve

irrterpretation. They intlicate that the forrnation of a stable gas phase at a

liquiit-liquid. interface is a rend.ø¡ process, tt¡ere being a signÍficant

probability of the gas phase appeaning for arr¡r significant degnee of

potenti al supersaturati on.

Revertirqg to a more quantitatÍræ approach, ttre most

releva¡rt paraneter is probably the erærgy ba¡rier for phase separatlon at

a hydrophobic surface, which na¡r best be assessed. frm a the::nofimanric

arralysis of the interface.
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l+.28 Thermodvnarnic considerations

Ât Írrception, the e¡rerry contciæd, in a cavity by v:irtue

of its surface may be far in excess of ttrat contained. in tlre very snal-l volule

of gas separatÍrrg initial.þ. The er¡erry baníer to gas phase initiation woulcl

thus be cþtennirecl by the free er¡ergr char¡ge in creating the rew sr:rfaoe. fhe

nrírri¡nu¡r activation er¡erry per u:rit area of cleavage ís thus given by:-

n.êF)*rreo..,s.e.Px')"

rvhe¡re (Af'). is the Gibbs free ercrgr charrç¡ per writ a¡ea, in a¡reating a tÞw

interface betv,een a:ir and. the aqtreous phase.

If the ple¡e of cleavage nc¡w coinclcþs ï,Éth a¡r oil-air

Ínterface, tip rÉnimr¡'e activatÍon erÞrry Et per unit a.rea now becor¡es!-

Er !B @)ott_"q*o*" = (Æ')o+pr);(Ar)o"

vitrere (¿ü')o Brr.f (¿S')o. ñ the f¡¡ee erergies per unit a¡ea for the oil-aír

arrcl oil-aclueous interface s :re spectiveþ.

The probabil-ity of gas phase separation occrrrríng at the

oil-aqueous intedace should be gr"eater tban that of nucLeatíon w:ithln t'tre

bulk of ttie agr:eous phase if Er <8.

Continuirig thÍs argurnnt paral-lel- to the clerivation by

Dar¡ies arrd. RícþaI (19Ø) of the å,ntonoff relationship for detesnining vr'?rether

oæ inniscibLe ttquid. wi],1 spread sr¡er arrottrer, t'Lre erytression o'f free errergles

as r¡Easurable parameters reduces the foregoing equatlons to:-

Er cT
a

, n2Ta

(r ¡)
(14)

To"ffo-

í.€.Er <E if T"*To"-To)0
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¡rhere T-, T"" anil T^ a¡e the lnterfaciaL erærgies for ttre ¿i3-sqneousr

o11-aqueous a¡¡d oil-a-ir system res¡nctiveþ.

Using tÌ¡e foLLowing values quoted. by Glasstone (t 954)

for f.iquict paraffin a¡¡d. water:-

T 

^ 
e 72.5 d¡rne cur- 

r

f,=J1.9 r I

To^=57.2 ¡ ¡ ,
T" + To" - To t 97.9 d¡re cm-i.

Eguations 1J a¡¡d 1l+ girtet- E æ 145 arrd Er æ, \f .1

More quantltative justificatj.on for tJris apBroach is

given in section 6.27.

Hence tlre liqr¡id. pa¡affin/water interface offers a

nelatively 1o,r erergy barrier for air separat-ion from solution.

)+.29 Conclusions

**-" the ¡rechanism of nucþation, or rvhetlrer such a

process exists, the ex¡nrimental facts ind.icate tåat ttre conùiti.or¡s for

rer¡ersion of a systæm i.n suspenrþtl trar¡sitíon to its equilibrir¡n state ca¡r

onJ¡r be t¡eated. on a statistical basi-s. The separatíon of the gas phase

frcro a solution supersahrrated. by decorrpnession is a particularly ra¡rdcm

process, average values Ínèicating that the transforrnation is more probabJ.e

for tle liqultl ccrnponents ptresent in the bo$r tJran for pure water. The latter

beco¡res evident ur?ren replacing T" in section 4.28 by the value for senm nhj.ch

Geigy (1954) guotes as 47 d¡næ cm-|.
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Most e:çorrnts of tùeories of decøpnegslon slclspss

seem to have cvverLooþcL the vast weaLth of, cavftation ¡esea¡ch in nan¡r otber

fieLcls wtren quoting litt1e otl¡er tt¡an tl¡s work of Hanrey. Ítre LatÞr has

emphasized. his work in vÍtro on ttre ground.s that tÌ¡e end.ott¡eltal lining J,s

essentially hydrophobic. However, this presurnes that nucLeatíon occurs

intnavascularlt uhich is contrary to the conclusions of sectÍon 3.3. His

adlærence to rdenucl.eated.t systems Ís presumably basecl upon tlre fact that bod¡r

fluicls ha¡¡e been herretica$r seaLed. by nembraræs since conceptlon. In

practice, ttrey have undergoræ rpitl¡er the ext¡¡e¡re pressr.uisation nor t}¡e

ultracentrifugir¡g techniques empJ,oyect by Haney.

Enen accepting his approach, t'heæ æems to be no true

u'etastabLe l¡¡¡ít for an¡r aspect of sus¡nnded. tra¡¡sf,s¡matd.on, a¡rð no reans of

pnecticting the nucLeation poínt on an¡r particular occasion. $¡e vrLþr

ttrerefo¡re regards the problem as trarrsposed. to ore of cù-.cÍding rùståer it

is more realistlc to prograæ a ðive accorùing to tt¡e behavior¡r of thp

statistical average or by choosing the rvorst possible uicro-negion of tbe

critical tíssue.

SLrrce Hving tíss¡e neeè not cor¡forn to tt¡e freqr:ency

cListributions four¡d for the above systems, tlre decision Ís better tlela¡tedl

r.¡ntiL consideration has been given to t*re ¡results of cavitation j^n uivo.

l+.1 CÂVItrilIION IN lIIVO

l+.31 Bestíns åni.ma,ls

Research 1n this as¡nct of cÞcøpregsion siclcness has

been largely ctirectetl toward.s ¿þte]mining the consta¡¡t pressu¡e ratior or

fi:<eô clLfferential, which dsscribes the lir¡1ts of t'Ìre i-upliecL retastable zoræ



88.

characteristic of living tj.ssue. Such in¡estigators, mostly quoüing

Harrreyr g work in vitro, almost invariabJ.y assune that su¡nrsatr¡ration erists

a¡ti that nucLeation is tt¡e pr"ed.øninant ræchanis¡n in esti¡nating proxirnity to

marginal s¡mptoms.

Most experi¡renters have searclpd. for bubbl.es in ani.nals

kiIled. ùnneùiately before or after decompnession betuæen various cønbinations

of initial ar¡d. final absolute pressul€so

Orp of tlre most comprehensirte progra¡rsÊs 1n t*¡is fielcL

empJ.oyed. cats, ttre ¡¡esults being recorded. in a series of joint papers by

Harrrey (t%l+a, b, c), McDlroy (t9l+l+a, b), flhiteley (t 9l+)r lla:ren, Pease,

Ooo¡nr arrd. Barres. The results a¡e sumarisecl. in table 5, Ðd wouJ-d seem

to offer convincing evidence that cavitation in vivo is a ra¡rdoü procêsso

BIIBBIES OBSERVED IN RESTING C¿TS

Nlmber
iLisplaying

bubbLes

4
+2?

9
7
4
t
o
o
¿Þ

o

1

Number
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in triaL
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11
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10
10
12

6

5
10
I

Final
absolutæ

prc"",rrc Q)

0.14 afuos.
t
t
¡
I
t
¡
ì
t
I

o

1

t
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1

I
1

2
2-3

Ir¡itial
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pressr.rre (P )I

la
'l

3.5
3.11+
2.fu

3
2.5
2.O

9
6.9
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Ò

¡
a¡
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¡
'È

ri

Ti¡re at
pzessuæ (P

1
)

oo

oo

(
(
(
(
(
(

t

2-5hrs.

1'å3IE 5

Haney wa-itetl 5r@0 s€cs¡ befo¡e searching for

bubbles i¡r ser¡eral tissue t¡4ns.
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lhe :¡esults in table 5 a¡e in quite good. agneerænt w'ittr

t,}re ggneral finòings of Bo¡rcott et al (t gOgu) using goats ancl. gur:iæa pigs.

Harvey (f g¡f 
") 

has reported bubbles in a]'L isoLatetl

tissr:es decompressed. to ambient pressu.re frqn I saturationr at I¡O-BO atm.

Nr. Employing his rdenucLeationr techniqr.re of pressurising to 16'000 p.soir

for JO ¡uins. r Jêt not incneasing gas concentration, ttre sane author has stiLl

fouecl bubbLes in alL principaL tissr¡e t¡4ns except muscle upon decompressing

to tt 0 nun. Hg.

Obserrrations by DalV (t 9lA ), vÈro has recorded. oacasional

bubbLes in the tissr:es of monleys, rabbits¡ and. guirea pígs decønpnessed to an

equivalent altitrrde of lr5r@Or, worJ.cL again corroborate tlre ranôqn n¿ture of

tlre r.esults in table l. the needl to treat such ex¡nri¡rental d.ata on a

statistical basis is rryelI illustrated by Haneyrs use (lgnù of ttre ¡f
significance test in draw:ing correlations.

Results of tl¡e t¡pe recoræd. Í:: table 5 wot¡ld appear to

be lturÉted. in interpretation,since it is impossible to obsen¡e every part of

even one tissr.¡e type by microscope before autolysis sets in or tlre separated.

gas is ùissipated. by rliffusion. Thus it seems impossible to ascertain

u¡hether arrimals in utrich no bubbles wer€ recorded uere truly free of cavi.ties.

Àr5r justification for such d.oubts r¡¡ould tend. to :reduce the extent of

protection conventionally attributecL to su¡nrsaù;ration.

Such p:ressure ùifferentials would. appear to be reduced.

by stirnulation, Harvey (l %il having founcl ttrat it is cLifficult to demonstrate

bubbles in argr alrimal exa¡¡uirred. r¡rLess muscrrlar mor¡ements har¡e occurred.. ThÍs

is ¡rrtinent to decmpression siclsæss sÍnce d:Ír¡ers are seLd.qn resting at depth.
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4úZ Stiunrlatect ani.mals

Hanæy (f gAd, after appl¡ning 1/ voJ.t (60 c.p.s.)
sti¡nu1i for 0.2 second.s err€ry second. for 1rO0O second.s folLowing decørpr,'essåon

frqn amblent p:resswe to ilo rmr. Hg, forrrrd. that onJ¡r J out of 26 oats

failetL to shou' bubbles. $imìle¡' results r',ere obtairnd. deoorrpressing a

furtlrer 11 cats to a sirrulatecl altitr¡d¡a of JlrOOOr.

By stimúating cats decompressed to ambient frqn posítive

pressures, Ha^rvey for¡nd. bubbLes in each of 2J lv?rÍch had been helcl at 5.5

aùnos., 9/12 held at J atnos. t 17/23 Ì¡eld. at 2.! abos. ånd 18/23 helil at 2

aùnos. Âpp1y¿ne +ne f tost, he fow¡d. a sligþt co¡:.el-ation witlr fat content

in resting cats, but nothing significant w:itln nespect to the extent of

stjmulation. This is corrobora.ted. by earlier work upon goats by Boycott et

al (t 9o8u).

Blinks et e.L (t gfi ) describe lhe work of Ha¡rj.s et a-l

(f gA¡t) 
'¡vho har¡e for.¡nd. bubbles in aLL of J4 bul.Ifrogs e:aercised. upon decør

pression to ambient follo.luing t hour at pnessures rar¡gÍng from !-6O p.Êoi.

(e"lrgg). rnclucÍng muscuLar activity in rats by 5¡! voJ.t (60 c.p.s.) Â.c.

stirmrLÍ, tùrey :record. a thresholcl pressu:re of J p.s.i. (S",rg") at w?rich 2 otrt

of ! gave bubbLes just J.arge enotrgþ to be obserræd. Tirith difficul.þ.

Ihis pnessure èifferentiaL is rn¡ch snaLLer tharr argr

atlvocated. in the senitmpirica-l rethod.s conr¡entionalJ.y errplo¡retl for p:necllcti.ng

marginal s¡rrptoos (section 1.6). Moneoær, the ra¡rd.cr¡ natr¡¡e of cletectect

bubbLe occurr€nce in bot'lt the resting a¡rd. stinulated conèitions, would. suggest

that Ueere is arr appr"eciable probabil-ity of gas sepãratiing frcrr solution in

tissue wherever equilibriì:rn concentratíons e.æ exceeded..
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l+.13 ÏIistolosical considerations

It has been strorvn in seation 4.28 t'hat agr:eous-lipid.

inter.faces are more conducíve to cavitation on tlrermoSmam:ic grourrds. It

is therefore, interesting to consider tl¡e more specific location of such

sites witlain the bod¡r.

Both of tÏ¡e two tissr¡e t¡4nsr most lilæly to be

responsible for marginal bencls (section 3.3), have an appreciable content

of lipoid.a1 matêriaI. Gersh et aI (1 9À) record values of 8l lo lipia

content in the lean tenclon of guirea pigs¡ Tt*riLe tlre presence of isolat;ed'

fat cells in tl:e predonuinantly-aqr:eous corrrectir¡e tissrre is illustrated. by

Maximow a¡rd. Blom (f gæ"). The latter auttrors describe the inc:reasecl

preponderance of collagen j¡r tendon impl¡Éng a higþ elastic modulus arrd,

hence, susceptibiliþr to pain - equation II. Such cleduction would. depend.,

holl,ever, upon the preponderance of r¡erïe endings a¡rd. tleeir cleplo¡rrent.

Sensory rerrte end.ings in stria.ted muscle lla:ne always

present in consiclerable nr¡r¡berstr, according to Maximow a¡rd Bloom (i}¡^$b) -

ap¡naring in ttre muscular tissue, tend.ons or at musculo-tendon jtrtctlons.

The latter are ttre locations for Épalisade-l:lkerl te¡minal branches for

ne1r¡e fibres v*rich ar€ present in both InaJæd.r and. rencapsulatedr fonr¡s.

rrihe ph¡rsi<.rlogical sigr::ificance of the muscula¡ a¡d tendinous sensory

apparatr:str is surrnarised. by Ma:c5.now ar¡d. Bloon as nttreir responsiveness to

various trrrípheral stimuli of general character, giving sensations o'f pain,

pnessr¡re, arrd. particularly of rmuscle senserll . Frcr¡ such qualitative

descriptions tt¡ere woultL seem to be adequate sensitivity to pressure ùiffer-

entiaL in tendon a¡rcl its junctíons with muscLe fibres or coruEctive tj-ssr¡e.
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Reverting to the search for li}eIy phaee bsur¡daríes, the

myelin sl¡eaths of tÌ¡e rencapsulated.r æn¡e fibnes a.ne precloinantþ lipoidal,
cøprising certain cerebrosides, phospholípins, fatty aoÍd.s, but rq*{nL¡r

choLesterol (ua*rno¡¡ a¡rd. Brom, 191+Sh). Ha¡ma}er (l9Dù in his æview of the

pathological evidence for decompressi.on sickrnss, publistres photcr"icrographs

cLispLa¡¡ing ferestration in tlre nyelin sheaths of tle wl¡ite matter in tte central

rEruous system. Feuer minute gas bubbles are recorded. by C,erstr arrd. Catchpolo

(t gï ). They attribute these occuxrences to the higþr solubility of nitnogen

in n¡eJ.inatect ¡nripheral- ræ¡¡¡es.

It seems very ctifficuLt to ascert¿in whether the preserrce

of J-ipoid.a1 material in aqueorus tissue inpLies a clirect fatrrvater interface.

Houever, such interfaces may oacur witl¡-in tl¡e ¡rembra¡es tl¡er¡se}¡es. Tlre basÍs

for these postulates is tl¡e ¡oore rapid. tra¡rsrn:ission of cørpounds w:ith a higþr
fat-wat;er partition cæfficient as originally d.iscoverecl. by Overton arrd. cor¡fíæ

by nan¡r later worlers including Star¡errna¡r (i !l¡8) w?¡o clefirss a nefLection

factor for each compound..

lhis has led. to mar¡r ttreories for ttre stn¡ctr¡re of ceLl

r¡embrerxes in whích lipid Ís a major cmponent. lhus DarrleLli (l9lÐ postqlates

that the resistance to ùiffusion is prorrided. by a bl"nolecula¡ screen of

lipoitla3. material orientated. 'm[th polar groups facing outward.s ancl. sa¡rclv*ictrecl.

betvteen monolqyers of protein.

Since membra¡es have tlre æcha¡¡icaL consistency of a ge1,

gas separating from solutj.on at t'Ïre phase bor¡r¡d.aries ¡ped. not rpcessariþ assuæ

a spherical fo:m at nucleation. Decøpnession could ttrus cæate filn's of, gas

follovring tle contor¡rs of linid/aeueous-gel interfaceE. E:r¡nri.ænt¿l eviclence

for ttte formation of suctr films between oLiie oil a¡¡cl gelatÍn in vitro is
proviclecl later (sectiion 62"t).
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L.fh Oonclusion to nucLeatl.on

fhll€ most autt¡ors expounding theories of deccmp:ression

sicleess quote Harrrey, wittr particula¡ reference to his ¡esults rrittr

denucleated. solutions, ttrere is an aL¡nost total absence of an¡r reference to

cavitation researcb in cor¡reotlon rit'h flrrlil d¡manics. The overaLL

i.upnession, neached in section 4.29t ttrat sus¡nrdpct tra¡¡sf,o¡rnati.on in vitro

is a rand.qn process seêms equaL\r applicabLe Ín vívo. Moneover, r'¡læt'Ì¡er

irulucecl by t]re possíbLe presence of ttrermod¡manÍca,L\y-preferable n¡cleatåon

sites or not, nicroscopic obsenrations strow that bubbles ca¡r be proù¡ce¿L ín

a¡ci¡rals by pressrrre d.ifferentials far smallor t'harr empirica-l clecoqlression

ratios would. i¡nply íf lirnited. su¡rorsatrrration r'rrere the critical æchanlsn.

The statistical naù¡re of the evidence coLlected. in tllris

chapterwould. inèicatæ that, v,hil€ arr¡r tissue carr probably netain consÍiþrable

supersaturation wer most of its ¡nass, tåe probability of finiling at least orE

higþIy nucleated. micro-region is far too higb to be ignoned. If seecl-ing wae

sufficientþ clense or¡er such a¡r a!ea, equilibrir.u wou1d. be establishecl rapiclly

a¡rd. maintair:.ed. for the renainder of tlre decøpression a¡rd. for so¡ne ti.æ

subsequently.

.An isolated embolis¡n forrred. frør tlp gas in such a micro-

region is lilcly to create a ratt¡er greater local pressure clifferential tt¡a¡t

n¡ight be ex¡ncted. frqn r¡nifom nucleation throrrgþout tt¡e rvt¡oLe tissì¡e.

Moreover, ttre Loss of aIL supersatr:ration j.n sucÌ¡ a¡eas wsul¿l. reduce tt¡e

rate of ventÍLation of gas to the capiLLaries sinoe ttre drlving force for

desaû¡ratåon v:ia tlre blooê is the concentration gradient of gas nemaining

ín t¡rt¡e ptSrsicaL solution.
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The uriter corrÞs to tl¡e conclusion tÌ¡at it is safest

to prograrrne the decornp¡ession of the hr¡¡oa¡r boftr as ürough the critical
tissr:e t¡çe contained. at least one rricro-region Ín wt¡ich the:¡e was ccopJ.ete

therrno$mørÉc phase equilibration at al.l points for all tj.mes. This poses

tlle problem of inert gas trarrsport, vrhich is so conveniently accømodated. by

postulating supersahration, and. inplies tÌ¡at prin-provoking ernboli are

f'orned. by the coalescence of separated. gas.

4.4 ooÀtgscnNcg

-

4.¡+1 MÍcro-bubble sites

-"" ttlm" t.r**ng phase interfaces, or very smal1

bubbles grovrn fron firre1y ùispersed. nuclei, can only coalesce to fo:m a¡r

embolism of pain-provoking ùj¡nensions if ¡n:mitted. to d.o so by the necha¡rica}

bour¡d.aries plesent. Since the latter would. be the nu¡rnrsLrs membra¡res, it Ís
important to larow whetlrer gas separates from solution in cel-ls.

Blir¡ks et aI (1951) describe profuse intravascula¡ bubbLe

fo¡mation upotr decornpæssing rats to a pressur€ equivalent to a¡¡ altitude of

50r0OO f t., Harris et aI (f %¡a) reporting considerable nr¡nbers in ttre

l¡mphatic system. The histological description of the latter system by

Ma¡<j¡norv and Bloom (t 9+Bc) wou1d. inùicate that any embolism would har¡e a

better cha¡tce of ex¡rarrsion than jf contaired. i,¿ithin the cor¡firres of a cel1

membra¡e.

Occasional bubbles in ceIls have been reported. by Gersh

et al (ty+), whiLe Harvey (lg>1") reports finùing ttrem in fat but norre in
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pred.omir¡artIy aqueous celLs. The latter author find.s that whe¡reas bubbles

rarely occur on rrninjureô tissue suzfaces decompnessed. to the water vapour

pressure, they are colmon in cut cor¡rreetive tissue.

Honever, more significant to the vt'iter, is a remark by

Harvey to tl¡e effect that bubbles cor¡ld be reaôiþ obserr¡ed. deep in most

aqr¡eous tissue if it uere moved. by a glass rod or tho microsco¡n objective.

Harrrey, along w:itl¡ ottrer proponents of the strain tlreory includirig Evel¡m

(19l+1), Mc$lroy et al (f 9+La) ar¡dFenris et al (f g¿*:"), attributes such

effects to ttre development of locaf negatine pressures.

On ttre other hand., such rrechanical actions would. be

iateally srrited. to coalescing the gas deposited. frorn solution in the plSrsical

fo¡m described. earlier. Such films or m:icro-bubbles in a celI would. not be

detectable by microscope but, w:ith relative movement, may uell asst¡æ ttle

form described. by Harvey as rllarge irregular masses which graduaLly char¡ge

into sma1l round bubblesn.

Harwey gives no inùication of the s¡ned.s with vuhich he

cut tlre corueective tissue or moved. his glass rod., but it would. seem highJ-y

wrlilæly tkrat he cou1d. derrelop ar¡J¡ appreciable negatiræ pr€ssr.¡æ by wracking

back a nricroscolr - particularLy vtren even the I tightestr tissues har¡e

Poisson ratios (ø) i" tlre ra¡ge o.l+æ.5 (lrcoonala, 1960). å, flui¿L

has C = O.5.

Most proponents of various forrus of t'he conventi-onal

suSnrsatr:ration approach to deccrnpression siclgpss d.o not specify the rnea¡rs

of fo:matÍon of ttre embplisn once their particular |critical tension

conititionsr a¡¡e exceeded. No refe:¡ence coulil be for¡nd. i¡r eorvection wi-ttr

bend.s to the coalescence of an¡rthing otlrer ttra¡t haemorrahgic ir¡fa¡cts
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(eooaman, l9q). lhe latter is hartlly releva¡rt to the gaseous ca.sêr lthis

introduces tÌrc subject of tl¡e recha¡r1cal factors 1ile1y to inflrrence ttp

onset of s¡mptcrns a¡¡d. the marr¡r e:çlanations for their effects.

4À2 Negatine recha¡rical pressu¡e vs. coaLescence

Itrere e¡eems no dispute in tlre literatr.¡re over tt¡e fact

tÀat sti¡m¡lation of tissr¡e gneatly increases the probabLlity of its cLtspJ.a¡ni.ng

visibLe bubbLes - particularly witl¡in ceIIs. Hanæy (f gl 
") attributes this

to tl¡e augmentation of arqr external decompnession by a superi-ryosed. læcharrica-l

strain arising from muscle contraction. lhis is postulated. to produce

vaporous cavitation, tlne cavities being subsequently fiIled. w:itùr cliffused gas.

Berg et aI (r%5), Hanis et a1 (t*Sù, Her:ry

Q94fc a¡rd tg+6)r and Vlhitatar et a1 (f g+¡) pnefer to attribute tåe effects

of stj¡nulation to the rapiti formation of CO". Horrrrever, Gray has showrr

convincingly (section 1.À4) that carbon ðioxicle has no signi.f,icarrt i-nfluence

upon tln j-nci.dence of bend.s, while Hanrey (t gl 
") has perforrred. a pertirænt \

experirrent to ðis¡nI an¡r rernaining d.oubts. Harvey ir¡jectect up to I c.c. cf

clenucLeated N, i-actic acid into the aortas of '17 cats, after wt¡:ich eight

showed. bubbles in tÏ¡e vena cava upon clecøpression to 45r0OO ft. Ânaþsis

of jugular blood. gave no correLation betueen CO" tension and. bubbLe production.

Blinks et aI (t glt ) har¡e for.urd. that vioLent muscula¡

.exercise j.s much ¡nore effective in protlucing bubbles in bullfrogs if applied.

tluring deconpnession ratlner than before. Harvey argues that t'he tension

clifferential inducing cavitation ís gr"eater in ttre former caser ïÈÌiLe tt¡e

para].lel argurent for coalescence is based upon ttæ reed. for gas to be present.
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The man¡r cases in which Hartey tries to induce cavitation

in a¡rimals by various rpchanical rea¡rs al-l seem to suffer from tlre d-i.saclvar¡tagg

that he looks f,or bubbles in ttre \rena cava. ¿nJr injr.rry woulcl terrl to brea.lc

membranes a¡rd enable extravascular gas'to enter tlre bLood.. Such ex¡nrirnents

include infllcting 200 blows w:ith a mallet, or stretching the hind.leg of a

cat at a simulated. altitr¡de of 45rO00 ft. - a slow forcible pull proviqg nore

effectir¿e tharr jerklng. In his e*p""i*"rrt in v¡hich he induces bubbLe fornation

in a catr s Ìuindleg by cnrshÍr{g it in a vice Brior to deccrnpression, it is

difficult to see hovr¡ such a¡r essentialLy cornpnessive force can initiate phase

separation Repeating the ex¡nninnnt witÌ¡ a furt'her set of l0 cats, post-

porement of crushing untíI a.fter decompression, reduced. tbe tí¡re of appeararrce

of bubbles in tÌ¡e veriâ câvâo

Harveyrs results would seem better interpreted. if

coalescence lrere postulated as tt¡e rate-controlling mechanism for gas

appearing in a detectable fom.

Ilarrreyr s ¡¡ecords show a very wide ra&ge of ti¡nes to ttre

appearar¡ce c¡f tlre first bubble, rarrging from I seconds to or¡er 1000. Such a

wide scatter of results is consistent with tlre ra.¡rd.om nature of coal-escen@o

Using 1O anaesttretised. cÙecørpressed. cats for eacÌ¡ set of observations, Hanrey

(lgnb) for:r¡d. no appreciable *ifference in bubble occurrence whether appl+:ing

6 or 1/ volt sti-muli. This would. inùicate ttrat the appearance of bubble s is

not a fwrction of the nechar¡ical str"ess induced., althorgh a &iffe¡ence has

been noted if the erperi-nent is prfo¡ned. after J2 minutes of pne-o)qFgenation.
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In view of tl¡e previous conclusion that limite¿t super-

saùrration is not the pred.aninarrt necha¡risur in the worst possíbLe case, it
would. seem reasonabLe to assung tt¡at the gas liberated. in such eqr.uiU.brated.

nicro-regions fo:m ttre pain-provoking emboLism by aoalescence or congregation.

¿+.43 Theory of coaLescence

Ignoring gravitational considerationsr art phase suspended.

in a¡rother will ¡¡each its louest erergy fo¡r¡r uù¡en its total surface er:erg¡r is
a ninfum¡n. IIov¿er¡er, tÌ¡ê interfacia.l are¿ pqy trrrit mass increases tt¡e fi¡¡er

the clispersion The lor¡lest enerry state for gas èistrnrsed. in tj-ssr:e r¡n¡st

occur r¡l*ren it has fozned. orp bubbLe, üre ret enerry change nepresentirlg a

ttremod¡mamic driving force favor:ring coaLescence.

The kiretics, hovæver, a.re fa¡ less ùi¡¡ect. [he first

neguirenent for two bubbLes to rerge into ore Ís that they cøre in contact.

Ihis ir¡dlicates that coalescence is greatly accel.eratetl by motion, alttrougþ

the ræeting of separate gas masses in tissr¡e must be a sqrsu¡Ìrat ra¡¡dcsr

process governed. by internal rembra¡e çcnetry. Muscle contraction a¡rd

e3-ongation, worl"d. thus seem ideally suited. to congregatir¡g anJr gas

initially clepositetl as fiLns w:ithin tt¡e Iocør¡otor system.

SirnpJe ex¡nriments ïv'ith two bubbLes at a wate¡r-oiI

interface inùicate that the nr¡nber cf coLlistons is the most significarrt

pararreter, ttrere beir¡g a roughly equal cha¡rce of effecting coaLescence

upon each encour¡ter. Such phencnuena ïere more easily sùrdlleù using ¡InrcurJr

gLobuLes on a cLea¡r glass pIate. Results uere not ¡ecorclecL on account of

the .lifficulty in defining a stan¿l.ard. collision, but the¡¡e was little iLoubt

that tire probabilÍty of two drops combining changed. rcry little unLess tlrc

surfaces had. colþcted. ðirt.
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lJ.thoqgh l¡iebemra¡n (l.gSl) emphasizes the sta.biliþr of

bubbles lyrng in juxtaposS.tíon, tlre reduction of total. interfacial enerry

may be effected. by gas diffusion across the very thin J.iqui¿l fiLm which

often separates them. Since it is nost unlikely ttrat tvro bubbles æeting

in tisstæ lvouId. be of egual sízs, tl¡e snaLlßr wou1d. have a higher internal

gas pnessure by virtue of su¡face tension. t'his wor¡Iit provide a driving

force for dùffusion such that tte larger bubble wotrld. grow at tlre e:qnnse

of, the smalIer. Moreoner, the process wonld. be accelerated. as tt¡e size

ùifferential increased.. Hence it is not a ræcessar1r con¡*ition that t*¡e

intenrening film should. burst in orrder to co¡nbine the gas contair¡ed. in two

bubbl-es.

lllhater¡er the nechanisn, cor¡gregation of gas into a¡¡

embolisn¡ witl¡in tissr.¡e is a process anticípated. thermoSmamicalþ, but

kirpticalþ dependent upon two random factors. Hence coalescence would. be

ex¡ncted. to clisplay a very wids scatter w:iüh res¡nct to tine, but to be

acceleratetl. by any 1oca1 muscular activity.

This is Ín d.ir.ect agreerent v,,'ith tåe very variable

orrset tfune of s¡mptoms (section 1.25), a.nd. tl¡e narl¡e¿L reduction of those

tj¡æs rùen the subjects r¡nlertook e:cercise follo'Hing decompnession.

l+., TTÍE YíORST PGSIBI¡T CÆE

¿+.51 Tt¡e postulated. rûecha:ris¡tr

fhe foregoing ðiscussion incl-i.cates tttat initiation of

gas phase separation is sufficient\r rand.ø¡ that ttrere ía a rrcry appreciable

cha¡rce of ttre worst possible corrd.:itions¡ i.€. ma¡cj-mun gas separation,
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occÌrrring in at Least o¡æ micro-region of the crltical tissue t¡4l9. Brese

zorFs wouId. be so uell seeded., uith ma:ci¡nr¡n di-ffusion ùlsta¡oes for deposition

so sma-lI, that phase equiLibration is rapÍcftr establishecl at all points in
the uicinity. The grourth of an embolign to a sÍze rchere lts ¿Liffe¡rential

pressure is pain-provoklng, is ttren effected. by congnegation, with possibLe

coalescencer of the separatect gas - a ra¡¡clør process acceleratect by the

æcha¡rica1 action of e:<ercise.

WhiLe it dght appear that ttre various faoets of

suspended. trar¡sfo¡nration har¡e been r¡nduþ Labor.rred. in cming to such a

si:npLe conclusion, ùispensation with supersaturation in progranning díves

is a major de;oarture frqn al.l fund¿¡nenta-l tlreories of decønp¡ession siclaness,

The develo¡rnent of a guantitatirre t¡rpottresis upon this basis thus æqui¡es a

clear definition of the conditions for tlrerrrod¡manic equilibriun.

4.52 The:moclvnamic eqluilibrir¡n

lwo conititions rm¡st be satisfied. for a bubbLe a¡rd. tfæ

i-meùiately adjacent ttqufcl to be in ttre:modynamic equilibrium. These arer-

(i) tt¡e bubble must be recha¡rically stabJe¡ i¡e. tÌ¡e total of

al.l pnessures acting upon tlre gas must equal tlre total of

tlre partial pressures of aL1 volatile constituents, and.

(ii) t?¡e¡e must be phase equilibration, í.e. tåe partial

pressure of each constituent must equal tù¡e tension cf

the sa¡re substance in the tissr.¡e iltæctiately adjacent to

the bubble.

Hence the conclitions for tlrernod¡marnic equilibrir.u¡ at

ttrat point a¡e given by:-



1Ol .

P+Po+P.+P* = P+f+4t/V
whe¡¡e pr por po d p* ñ ttre point bnsions of inert gas, Oz, AO"

r¡vater vapour r€spectively. P is tl¡e absolute pr¡essune extesral to t'he

tissr¡e whose elastic deformatÍon (sectÍon lr.1!) contributes d to ttre r¡et

gas pnessr¡re. T is ttre interfacial tension a¡rd. y is the bubble rad.ius.

4.53 S¡$et".-t""ti."
llhater¡er fom t'Ìre gas may ta.le upon initiaL separation

from solut-ion, it is tt¡e fir¡al congregated voh.æ which deterrnirps the

proxirnity to s¡mptons. For ttre Limiting case, t'he raùius of the bubbLe

for ttre',¡realest'nen is derived from ùive analyses in section 8.65 as¡-

y = 1.1+1 uicrons.

The role of liquitt-llquid. phase interfaces in

deterz'Énir¡g tlte fneguency of gas nucleation has receir¡ed. much attention

in section 4.27 vrittr particular inferenoe to tt¡e presence of fat j¡r vívo.

Lipid.s a¡e lcnorvn to be present as a bimoLemla¡ fil¡¡ in most, if not aJ.1,

mernbra¡es fsr¡u'narised. by Davson , 1 9Q+U¡r and hence Suite vridely åispersed.

in er¡en the pred.ominantly-aqueous tissr¡es. 4f,ter helping to initiate t'he

gas phase, lipoíclal material shoulô continue to play a major roþ in

moùifyin¡g ttre gas-tissue j-nterface, so nini¡rising the total enerry of the

system. After reduction of the total j-nterfacial area by coalescence of

t¡e gas, the lipiiL film should corespond. to tJre I condensedr con&ition,

w¡ich Davson (t gg+U) describes in soæ detail. Taking the transition point

in l¡-is cu¡:ve for tt¡e condensed. conùition of a t¡rpical Lipid. as indicating

t¡e onset of compacti-on of ttre fiJm, tl¡e corresponôing surface tension maJr

be r¡ead. frqn his graPh asl-
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conditions!-

f = 1 /. ! il¡næs crtr- 1

Hence, using the abor¡e value of ¡ for marginal

z\/y = lþnrn.Hg.

l+.54 Conùitions for phase separation

The finer the dispersion of gas, ttre smaller ui1l be

tlrc va}¡e of y and. the larger tt¡e exeæss of total tissue tension over

absolute pressure needed. for ó' to exceed. tlre crÍtica1 va}:e dr (equations

I and' III). Thus 1 !O nrn. Hg is ttre lowest feasibLe va}¡e ú ZT/y short of

Painr a¡¡d hence tlre val'.¡e ¡nrmitting tùe malri¡num extent otr phase separatíon

after coalescence.

Conforming to the conæpt of ttre worst case advocated.

in section 4.51 ,the set of parameters most 1ilcly to j-nduce synptorns are

thus:- 2T/y = i9o mm. Hg¡ and. d E dt = {o mn. Hg according to tùe

value foun<l er¡rri-rnentally for the wealcst ind.ivicluals by Irunan arrcl

Saunders (section 4.t 5).

.Ecluation IfI woukl ttrus preðict t}¡e conòition for
phase equilibration follorrring fo¡mation of a critical enbolism as:-

p * po *p" *p*tp + 2oOrun. Hg. (ru)

From ttre abor¡e equatÍon, it can be seen that cletezmination

of the qualtity of gas in excess of equilibrir.uo nequir:es quarrtitative

expnessions for tlre tensions of all volatiLe substances witl¡ respect to

internal and externally-imposetl cond.itions. EhÍs introduces tl¡e di¡¡ension

of tj¡e as a prirne variable, posing tlre qr:estion of gas trarrsport witirin

the bod¡r arrd elucid.ation of the most nealistic matt¡ematical model for its

esti¡nation.
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5..I GI"S DISTB.TSUIION

5.11 &E-gIg@
In assessing ttre response of oxtravascular tissue

tensions to changes in the ir¡haLeal afuios¡ùrer:e, it wouJ-d. seem essential to

consicler each major step in tÌ¡e trarrsport system. ltrese nay be briefly

Iisted. as follov'¡s¡-

{ r InhaLation of t}te new atmosphene.

2. Dilution w:ith exhaled gases in tlre a}¡eoli.

1. Mass trarrsfer witl¡ the blood. by d.iffusion acrogs tlte

pulmonary rembrare.

4. The distribution of the resulting |a¡terÍalr bLood to tt¡e

capillaries, with its subsequent return to the lungs via

h,tre r¡eins.

5. Mass trarr¡:fer betvreen capillary blood. a¡rd interstitiaL

fIui.¿t by diffusion and,/or lrydro{ynanic ¡nrrrasÍon of t}re

e ndot'lre lial ¡rembra¡p by perioapilLa¡y f ilt¡ratÊ .

6. Mass tra¡¡sf,er betr,'een oells ancl interstitial fluicl by

cLiffusion.

Ttre voLatiLe substa¡¡ces r¡ù¡ioh ca¡r contribuþ to the

formation of a¡r embolisn a¡e water vaPour, o:qfgen, carbon ilioxide ancl an¡f

irù¡aLe¿L gas ircrt vrith respect to all cl¡emícal processes occuring wit'hin

the bod¡r. In the alr¡eoli tlre partial p:ressure of water vapour shouLcl be

estabU.shed. at its equilibríur value for contact v'rith pLasuta at bo(1r

tem¡nrature.
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llhile ttre tl:ree mass transfer operations are pllæl.y

physical in the case of ttre inert gases, the capacity of bIood. for absorbíng

the netabolisabLe gases is considerably increased. by the presence of ¡ed.

ceIls. The subseguent chemicaL equilibratÍons of the orqygen-haemoglobin-

carbon clioxide system are uel1 sr¡rnarised. by Roughton (1%3 ).
å.ny delay in tt¡e uptab of irert gases affortleil by the

first t'Ìr:nee of tl¡e aboræ steps may be ignoned. according to er¡rrimental-

¡¡esults quoted. by Ferris a¡d. Engel (l9rl). They shov,r plots of arterial
nitroçn tensions uhich reach t'tre asyrnptcte r¡uittrin 2-J mins. of ar4¡r change

in alveolar pressu¡e. ffhere ttris charrge is effected. by cørp:ression or

decørpression, honener, the tlelqy should. be er¡en Less.

the above reason:ing uould. appear to justify tlre practice,

popular in èiving calcul-ations, of ignoring argr retarèirrg influences of the

nespiratory processes in cleternining the uptale of volatile substarrces by

tissue. This is the mdor i.npJ.ication ¡nade by equating arterial tensions

to afunospheric partial pressures. Hoviever, vlhiLe it would seem ¡¡easonable to

øÉt a secular corz,ection ter:m, tlrere would. appear J;ittle justifÍcatíon for
t}¡e corrnon practiice of ignoring ttre tlilution of inspired, by e:çirecL gases

w:ithin the alveoli.

5.12 ÅIr¡colar Tensiorc,.s

the very conplex series of consecutive chemical reactÍons

representing nretabolism has o¡re volatile reagent (or.ygetr) a¡¡d ore volatile

product (carbon dioride). the r.elative moLecular ratj.o of OO. Liberated. to

O. consurecL Ís 1 .O fór the cqnbustion of carbohydrate, O.8O for protein a¡rd.

O.71 fon fat, Davson fifuù quoting a general valrle of 0.85 for tþe

r.espiratory quotient for man.
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For absolute exterr¡al øir pressr.u.es var¡rlr¡g from 7& to

4d+O r¡n. Iig , HiJ.I a¡rd. Greenwooa (t 905) reoord. a.lr¡eolar O0, tensÍons varJÉr¡g

from 5J.5 to 41.J uun. Hg¡ atrd averegìng 40 nm. Hg.

llhe neduction j.n aLveolar O, tension wor¡ld. thus

average )$/O.85 = l¡J rm. Hg by virtue of netaboLis.

For an atrnosphere of mole fractÍon x of, irert gas arrd.

(t - *) of oxygen, saturation with water vapour woul-cl reduce the total øir

tension from P to (F - tJ ¡ ir€. the inl¡atedt O" partia-I pressr,rre fron (l - x)P

to (1 - x) (P - 
"J 

- 2¡l mn. Ilg¡ antl the Írù¡alecl N" partial pressr¡rc fron rP to

x(P ..Ç, 
"t""" p.,n is the satr¡ration water vapour pnessure at 37oC.

Àrterial tensiorrs are ttrus¡-

F* = (t-*)(p-pJ-47r¡n.Hs foro.r
P^ = "(P - PJ m' Hg for the inert gas,

P* E¡ ptr un. Hg for water vapour,

F. = l+o mn' Hg for co"

Tota-1 P-7 nm.Hg.

For air at ambient pr:essure, P = /60 nrn. Hg , x = 0.8

.rt¿ pw = l¡l nrn. Hg , girring Px = lJ rm. Hg - in agr"eement with the value of

fl¡ rnnr. cluoted. by Albritton (t 952) frcn e:rperirnental deternrinations.

The arterial inert gas tensio" (Pd is thus given by

F¿ ¡! *(F - pJ (v)

5,13 The rate-controllinE process

Having conclude<l that none of the processes assocÍated.

'mith respiration have arqr significarrt effect upon the ti.re response of tissue
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tensÍon, t'tre rate-controlling staggs must be associated. vrith the particuLar

tissr¡e itself . This raises the vital ar¡d. most contror¡ersial issue of r,vhettrer

the uptake of j-nert gas by tJre critical, tissæ is li¡¡ited. by its b1ood. perfusion

rate, or diffusion, or both.

liost quantitative approaches to decunpression sicl<r¡ess

avoid. tlre issr:e by assunring tåat the ¡rea¡r extravascular tension has a sÍrnpJ.e

lirear tesponse to changes in atroospheric partial pressures, irr"es;oective 01-

the ¡nechanis¡ns involr¡ed.. lhe severe IÍmitations of such calculation rettrod.s

have been rliscussed. in section I .6. Àltlrough rell justifietl by dectrtpression

exSnrience, tlre pioneer c¡f the lirear ùiffusion theory in cliving (Hernplemarr -
see section 1 .65) has offe¡ed littl-e defence of this proposed model in ttre

Iight of a much irider plqysiologicaL literatr¡re exp::essing conclusions o\¡er-

whe3nÉng1y in favour of circulation as the rate-controlling processe

5.2 DItr-i.'IIìiIOi'tr vs. BI$OD EERFLISION

5.4 Gerpral

Befole placing arSr quarrtitative interpreta'uion upon

d.ata related. to tlre excharrge of inert substa¡rces within ttre boSr, it wou1d.

seem imperative to establistr wlretkrer ðiffusion or circulation is tbe p:red.onuin-

ating trarrsport mecha¡¡:lsm. lfhat rvould. be deducecL as a blood. perfusion rate

from orp standpoint could., in r"eality, be a fr¡¡rctÍon of tt¡e di-ffusion

coefficients and. micro-geometric èimensions of tÏ¡e rphasesr comprising tùre

tissue. The literature vou1d. appear to contain margr facts lvhich are difficult
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to æconcile vríth ttre popular belief ttrat bloocl-tissr¡e excha¡ge is

circulation-li¡nitecl (¡øty, 197.). This wouLd. sr¡ggest a re-assessnent

of ttris problem of fund.a¡¡ental interest a¡rcl particular api:1j-cati-on to¡-

(i) ttre uptaJe of a¡rapstÌ¡etics,

(ii) the dete¡rnination of re¡iional blood. fLows, anri

(ffi) the nutrition of tissue, in adcl-ition to

(iv) tUe preèictíon :f ümiting conôitions for the onset of

nargina"l s¡mptons of deoonpression sick¡ess.

The Íniti¿l cListributÍon of ar¡ inert substance in ar¡1r

organ must be e'ffected. by its bulk transport in solution by bJ.ood. r*¡ile

uptale ín the mo¡re remote reglon", ,rot hydrodynanically ;ærfused., rnust occur

by ùiffusion. Since these processes a¡e Ín series, tbey must èisplay inþr-

action in ttre overall tissue response Ín uitrioh each must exert scse finj.te

j.nfluence. Neither l)rocess nay be ignored. as repr€sentatir¡e of insignificar¡t

capacity.

flre relatir¡e contnibutions of rstir¡¡edt a¡rd Inon-stirrcecLl

regions in limiüing bloocl-tissue exchange nust dlepend. rrpon both their reLatÍr¡e

capacities and lsoLatecl nesponse fwrctLons derir¡etl as ttre quarrtitative

expressions most faithful to tl¡e histoLory of the particular tissue. Before

d:lscussing the matt¡ematical models employed. for such ccrnparisons a mass

balance for non-uetabolisable substar¡ces is inèicated, since this must be

inde¡:enrlent of arr¡r rnecha¡:;isns or ttreir neLative prønirence.

5-22 @te499
Consirler the overalL vo1r.ule (V) of a particular tissr¡e

t¡4n to v*¡ich the total- arterj.al bl-ood. flow is Q¡ urra fror¡ v¡hich tfte fLuid.
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drairrage ra.te via the J-ymphatíc systern is Qr. A sùnpJe mass balance for
water betrnæen bLood and perí-capiJ.J.ary filtrate gÍves ttre tote.l \rs¡¡o¿s

bLood ffow (iU) from ttrat volume as!-

. in-6u.= ôo (r¡)

Q¿, t¡ *U Ql har¡e tt¡e dj¡ensions of volurne per unit
tir¡p.

For inert solutes, wlrere p¡, & and p. are the arterial,
venous and. I¡m;oh tensions respectively, tt¡e ret rate of infLux of inert

a a a

substa¡¡ces = SB(QlpA - funV) - Si.QÊ.p. rvhe:¡e % a¡¡d S. a¡e tt¡e solubitities
in blood. arrd. peri-capil-Iary filtrate respectively - e:çressecl in accorda¡rce

vrith Henryr s law as the concentration in equi.tibrir.m with urrit partÍaI

pæssl¡¡e of tt¡e substa¡ce. tr St is the coræsponding valr:e averaged. or¡er al.l

zores of tùe tissrre for which pg is the nea¡r tension,

Net rate or uptala : \. *+ = su(ônr¡ - qrnu) - ,rôrp, (r 6)'òt
Substituting for Qy (eeuation 1!), the above e:çpression beccmesi-

(p.)F.ìilÉ E s[-n(%-pv)-Qo(s'nr-qr)ÆJ Gz)

where B is the b1ood. ¡:erfusion ratæ (QO/V), S is the blood: tissue

partition coefficient (SB/Sî) a¡rd. sr is ttre peri-caplIlary filtrate: bloocl

partítion coefficient (S,/SB).

If lynph a¡ri venous concentrations a-re assu¡rnd. to be

ec1ua1 then srpi = pV arrd ecluation 1J reduces tot-

Stnl=sB(pn-Fv) (r e)
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For a gir¡en input d arterlaL tension, tt¡e abor¡e

equation contÈins or¡e u¡¡lr¡own too nan¡r to giræ a solxtiion for pr. rt ís
tåis clegr"ee of incþtenninancy which has encouraggd nar4f auttrors to approri.nate

tùrc system to tåe r¡earest lS.nrittng case ín order to avoid. argr natheroatical

complerity.

lhe uptal<e or elimiruition of a¡¡ irert substa¡¡ce must

Lj.e between the ext¡¡eæ câses of exchange being totally circuLation-1i¡nj-tecl.

or totally ðiffusion-1ln:ited..

5.23 Circulatj.on Lj¡ítins

lhe assrtrption that blood. perfusion }i¡rits excharrge

prrgsl¡ûgs that ttrene ar€ no tension graðÍents, tlre substa¡¡ce in the blooct

leaving ttp tissr¡e being in equilibrir¡¡r vrrith that in the ùissue. t'h:is is

expnessed. quantitatively by the approximatíon p, = ry ï¡tLich then enables

eguation t B to be solved..

For a step in arterial tensiorr defired. by pA = O for

t < o to pA = PÅ for t ) o, integration gÍrrcsl-

pr = r^(r -e:rp(-snt)) (rg)

If ttre approxirnation is justified, ttren the ex¡nri-nentally

-cletermined. exlgonential constants (e.g. À va}.res in fÍg. 1 /), vroulcl ap¡mar

to prov:ide avery sinpLe meåns of deterrrirring locaI blood. perfusion rates.

$uch a¡¡ inter¡:retation has been placed. upon tine consta¡rts by IGty (f gA ) 
"n¿

Jores (l gn), and has since been wicleLy used. for determining bl,ood. ¡nrfusion

rates by man¡r incluòing H¡man et al (lgfÐ for sl¡eIetal muscle, Thorburn et

aL (19$) for kid¡rey arÌ¿t Johansson et aI (f gø+) for the myocarctj.lm.



112.

5.2+ Pfffusfon :¡¡ltfne
'The:¡e are sre\reraL altprnatíws ln a di:ffusl.o¡¡l-ltmlteð

excharrge, clepenòing upon utretlrer tbe :resfst€rce to mass transf,er is tal€n as

concentnatect in tÌ¡e end.othelial ltning e not. If the fo¡ær tt¡en the

application of Fickr s law to tÌ¡e capillar¡r waII of tt¡ickræss (z) an¿

effective surfaoe area (¡) ¡nr rrnlt vo}¡¡e of tÍssue gírres¡-

Net rate of uptale a D*^b¡ - e,)/z
ruherr¡ Dro is tåe cliffusion coefficient of tho capillary æmbra.rÞ.

Cor¡bination w:ittr equation 16 gives:-

òG,r)/òt = k(p¡-ps)
w?¡ere k = DriVóTU

Integrating tùre abor¡e ctifferenüi.al equation for a step

in arþrial tensio¡r defineö by p¿ s 0 for t < O to p¿ = P¿ for t ) 0,

pE= n^(r -exp(-rt)) (zo)

Thus a¡rother si.urpLe expornntiú nesponse wor¡Ld. be

forecast - si¡nilar to equation t 9.

Howener, argr nodÞL must becoÍF oirculation dependent
if the bl-ood. lnrfusion is loværecl üntlL apprecíab1y less solute is mechanicaLþ
transported to 'LJ¡e capilLary wal-Is tharr they are caþabLe of tra¡¡s¡nitting.

5.25 Ferfusion a¡r¡l end.otlreLial npmbre¡e controLlinp:

SÍnce it has been assruect that extravascule,r tissr¡e is
effectiveJ.y trfuLLy-stirredn in botlr tbre Breceùing extrere cases, tlreír

combination to gine a model incorporating bottr resistar¡ces woulct seem {lre

ræxt logical step. Morales and grr¡ith (t 9l+, 1%5a¡ 19+5b, 19¿+8) have tried.

several such anangenents ín moùifyir{g ancL developing ttre original icleas of

von$chrotter (r *6), Zvr*z (f 89Ð, and. TeoreII Qglù to derir¡e ttre or¡eralL

uptqlæ of a¡I irprt substanc€ as a fi¡¡tction ofl-
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Ð)
Arterial tension,
fat-lvater solubÍlity ratío of the solute,
extravascuj.ar llpid content,
tissr.¡e bLood. voh.ürrc,
tissue volune,
rate of bloocl f1ol, arrd.
tissue ¡nrmeabiLity ín r¡itrich all èiffusional nesÍstanoe
is assrrsred. to be confined to the capillary wal1.

.[lthough mong ccsnprehensÍve thari most, t]¡eir approach

cioes not allov¡ for an¡r possible extr¿rvascular heterogeneiþr; the termination

of t'heir breatnent at tù¡e end.ottreJ-ial. membra¡e circumvents a¡y reed to

specify an¡r gecrnetric fo:rr for the J-ðimensionaj. strtrctr.rrre of tissue.

Hovrever, Íf tl¡e latter assrxnption is not made, tt¡en bulk diffusion must be

considerçd. as an alternatíne to rpmbra¡re ¡nrmeation as ttre rate-limitÍng
process in ttre second. extre¡re oase (sectíon 5.2+).

5.26 BuLk d.iffusion

A geom:tric pararreter must nolv be introduced. such ttrat

tlre appllcation (Appenèix II) of Fickr s 1aw as:-

V"p = b ( 3t ) 
, "t 

u"u p is the irert gas rension, enabLes ttre

overall uptaJa (e) to be e;pr"essed. in ttre form¡-

G È Funct.("rt)

r is a raèial orrlinate.,

Orp model to wirich ttris e:rpnession is reacliþ applied.

1s that cf Itrogþ (r Ie"¡.. on t'Ìre basis of m:icroscopic obserwations, he

illustrates the vascular bed as comprising cylincìrical- capillaries w:itl¡

para1le1 axes spaced. on a rregular triangular pitch. If extravascular tissr:e

is stil1 regarcled. as effectively hønogereous, th,e vo}¡ne ir¡fluenced. by ore

capillary approrimates quite closely to a very long annulus whose outer
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sr¡¡face is irnperneable. This non' becomes a case for exact mattrematicaL

analysis - Appenrlix rrrwhose :¡esults a¡e su[narised. in fig. l¡. This

ind.icates tkrat the response for a step in arterial tension is given by:-

G=G æ t1- 4
(r'-f )

@

E
ll¡tl

c*n(-Xbt)

(,ro("Ç/,r, (uÇ)t- r J l (vrr)
c[n L

2

vrltere G = % for t = oo, b is tàe rad.ius of ir:f}:ence of one capi]-lary of

rad.ius (.), d' is tt¡e n& root, real a¡rd. posítive, of tt¡e equation:-

ro(aç r, (uÇ = ro(ag) ,r, (uÇ (vrrr)
in v¡tricli J and. Y signify Bessel and. Ner¡nann fi¡r¡ctj.ons res¡nctiveþ accord.ing

to tlre no¡renclab¡re defired. by lÍatson (t 9l+).

Using ecluation VII, IGty Q gyt ¡ has concluded. that

blood. ¡rerfusion must be rate-ti¡niting on the groud.s tt¡at a tissue of

average vascularÍty lvoulcl attain 9l/o sahtation by ùiffusion al.ore r¡nithin

I secor¡d. of ar¡y change in capillary blood. tension. Similar calculations a¡e

presented. byThews (lgæ añ196fl for o.r and byForster (ryg+) for N"o.

The latter r€aches tlre conclusion that d.i-ffusion can be reglected. for all
but the most avascular tissues on ttre basis that, to clisplay a half-satr:ration

ti¡ne of even 54.7 second.s, ttre rad.:ius (¡) of the tissr:e cylirrder, would. need.

to be Zl 9P. Forster regard.s sucl,¡ a value as trunreasonably larget.

5.27 The rri tqì i sqrre

flhile they na¡r appear concLusir¡e, tJre above calculations

a¡e all based. upon values of d.iffusion coefficients dete¡mired. by steadgr-state

¡etÀod.s - parti-cularly t}¡ose of Krogh (f 9f 8a). The use of such valr:es in

tra¡rsient equations Ís only ¡nrmissible if extravascular tissue ca¡r be

regardecl as a rerliun of hornogereous d.iffusional resistafice.
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If a rrcry sÍmp1e alalogy may þ prnittecl to emphasiæ

this vital. point, tissr¡e might be si¡m¡Latect by a rectangu3.ar block of

copper Lnto uÈ¡ich has been cast }.unps of asbestc¡s. Heat tna¡rsnritteit betr¡veen

opposite paraLlel faces, maintairccl at cltfferent teminratu:res, wouLd. tenil to

talc pathways rn¿ittr:in tÌ¡e bor¡ncta¡íes of, the copper. The apparent the¡maL

cor¡ductivity deter:niræd. by such a stead¡r-stato elqnri¡¡ent shoulcl thus be of

tùre same order of magnitude as ttrat of, copper, r¡nLess tJre asbestos content

is excessive. Horuever, such a value would. be reaningLess in calcuLating tJre

overall tùrermal uptaJe of the sare block total.ly imnersed. in a stirred. battr

of hot liquid.. In the tnarrsient case ttre rate-l1¡niting paranreters a¡e now

t't¡e conductivity and gecnretric ðistribution of the asbestos since tlre latter
represents tJre majority of ttp potential therrnal ca¡racity.

Ihus the valid.ity of tlre conclusions of lþtyr Thews,
Forster, Morales a¡d. ñnith, ín èiwrissing ùiffusion as rate contributing,
clepencl entirely upon tlre pnesr.rnption that extravascular tissr:e has hcmogeræous
tra¡¡smission propertÍes. I[}ri1e a¡Ðr histological section inclicates t]re
heterogernous mozphologr of tissue, the ansv¡er vrould. appear to lie in the
relative dii;ffusion coefficients of the inùividual phases pnesent.

5.3 DIT'FIJSION OOEFFICIEI\ITS

5.31 StoaÀv-state va].r.ps

The first d.oubts upon tlre valiðity of usíng dtffusior¡-

coefficients determinect by steaftr-state methocLs in transient equations a.re

perha¡rs Ibogt¡l s remarks that it was rncessary to v¡a:it sæ z}-n minutos

before steady tra¡snrission across tissue sections couId. be obtair¡ed.. Using

his clíffusion coefficient of lr x 10-ß crn.2 min.-r for N" in muscle, this

would. seem excessive for a wrifon¡ material in vrt¡ich his thiclest section

(zn4) shot¡t¿ possess a transíent r"esponse of half-saturation t;ir¡e of Less
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ttrrar¡ 1 m:inute. It woulti ind.Ícate tln presence of a much s,Lø'ær phase,

contrary to ttre popular belÍef sutr¡arised. by Forsterr s statenrent ttrat
roelL bor.¡nd.ari<iè a¡rd. tissr:e nembra¡es appear to present }tttLe nesistance

io tlre difÍ\sion of chemically inert gasesrr.

It ma¡r be consl.dereð most significant tÀat l(rogbr s

rstead¡r-stater vah¡es of tissue dj.ffusion cæfficJ-ents range f,rm O,25 to

0.5 of tÌ¡ose for the cor:resporrd.ing gases in water.

These factors a¡e of, tt¡e order to be antioipated. for
tÌ¡e fraction of cross-sêctionaL a¡ea of tissue occupieè by interstitial
fluid. whose vo}¡¡re fractlon can range frør 0.11 to O.55 accorðing to tt¡e
so¿ium space values of Manery and. Hastings (t 959).

Hence lfuogþt s results are open to tlre Ínterpretation

that steady-state transn-i.ssion across excised. sections occurs largely by

diffusion vrithin the continuoì¡s¡ extracellular phase. fhis implies geætric

blocking of tliffusion by cells in the marurer illustrated earller by use of a

tl¡ermal arralory. Houever, such a conclusion is only justÍf,iod. if the èiffirsfon

coefficient of ce1lu1ar material is several orders Less tha¡r t'hat in plasa

arrd peri-capil1ar¡r filtrate.

5.32 [ra¡¡sient èlffusion coefficients

Such gross heteroggreity wot¡Id. certa^in\r appear to be

tlre case for polar substar¡ces at least. For tÌ¡e ísoLated. fib¡¡es of a frogr s

sartorius muscle, FenicheL ar¡cl. lloromitz k%Ð necorrå. val¡es of cLiffusion

coefficients rar¡ging frcun 1 .8 x 10-6 to 1 .8 x 1o-s *2 min.-l for ten

cø¡round,s - u:toê a¡rd various anidos, a¡rlnes a¡¡d alcotrols. th.is ls severa.l

orcþrs lower tl¡ar¡ tù¡e va}¡e of 8.2 X 10-¿ 
"m2 

*1rr.-l for r¡¡rea 1n rater

(nerry, 1950). Dick (tgEù has obtained. coefficients in the range 9 x tO-7-
3 x 10-e cnz min.-t for diffusion of wat¡r in the protoplasm of va¡ious living
celIs, compared. rrlth 6 x I O-¿ "r" rirr. for tt¡e setf cliffr¡sion cæfficient of
water.
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Valr¡es slnilar to those of Feníchet and. Horwita haye

boen obtaired. by Ha¡ris a¡¡d. Br¡¡'n (f g[g) for e¿Na Ín sl€].etal mr¡scLo flblre,
although ttre use d charged. partícJoe Learrcs tl¡e ¡¡esuLte o¡nn to nan¡r

a1t¡rnatir¡e interpne tations.

Oor¡si(þrlng mol.ecuLes r',hích ar€ both ctrenicalþ iært
ar¡ê non-polar¡ a vaLue af 1.37 x i0:B cn2 -Jn.-l for tt¡e ùtff,usion coeffLcÍent

of acetylere in ttre cytoplasm of, slæletaL muscle, has been derived. frø
e:r¡nrirenta-l d¿ta (section 5.48). îhis :refers to excha¡ge irr tÌ¡e inner

t'high utrscLe of a rabbit irl uÈrich ttre initial uptatc has been effected. by

botJr blood. ¡nrfusion arrd. e:çosure of a¡r excised. tissr.¡e section to a¡¡

afuosphere of tlre irrert gas.

A BossibJ.e e:çIanatÍon for tt¡is va.}¡e lying closer to

the lower lirn{f, otr the ra¡¡ge of d.iffusÍon coefficients clete¡mirred. byFerrichel

a¡¡d. Horon"itz is tt¡e 1ouær water content of rabbit mrscLe (77frf cø¡lar.ecL rrlth

ttrat of frog musab (74.9 - q .6/ol. If those va}:es a.re årJr ¡¡efLection oú:

cel-Iular crqrpositions, the clifference at¡ould har¡e an appneciabLe effect upon

the tra¡¡gnissíoa pro¡nrties as cþtem¡lreô by lgdrogen a¡rd. ottær inte:moLeor¡lar

bonÀi.ng. Ít¡e latter explarration is proBounclecl by tr'eníchel and. HoromLtz to

accq¡¡rt for the enormouE èiff,e¡ence bet¡reen va}¡es of t]re cliffuslon coefficient

for the sa¡ne gas in water and cellular material. This a¡rproach wquLd. seem ïÞLL

justifiecl. 5f cytoplasnr as a gglr is negarded as a phase interæètate between

J.íqui¿L and. solicL. Diffi¡sion cæfficients for tlre sare substance firequentþ

cha¡ge by factors of the order of io5 - 1oB uponrertir¡g of tù¡e ueùLlm.

ftre forogoing e:çlanatLon couJ.d. accow¡t for the va}æ 
,

of 0.i 2) mín -r (seou.on 8.q ) cb¡{.wct fro t*¡e analysÍ.s d practd.cal

tvalues from Altuira¡r¡ and. Ditt'mer (l g64). '
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oonditions f,or tt¡e onset of nargtna.L synptÆs ctr clocmpæssion siclsrss.

Iald.ng ttre capilLar¡r ractius (a) a.s ,.0 - ,.65 rricrons (sect5.on 8.63), tl:e

LntracelluLar ctlJf\¡sion cæfficLent (D) wou1.cl be 1 .,1 6 x 1O-8 - 1 .12 x 1O-8

crz *irr-t. On tÌ¡e ott¡er hs¡rd., a capLllar¡r d.ia¡æter of 8.Op (Br.rrton, l9i*|)

wot¡Ld. gJ.ve D - 2.56x 1O-8 cma mi¡r-|. This lies witt¡Ln, ¡¡et torvarcts tl¡e

Iolpr ]i'rrit of the rar¡ge of LntracslluLar dAffi¡sion coeffioiente dete¡mLrpcl

byFenichel and. Horowitz as 1.8 x 10-6 - { ¡8 x 1O-8 *rt rl.rr-t fæ a varíet¡r

of cø¡nrnds in frog mu¡ole fib¡¡es.

5.33 Conclusions

The featr¡re cf the nesults quoted. in tlre precetlLng

seotion would seem to be tt¡ê una¡ú¡tous deviau-on of vaLr¡es of dLffuslou

coefficients dete¡mirecl by trarrsient retÌ¡od.s frø the corcspondlng valrres

esti¡natecl by steady-stato ætlrocls. Moreorrer, they invariably clerrlate by a

factor of 1g-a - 1O-2 frø those for t}re oorresponði.ng solutes 1n 'rnater.

This sqggests tt¡at overa.l-L steaftr-state values ¡etaln
littl-e rearring vv?¡en used. ín trar¡sient equations for t:issue exchange, and,
tùrat lÞty, Thews a¡rd. Forster uer€ not justifíed. i:r conclucLing tt¡at circu-
lation alors is rate-Limiting on the basis of such calculatlons,

Â more reallstic approachwould. æquire accowrtlr¡g for

tt¡e indi\,:iclual trar¡s¡nissíon pro¡nrties of each phase, tt¡pir parüLcular

georetric clist¡c"ibutlon, and ttreir or¡erall ínteraction.

5.¿+ IER.MIIION OF ¡, GENER¿IJ MOIEI¡

5.t+4 S9¡9gg¿

In cþ¡i.ving a nathematical model, the foregoing

argr.ænt emphasiæe tlÞ ¡æed. to tliffe:rontiate betrcen intracelluLar ard.

extraceLlular æg1ons. f,*þ l¿tt€r effectively inclucles ttrose :regLons vt¡ich
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are þdrodynanioally tr rfi¡sê¿l, aJrd. those in lv?rich t}¡o dlffirsíon coeffiaíent

is appreciab\y greater tha¡r that of cytopl.ao.

5.42 Ccrnpartr¡ental rrodels

tLttr ions tt¡ene is the aclÀttfonal ba¡rrier of tlp æmbra.rp

itselfr althoqgþ this is søsti¡æs afforcirs¿l ttre pro¡nrtíes of a r¡fn¡rsiologica.l

prunpf for catj.ons (Davson, 19fu). [he rrgmbra¡e is ta]Þn as representing ttre

total ¡resistance to tlre uptale of soèlrl¡ by ce1Is Ín the canparfuental mocùgl-s

of Coru¡ a¡¡d. Robertson (1 95ù, Dobson a¡rô lÍarrpr (lg1ù a¡rd Fersoff klæ¡.
Fersoff has demonstrated. the su¡nrÍority of such an approach over use of t}¡e

Lirea¡ or¡craIl bulk ¿iffusion equations for interpretÍng zha exchanp clata.

lhis autl¡or accounts for the interaction betr¡'¡een processes i¡r series, althougþ

he d.oes not terminate his anaþsis as erpressions in the fo¡r¡ connentíonalþ

used. by system control ana\rsts, e.g. M,rllen-Gira¡d. (lgSù f,or the siraplest

¡¡i¿rthe¡natical maruipuLation. Â comprehensir¡e arraþsis of ttre response of,

f caterrated.r crrnparùrents is presented. by Robertson (t 965).

5.43 OornÌ¡Íned. br¡Lk èiffusion

The pertr.ubation te¡ms (see. fhaler ar¡d. Bronn, jgf)
characteristic of such interactions are onitted. by Feril et aL $geÐ in their
ana\rsis of <lata r"ecorded. byRackorv et al hgeÐ for the simulta¡eous eLimlna-

tÍon of ¡ritrous oxide arrd. cycl-opropar¡ê frcrn the ulroLe boftr. lhey attenrpt to

accour¡t for deviations of gas eH^nination d.ata fron a purel¡r perfusion-lhited.

approach by postulatir¡g lirear overall buak dfffusion betvæen tkre for¡r

principal iissue t¡pes into rvhich they divide ilre hunan bogr.
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Houener, they igno:re tlp interactÍon between sr¡atr

inte:r-tissue cliffr¡sion a.rll theÍr irÉtia,l Wta¡G Llmitedt by bloocL perfirsion.

Th.is wouId. seem a gross approd-natLon since the cirouLation cl,oso to an¡r

such postula'.ed. tissr¡e Lnterfaoe must nodlify gneatþ tlre conoentratíon

sontor¡rs impltect by uso of a bulk diffi¡sLon egtration. 9Ínce nan¡r parareters

are rseded. to clcscrlbo tlp clirrislon of contact betneen the various tfssug

t¡pes the systæ ts Jrrst cletomLnant¡ Leêo the equal nrnbers of equatÍons

ancl u¡tls¡ovrns provicle no soopc for proof of their modeL from t&e¡[r oml data.

Ít¡c ca.æ of ðùfth¡sl.on Lnto ¡ta¡rd¿¡d, goætrio forøs,

with al¡¡¡¡Lta¡sot¡¡ o,biroroal ¡taotlon, has bccn rcLL oorrcred. by Bouglrton (lgSZ).

IIolrænerr one of the nost rca.listlc approaches, a¡rd. lcast approd-rute matùenat-

icatl¡r¡ is probablü that of HanLs â.nd Burn (t Sl+9), lhey talc frog sarto¡{.r¡e

ur"rscle to be a plane sÌÞet of fluicl of thiclcress (fr) in vrt¡ich a¡e l¡¡¡rersod.

J-ong paraLJ.eJ. cyJ.:lnders of radir¡s (U) separatect by extracellula¡ cha¡neLs of

rean Length I¡. FJ.ux equations a¡e then deriveô as partial clifferentíals in

tjÍe (t) and. dista¡¡ce (¡) in tl¡e net ilireation of ùiffusion (0 2 zÞ I).

Solution of these expr"essions gines nea¡r values, averaged. over z, for the

intracell-ular solu',,e concentration as d" and. corresponding extracelluler

concentration d as3-x

and dx

---l-
(zæt)z

(zn-t)W
1

BCo oo
CG

=¿t ú n¡1

oof
BcoE Ixr¡1 

I

L

L]
tWl
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,fn"

| "ry@rt) - "ræ(Prt) IL@-1
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vrhere, for n = 1t 2t J etn,, p a¡¡d. P are tlre roots of¡-
2

D2 + Õi I , v co., (zr¡-{)'n?Dx -'l ú(zn1)zn%-r -'Lr.\, -ufr.1 r H J. Ë aû
Xo lC

where al, Oi alcl V"r V* a.ne intra and. extracellular initiaL solute

concentrations a¡rd. volu¡æs res¡ncti'veJ.y. D* is the extracelLular ùiffusj.on

coefficient and. f is the surface perneability. Tt¡e above expnessions prove

successful for interpr"eting tlre exchar¡ge of, electrolytes, ttre approach

resembling ttrat of Cor:n and Robertson in so fa¡ as membrarp peretratíon is
talen as the total nesista¡ce to ce1l perrneation. lhis is demonstrated. by

tlre absenoe of argr intracellular èiffusion coefficient in tlreir qr.rarrtÍtatirie

expnessions.

Using the abor¡e eguations for comparison, Feníchel and.

Horowitz Q 96 ), concJ.ude that bulk èiffusion, rather than surface peneati-on,

is t'he o¡nratirre mode of uptalæ by cells. If such a mecha¡¡.ism hold.s for ttre

10 polar conpour:d.s used by tt¡ese authors, it should. certainJ¡r ho1d. for inert

soLutes lùrose moLecul-es possess no &ipol.e müÞnt. fh€ btter should.

erperíence no r¡et force of attraction or repulsion for the fixed. charges

of ten attributed. to ¡rembra¡e strrrctr¡¡es (see Davson, 1)&ap).

iïhile bu].k d.iffusion bas been shonra to be tåe ¡el.eva¡rt

node of uptake by slceJ-etal muscle, it is guite probable that bulk djffusion

is also the mode of upta.Ie by the cel,Is of marr¡r other tissr¡e þr¡ns. In

addition to ttte ccutpJ.ications of ce1-J- morphology, the effect of circulation

cannot be ignorsci in cleríuir¡g a nodeL to rep:resent the no¡sral state of that

tissr¡e in ttre living aJlima-l.
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5.\4 Gerreral===tissw. m,gäç,Jn

The fonegotng errphasis upon bulk cliffusion j¡r ceLls

stnesses the need. for the cLosest adhe¡¡ence to the trr¡e internal geætry.

Aclmitted.ly the cønplexity otr el¡r histoLogical section inèicates that no

mathematicar nodel can e\rer cLaLn to give an exact slmuLation of tt¡e

responso characteristics of tissue exchange, tnrt it wouLcl appeat essentla.L

for arSr reallstic approach to all-o'¡r f,or¡-

(i) significant contact betvveen oells, and.

(ff) bor:.nd.aries of profíLe mo¡¡e ranðorn tha¡r ttrose of the trnrfect

georaetric shapes assu¡¡ed. in pnev:lous analyses - Ro,trghton

Q 952).

These obse:n¡atíons have Lecl. the vrritÆr to postuLafc a

gerrera-l moclel incorporatÍng ciroulation, rrytrich is applicable to moet tLssue

t¡4>es. The tïyo proninent rphasesr a¡ei-

(i) Ce1h¡Ia¡ material of r¡nifo¡m diffusional ¡¡esista¡ce to

irprt non-poJ.ar solutes, ttre cells beirg in"egularlif

èistnibuted. a.rìd. of i.rr.egular profiLe.

(ii) Extracellular fluicl cmprisir¡g plama and. peri-capillar¡r

filtrate of iLiffusion cæfficient cø¡rarable vrltlr tùrat of

water, arrcl., in part at Jeast, n¡naroaynanica.lly ¡nrfusect by

solrent nhen the circulatÍon is functioning.

Eefo¡re cÞriuing tÌ¡e or¡eralL uptalc by euch a system,

u:lth a]lowa¡ce for interactlon betrpen the oønpornnt phases, 1t uould. seem

essential to cleternrine tlre isoLateal upta.lc æsponses of each.
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5.45 Responee of a¡¡ isolatoè lrcÃrIat oell

Itte above quantltattve lnterpætation of tissue as a

2-phase system nequires BoiF pararÞter inåi.oatir¡e of tl¡e reLative Lírpar

,llrpr¡sions ln vihich oytoplasur is ùlstributcd. Dach ceLl Ín¡st ba\rê a volu¡Þ

(V), a surface a¡ea (¡) av¿1laþle for exchango w:ith intcrstitial fluid. arrd,

a llræar â{rne¡sle¡ - Eay a¡¡ eff,eative rparr cliar¡eter (zu). (¡¡Æ) fs tùrus a

cli¡pnsior¡Less group charact¡rÍstic of the partf,cuIar ceL3., a¡rd. tþfirpcl in
tsr¡ns of practical pararctere. Âlthotgþ not uniqw to a partíctrlar oeJl,

the group provides a sÍmpLe orrlí¡r¿te for the cøparison of sha¡ns too

irregular for arr¡r feasibLe description of tl¡eir bor¡r¡cl,aries ln te¡ms of

Carte síar¡ co-onllnate s.

Molæwer, this cøparison can be exter¡decl. to a sphe:re,

cylinderr flat plate, annulus or a¡¡Jr of t¡¡e other ¡nrfect çmetrÍa caseE

in vjt¡-lch bulk dj-f,fusion oa¡r be analysett exactþ - sê€ flg. J. (¡uzf) varíes

widely frm a valt¡e of J for a sphere to O for a cylindrica.l cavit¡r in an

infinite rneêium, a¡¡d. tl¡us provitles a usef,uI abcissa for cþte:mÍnlng tl¡e

¡îesponse consta¡rts for the biologioaL oase by interpolation.

ltris j.ntorpol-atd.on is t€rderecl feasibl.e by t,}re

r¡nir¡ersal form of the tirne cor¡sta¡rts ({ O ln fig. 4) rsæssary to closcr:Lb€

the tranffLission response of an¡r perfect genmetric shaper l¡rplicatíon of

tlte various sets of borndar¡r conèitio¡:s to solutíons of thÊ gernral

eguation for d.iffusion in a hørogoneous rÞdLì.e, Vtp . (ap/Aùþ, enables

tlre rrptalc of a¡¡ ir¡ert solute to be clescribed. cxact\r (AppenÀtx II) for att
pezfect gemBtría cases fn t'lie fo¡m¡-
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v*t¡E¡e B 1s tlre tension of Írprt gas, D is its cLiffi¡sion coefficient i^n

c¡rtoprasrn, G ls the upta.lo by the partioular shape for a stop ln the

sr.mounrltng flui¿t tenslon a¡¡ct G = G* for t : o$ Ro ls tÌre ntr cooffícier¡t

ar¡d crn is the nü root of tt¡e arrcllJ.ar¡r eguation partictrlar to eact¡ set of,

bound.a:ry conùitions. lhey a¡o ca-loulatecl for 5 ¡¡erfect georntnic stra¡rs fn
l¡rynnclLx II. lhe first rpot tes¡, Rt. eç (-kr.Dt), wtnrc kr. ctþ,

usually prectominates (fig. 5).

InterpolatLon for ttro essential constarrts Br, cr, R",

c"r etc. of the ir:regular biological ce}I. is ¡snderect feaeÍbLe by the

smoothnoss of the cursres obt¿ined. by pl.otting these te¡srs against (¡UÆ)

for tÌ¡e perfect georretr{.c cêsoer

Tlris is lllr¡strateit by plots or (af /4) * (¡", ) r"
fig. l¡. It is thus possible to obtain va}rs for the constants enablL4g

the response of an isoLated cell to be e:çæssed. by equation 21.

5.1+6 Besporrse of thÊ ísolated. extracelLuLar phase

DerCvation of tt¡e qrta.le response of isolated. extra-

ceI.lular material is a nery tliffe¡¡ent matter wtpn the cfrcrrlation is
fiurctioning. L¡a¡rdis arrcl Pappenheirær (1965) aisouss evidence for tl¡e

perrrasi-on of celL v¡alls by solvent suggesting sore tgrdrod¡maraic perfusion of

the interstittaL spaces. The increased. l¡mph flor¡v vrrith exerclse, demonstrated.

by i*rite çllll), suggests that tte turnover of pericapilta:ry f1uí¿|. refLects

tl¡e circuLation rate. Thus it wou-lcl s€em reasonable to asstre that ttre

extracelLular negions behar¡e as thougþ they a:re a rfirLly-stirædr zorÞ¡ Even
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Lf the¡e is no solvent motion- in t'L¡e interstitlal spaces, the vascuLarity

of most tfssr.¡es is such tt¡at the extracei.lula¡ negions most ¡¡emote from a¡r

open cap111a4y woulcl attain 9TÁ satvtation by cLiffusion w:lthfn I seconcl of

a ohange in capillar¡r tenslon. This estfunation is sLrÉIsr to tl¡e IGty,

Thews a¡rdl Forster t¡6n of caLcuLatlon justiry:ing pe¡fusion as the rate-

llmlting proc€ss wÍthin a d.iLute agueous nrerlium. [ho essential &ifference

lies in the fact that the latter authors have envisagecL the equívaLent tfuLJ.y-

stiræ¿l tankr as the vthol,e tissræ rvhereas, in tlûis a¡proactr, its boìrrd.arj.es

te¡minate at ttre cell walLs.

ltrus Ít na¡r be c1air¡ed. that tlpre êre no signtficant

extnaceLlular concentration graclients, a concLuslon r*¡ích im¡rLies tùrat both

venous bloocl. anct l¡ruph drainage leave in equilibrir¡r witt¡ extracelJ-ular fl,uid.

(of tension p¿)¡ ir€. pi - ¡y = pL QZ)

^ppl¡Ang 
a mass baLa¡rce for the soLute in ttre extra-

celLtü.ar zonez-
a

Net inf}¡c = 0^. SB. p¿ - qV. 3,. llV - eL. Si. pi . Vfé:.S(n 
)

v¡ip:¡e V is the volure of extracellular fIL¡Íd..
a

a

LittLe error is introduced. by equatt*.Q'. Sr. Ir. to

ôO. tu. p1 since Si t 9g for rnar¡r lnert soLutes and qL (( QÀ.

gubstituting for pA and. Fy (eeuatíon 22) 
"tri fu "rrd ôO

(equation t !), ttre aþor¡e eguation ¡educes to¡-

(n^-nr) = ki(EpiÆt) (zt)
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vd¡re¡se k. ¡. lr.ft. = sB/B. = o.693tÆ. þ+)f. -{ r- -'} - ¡

in l¡trich p is ttre volume fraction of extracelluLar fluid. arul l. is the

corresponclirig hall-satr¡rati.on ti¡ne for tlie }inear procêsso

For the isoLatÆ¿!. process, integration of equation (2J)

for a step in arterial ter¡sion clefined. by pÀ = O for t < O to pA = F^ for

t ) O, gives:- pí = P4(1-exp(-sst/Ér)), t.e. a si-ryLe erponential- resembling

equation (19).

If the ciraul.ation has stopped., tlron capilla¡f" loca'r,ions

a¡e no longer rel-eva.nt, and solute must reach ttæ ceIl walls by ùiffusion

thror¡gb interstitial f -uid from tlre neerest source of solute. For tissue

tl¡iolmesses of 1001¿ or more, extrace].ll¡Iar &iffuslon ti¡es car¡ r¡o longer be

lgnorecl. and k, must be repLaced by ki - .¡riricl¡ is nsïr'a fi¡nction of macro-

di.rensions. If these clj:i,ensions are narSr tines greater tt¡a¡ the nea¡¡

ùia¡neters of cells, ttre¡r the extracel}¡Lar materiaL may be regarded. as a

r.¡rriforn mass of setr¡n of cross-sectionaL ârea redr¡cecl ln BroBortíori to that

occupied. by extracellr¡lar fluid.. Shis wor¡Iê not change the isolated. resBonse

of that zore if tl¡e tissue r'ær"e cut into the overaLl form of a flat pala-LleI-

faced s1ab.

Thus for a section of thictsress (I'r), placed' ullon an

im*oerrreable surface and exposect at tl¡e ott¡er face, fig. 5 Sives the tine

consta¡rt for isolated extracelluLar response a.sl-

=&,.
¿ú2

k!L
o.693
1!L

(zs)

v*rere f! is ttre corresponùing half-satr¡ration tj-tÞ, anaL Do is t}re dífTusion
f,-
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coefficient of water. I¡ittLe error shouLd. be introclucecl. into the nesponse

anal.ysis by using on\r the first root term of the llræar br¡].k diffusíon

equation since:-

(r) the first term :nepresents 81ft of tü¡e totaL respon^s¡e (rig. J).

(fi) tÀe second. root nesponds 9 tj¡nes faster so that this a¡rtt

higher roots wor¡Lcl èispl,ay littte dev:iation from the í-nposed.

pressure fluotrla.tion at the e:r¡rosed. face.

ExtraceLLular nosponse can thus be e:ç>nessed in lírpar fo¡m

for both the perfirsecl a¡d. non-perfr:sed. cases.

5.47 Interactl-on

So far, e:çressions describing tle Ísolatecl. rrytalo

rosponse of each of tle two principa.l- phases have been dorir¡eô. Hmever,

since the extra- ancl irrtracellul"ar regions lÍe in series, accor:nt must be

ta.Icn of t;heir mutual interaction. The resr¡lting ¡nrtr.rrbatioa terms a¡e too

largc to be ignonect v¡hen deriving the overaLL tissr¡e ¡¡esponsê, ar:d repnesent

the source of mathematical- cm¡rIe..city. The Latter carr be reduced. to

¡¡easona.ble proportions, however, 1f the system described ca¡r be reduæd to a

Lirear eqtriva-Lent, which is icleal.þ suitecl for arral¡rsis by Lraplace transfo:ms

(tftater a¡d Bror',n, 19&).

ffhi1e such Ltnearity holas for the extraceLluler ¡.hase,

v¡hether circuLation is olnre.tirre or not (equations 2J and. 25), t;ne cells

p:resent a case far less inðucir¡e to arralysis. Houever, the rnrlti-er¡rormntiaL

fo¡m of their response (equation 21) srrggests tJrat each aor¡go¡,:ent term,
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R .em(.û¿Dt) in fic. 3. nav be ¡ecardsd. es en indivtdr¡al- oort:i,on of the
4I¡

extraceLlular material dÍspJ.aylng linear ¡¡esporu¡o rrrittr respeot to the

interstitiaL flì¡i¿l.

lhe histologioa-l modpl advancecl here nay thus be

transfoãEcl to the cørparùrnntal equlva3.ent llluEtratocl in fig. 5.
' fhê root te¡srE of tÌ¡c br¡Lk ôLif:fr¡sion respor¡so (eqration

A ) "¡" represented as cha¡nbers in paral1eJ. to each otlrer, ¡ret in series to

tl¡e interstitial fluid.. Oær ttp practical rar¡ge of nesponse ti¡nes ttre ttrizlt

ancl higþr roots a¡e so rf,astt that tlÞ capaclty tùrey reprcsent na¡r be

aonsidsred. equilibratett uitl¡ interstitial fürl-d.

Tlp nuscLe fibr:e, ¡¡eco¡dscl by Fcnichel and. Horowitz

(lg6ù cËspl,aying the sl-s$ast upta.lo ¡sesponsê, coræspond.s to a half-
gatr¡ration tl* (?) of 12.1¡ ninutes. The socond. root wor¡Ld. tùrus have t¿ c

1.4 minr¡tes (paraLLel slab) and, for the tÌÉrd., \ = Or! minutes. ConsÍdering

tho cozæs¡onclír¡g\y ¡pctr¡ced capacitíes (valr.as of R r) of higþr roots, the

lirpar eqr.rivalent (fie. 5) sfrorúa i¡rtroö.roo ltttl,e êrror in ap¡¡J¡ring ü¡c

notlel ¡rroposed. in this theEl-s.

Hounrrer, arry nodel 1s wortÌ¡Less unti.]. proven

o4nr{.ænta1.JJr.

Since atÞquate ex¡nrirental clata cor¡ld not be for¡¡¡¡l in

tlre Literatuæ, the ex¡nrf-rental. progran clesoribetl in section 6.5 was u¡rden-

talon. Data have been :neoorded. for tùe uptale of irprt ¡¡q¡þpo1ar gases by a

single tissue ü¡pe, sloletal. muscLe of the rabbit, for the two cases of¡-

1. lxtracel.lular uptale effeotocL by ¡nrfusion,

2. Extraael.lulsr uptalo effected. by e:çosing an excised,

tLssr.Þ seation to t*re gas.
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rt was felt that the justificatfon for ar¡¡r postr¡Lations

rvouLd. be gneatLy erùra¡rced. if the sa¡ne modeL couLd. be used. to correl-ate bottl

sets of d.ata, i.e. where exchange occu:cred. both w:ith ar¡cl vnithout circr¡lation.
Both cases a-re therefore consÍdered in the follorving qr:arrtitative interpæta-
tion of the modeL.

5.1¡8 Qr¡a¡¡üitative Ínte¡mretatioa of tt¡e rrodel

The great advantage of tù:e Ì¡rpottretical nodeL adva¡cod.

Ln fig. I ís the fact tftat each intercorparbenta1 nass transfer prooess

car¡ be e:çressed. qualtÍtatively by a single Lirpar equation. l¡ls prouides

tl¡¡ee expressions in ad&i.tion to th¡¡ee for the transient mass bala¡ces - orÞ

for each cmparùment. Such a system is thus ideaLlð¡ suited to anaa¡rsis by

use of Laplace tra¡¡sforms, the nattrenatics beirrg pnesentecl in lp¡nntlix I.¡I

using the s¡rnbols ir¡ôicated. in fig. 5.

ELiminating the trarsient variables g,rt g."t pr r f" and

Pi from the six eguationsr g car be reaèiþ derÍr¡ed. for a step in arterial
or externa-l tension, clef,irecl by pl g O for t < O to pA - F^ for t ) Or as!-

g - Àr . e:cp (.o. 6 93t/ 0 
r) 

+er. e:ç (-o . 6g3t/ 0 
z) 

t^s.exp(a. 693/0 r)
with oirculation, @e)

cR, 9 E tr.e{p(q.6g5t/01)+11.e:ç1-r.69tt/o;)rrr.eæ(4.6%/0r)

¡ritt¡out ciratrlatfon. (Zl)
which rep:resent exaot solutions if¡-

rc0A sTTT.
I t z 3 t 2L

f ,u "* "u "*0 
t0, æ T,T"+lrTr(r+{)+trrr(14)

(o 
,+0 

"+0 
, r 1r+[.+T ,(l +P 

r+ß 
")

with

cirouLatlo¡r

(ze)

(2e)

(æ)
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rzithout

oiroulation

rct|tjtrrFTTl
fr at -i-a-l

Í0i0'"-0i0i*0i0 
r !.,r.+rir,, (r +É.)+r[r

(o\+ota+ot - T.,+T.+T 
LU +p Ìp z)

)+þ
"(,

/zr \

$z¡

ßt)

EquatLons 2ç5t a¡e clozd.r¡ed in þper¡èix lll/.

If th€ georetric concept (fig. 5) of the hlstolory of
tissue is cor¡ect, and. remains essentially the sarp ímrÞcliateþ after cleath

of the a.rrÌmal as it was for circuLatfon r.mder a¡aesthetic, then Trr lerþ,
*U Êz should. be the 3aË in bottr cases for tlp sa¡rie gas. Mo:reover, if fiæso

constants are lsrov¡n, then each n¡n u"Lth cÍrcuLation (i,e. each set of 0t

values) enables 1l to be ¿l€terînirpd. accorcling to eguation 28, 29 or JO. This

provj-des three separate estinations of the blooct perfusion rate (B) as

clete¡mirecl frør each va}:e of fl accorùing to equatíon ZU.

Rather than derirre lr, 1. , 9, atta 9" ft* the n-¡r¡s with

perfusion, f.t 1s simpler to derir¡e them from clata recorded for ttre excisecl

tissue, since a løronfleôge of T, frm eguatÍon 2l+ effectir¡eIy reduoes a cubic

to a guatlratic solutl.on. Ân enal-ysis of such e:çreri¡rpntal data (fie. 19) is

given in table 7.

the folLovring featr.res of table / woulcl inÀicate that

the motleL (fig. 5) ls ¡¡ea,listic for the interpretation of clata from exciseè

tissue ¡-

1. Tlp closê agreerent of val.r.¡es of [r[. ín ]irs 7, slnce bot]r

Tr and. lt. ahould. be coneta¡rt - 2 degroes of, determinanay (fl.



Ð,r, = 9ú6 x

0irUt" ala 0l

2.

5.

rr1.

[,¡BrE 7

1O-a crn2 min-l (Perry, '1950).

are half-saturatlon times obta-irecL from the ex¡nrirentallJ-
cleter¡rir¡ed response ourye for each run upon excised. sections
of lv¡tÉtel iruær tbigh muscle of the rabbit.

9¡ sinoe 1,,, T", F, 
"rra 

É. shorrla all be consta¡rt - 2 degrees

of cleternrinancy (f).

Tlæ Linear pJ.ot of Dgr vs. Tf since both É, anô, Pz stror¡lit be

consta¡rt in tle graðient *-t (Ér+P"), antL bottr TtârICt T, stroulct

be oonsta¡rt Ín ttre intercept tærm (nr+T 

") 
- 1 degree of

iteterrrinancy (f).

f

I

2

2

P3.otting C:O;-ti) vs. Tf fracLient = @ r+9 ") 
o o.69

ftrrt""""pt' (t,+r.) = ii.7

lfoa¡r

-

-
13t.9

l+!1.3

Run
v

1.O5

Ð.5

5'6
, 2-8

3.31
tþ74

143.8

270

78.8
39.7
1F..6

Rr¡¡
lrl

1.71

l$.6

8.8

3'8
.ll.o
1361

1?)+.1

*)+
18.5

53.2
l+2.2

Run
III

2.96

52

22

3.1

26.5

3w
1å2t2
1387

\ß.9
Tl.1
50.8

Eqn.

t

-

-
25

-
51

5z

35

Quantity a¡¡cl clerlvatLon

0t0t0t (lntrr.t)
123I Tn = 7tlat ?yIL (nin.z)

OtOt+Ot0t1.0i0i = Ðt0t (dn.2)
(r,, +trtø, T 

"# "T 
,)=(Ðot 

ot-4 
1! ")/rL(0rút+0t) = Ð0; (mrn.)

(æ;-ti) - ri@' #.)+(r, +r.)

'1 .
2c

3.
l¡.

5.
6,

7.
8.

9.

10¡

11.

experturenral I l,[lr-;],
¡results (rig. t l) ) I

(section 6.*) | Ot Itoi".¡

I a;(mÍn.)
Ti '¡ o.69i x 2$,2¡ti2or(rit.) I
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fakine ¡rea¡¡ va-h¡esr- [r[" = 133.9 !n{!r.2:

T' +r.+{T 
"#"T, 

= ,l+1 ., nin.

Fr+P"= 0.69

Tr*T. = 33.7 min.¡

these eqttations gÍne the fol.lortng vaLr¡es for acet¡r1erp Ln s¡eIetal
rabbit ¡mrsclet-

l, ¿ 29.1 ntn.

la - l+.6 nin.

P1 ¡ O.5l

Þ" = O.18

c"\

For a tLssue vÉth negi.igtbl,e fat content, F, and. É"vAff
rem¿in the sarne for arSr gas' l, a¡al. Ta , nepresenting a pure ðiffusion

Brocess irr all casesr shouLd. be inverse\r proportional to the ôiffusíon
coefficient for the particular gas. Applying the Grahamrs 1aw cornection

fo.ctor of nÍW= 1.81, the follovring values shor¡ld. hoLd for "1f"r-
T,, = 52.6 min,

Ta = 9'J min'

ß, = Q.51

F" = O.18

JustÍfication for apgþlr¡g Grahamr s Lavr is enhanced. by

the naiure of the gases used., vÈrich are not only irnrt but a-lso non-poler.

Mol.ecules of these particular cliffusing soLutes should. thus e>çerÍence very

ltttl-e hLndra¡¡ce by Ïgrdrogen or ottpr inte¡sroLecular bonÀi.ng pnesent in the

cytopLasur (l'enictrel ar¡d Horomritq t96t).

" "Kt.



Run II
197

27.3
6.5

58A0
7¿ù3

dú.9
87.8

90.6

110

%,o
lOrW

o.48

2

Run I
86
20Ã
6.7

1't730

?J4¡65

115.1

26.8

2'1.2

--æ:229,3

6.1/o

t.63

2

Egn.

28

29

30

2h)

Quantity ar¡cL cùarívation

00
l20ú
t

m
:L /n',

-f,
T

2
t")/(tr*t"#,,

")/(119r'tg.)

'lHfr'l
(¡nr n.t)
(to.itt.2)

(r¿tr. ) :

(tntrr.)

T.#"rr) (nti.".)
(rrtt. )

experirental
¡resuLts (rie. t 7)
(section 6ú3)
000

l2t
+0 0 +0 0 =ú 0

l,',

2t
ú2'

t
8 I 2I

ñ
L

ñ
t-

Mea¡r

00
.1 ¿
(Ð,
(Ðrl
m

L

0

0
2l

-f -T
1

Stan¿tar¿l clerniation of T vai¡¡es
a

BLoocl ¡nrfusion raæ (n) fron nean [,
n = 69.3/Q*9r$")t, (nt./tOo ml. *itt.)

O¡p.ortrrnities to prover/disprove model (f)

133.,

The abor¿e values for lc¡rpton, cÞríved from excised

tissue, enable thr"ee separate dete¡nrÍnatíons of perfuoion rate to be nade

for each degree of circulatíon - if ttre sarrn geometric model stiIl holdg.

Àr\IAItrSIs CE 85Itu EI¡IlvtrN,t[rIoN ll['It5I C]RCUI¡ATIOW (rie. t7).

rÆIE 8

a¡rð
2 t a.ne hal-f-saturation ti¡res obtainecl frcrn ttle ox¡¡erirrentallðr-

cleterrnined. r€sponse currte for each nrn using the ir¡¡ær
t't¡Ígh muscle of a raþbÍt.

Itre agæerent bet¡¡r¡een the ttrree cletermin¿tiorrs of

¡nrfusi.on rate for each degree of anaesttresia was rather better t'?ran

a¡ticipated. It ír¡licates that the geøretrÍc mocleL outlired. ín Fig. 21 Ls
/

realístÍc. The higþer sta¡d.ar"iL cleçiation in Rr'¡n ¡I (tatle 8) may be

attríbutecL to ttre poorer control of the ctregree of a¡apsthesia.

fg ns 1 ro¡ arr srsl¡eous t¡r¡¡e a¡d' B, - çfu = ñfu= #rq- o.G6

000r,
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Ûafl-a tablee 7 a¡ð 8 æ'-¡rd. prorê& s't'fic1ent d.ate for
tga"king a oomparison betv¿een dliffusion anê circulation as tÌÞ rate-limiting

Process in this partlcular tissrre, it ls J.ntenesting to note that tùæ Ir and.

T" valnes oormon to both perfusecl andl. norrperfi¡secl systems glve f r/f" = 6.JJ.

Àccorùing to the pJ.ots (rig. l*) of baeic response paraneters sr.marised. Ln

fig. J for the perfect goonetr{.c fo:ørs, æ/q ¡ 6.j5 cornes¡ronds to &fi -
1.55t L¡c¡ ãn effectir¡e reðuction of (Z - 1.55)/2 ln tl¡e a¡ea of a ¡nzfect
cyltncler availabl.e for masg trar¡sfer frør interstitiaL fLuid.. This v/ouId.

sug¿est contact betneen netghbourd.ng utrscl.e flbnes, in the r¡ndisturbecl state,
to the extent of a¡pro:dmateþ 24 of thej.r surfaoe âj!ìeo¡ Tluis aontaot Ls

rrl'sua'lls€ð ln the fonr presentecl by ül¡ale¡nan (196Ð vûrose illustration Ls

neproducecl Ln fl.g. 6.

fhe sa¡ne va-}¡e of lb/V - 1.55 oorresponcls to t0 - 2rOj

(ffe. ¡*). But¡ frør fig. 5, l, = O.695/!ff rninutes í.e. for acet¡rlerst-

D/\2 - O.57g rd.n.-i.

rt 1s cllffict¡lt to lsrow rvhat v¿lr¡e to talc for tlp effectir
rea¡r ilia¡æter (Zt) of a cell of ra¡clø geætric form. Hownver, J-f 2b is
talon as egual to the interca-oillar¡r ètstence for va.sod.j.Latecl gastrocrnmius

rwhiter rabblt muscle, then Ketyrs (1951) capiltar¡r count for this tissue

gives b : 15.1+P, and thusr-

D r 1 .j7 x 1O-E oma min-rfor aootyleæ.

1trc signifLcance of tbls value Ls cliscussed. Ín section 8.6!,

5.1+9 Implications

The foregoing anal¡rsis is ¡rendered. feaslbLe by the ti-re

constants, Ir, À., lir ?!.ctco rrêGarùù tn ftgr. lZ a¡ð.19¡ bclng so olearþ
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defired.. This occr¡rs by rrlrtr.r of the Large nuriber of points (æ-lZO)

obtainable for each scintillatLon cor.mter or ùiLatometer tiun.

The reallem of the proposed. model", applied. to rvrhitel

sloletaL rabbit muscle, may be assessed frqn a comparison of si¡nÍLar

fi¡rrd.amental quantfties cþrivett by separate rÞa.ns in tables 7 and. 8. lïfth

three equations (28, Zg, JO or 31 r 52, JJ) for each of five runs and onþ

six basic unlmowns (*r, t. r 9r, F. ar;d._ the two perfusion rates) the system

Ls oner-dete¡mina¡rt, tiheir being nire opportr¡rities to ¡rrove, or d.is¡rrorret

the mocleL. Iltese a¡e inùicated. in the coh-ur¡s headed. f. Ii{atheme.tica.lþ, the

evÍclence corrLd, har¡e been p:resented. more convincingl¡r if the saJrie (ltrantit¡r,

saJr Tt or Íar had been dete¡rnirpcl ten tÍmes.

Ihe quantitatir¡e incorporation of -r,he concept of a

J-cli:nensÍonaL oell of ranåom profile seems a reasonai¡le offer i.n nitigo.tion

for the {3ross geometríc irr.eguJ-aríties obse:r¡ed. in most histoLogical sections.

IÍhile the ¡rettrocl. effor¿is no IIEafls of esti¡ns,tÍng the tnre

voLr:rne fraction of the intprstLtial f,luid. e¡rd vascular systænr, devoid of

rapidty equS.Dbrating aellu1ar material, the estimateð, 2Q1 conte.ct bet'neen

muscLe fibres seems to be of a reasonable order. The sarne may be said. of

the bLood perfusÍon rates of 1.6, úd, o.à8 ú/1æ ml-. rnin detenm:ir¡ed' for

lieht ancl cÞep anaestlnesia (ta¡æ 8).

ll¡hiLe a value of 15.141 for the effectÍve rad:ius of a

ce11 may seem open to question, the moilel would. aPpear srffi-oiontly æLf

þroven to claim that the ùiffusion coefficient of intr¿rcollula¡ material is

w:lthin a¡r order of va};es iþter¡rirpd. by other transient rethod.s. Thus irFrt
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non-oola-L côapqr-t'¡1d-s wqltld- sppeg tO he--e ve['-'-es of D Ln rebbit :nusele

fib¡res roughþ îd tÍ¡ss smaller t^ha¡ those for tte sa¡ne gases in water.

Hor'æver, it is not essential to cþte¡mire òiffusion coeffioients to

demonstrate ttrÍs gross heterogeræity bet'¡veen intra- arrd. extracellular

material.

tlrether tle oonoept of an imegula¡ ceII is justified. or

not, it wouLd. appear most significant that two out of tlîree of the fi¡nctamentaL

time consta¡¡ts extracteè by the fornegoing analyses are the sa¡re for each :l¡¡¡.

îl¡-is is particularþ relevant to the diffusion vs. perfusion controversy sínce¡

a.fter a Graha¡¡r s law ad.jusùnent, they are al.so the same vùether the

circulation j.s operative or not. This serwes to support the belief that

they refer to a pureþ ðiffusiona.l process. Cor:nesponùing to halî-sattratíon

ti¡res of T. = J2.6 minutes a¡rd l- = 8.3 ninutes for lcr¡pton, they nepresentt-2
delays oomparable to that imposed by circulatÍon for '¡hich E. = 28.1 mÍnutes

for ligþt a¡laesthesia. Rep:resenting processes ín series, these va-Lues

inûicate that neitler wouLd. preclominate to tlre extent that the otler oould.

be ignoneci. However, ùiffusion would. be at least WÁ tsnt+ing at higb

perfusion rates such as the values of JOJ¡O ú1æ r¡.1 minute associated

with e:rercise. This is in &i¡ect agreerent 'rr:lth the racliosoôir¡n cLearance

curve of Renkin(1958) for dog sleleta-l muscle.

thiLe ttre foægoí4g corrparison ¡efers to the rw!Éter

sleleta1 muscle of tlp rabbit, it seeu¡s ql¡ite probable th¿t a sj:uilar stríft

of errphasís fron circulation toward.s ètffusion as rate-limiting nigþt ueLL

apply to other tj-ssues. fhil€ autorad.iographs, such as-emplo¡ed. þ
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Thorbr¡rn et a1¡ OgeÐ ma¡r be used. to itÞntify er¡nriæntaL e'liqrination

consta¡rts w:itt¡ the partícuIar tissr.¡e t¡pes comprisin¡g an organ, they wou1ct

most lilc\r repnesent on\r tte slotrest te¡ms (g ft fie, 5), for theír
particular regions.

lhil€ relevant to decorpnession síclmess, tho foregoing

ana\rses make tt¡e more serious f-ur¡rlication that the:¡e is lÍttle justifioation

in the popular cletæz¡n:ination of, regional blooct f,l.ow rates a.s tl¡e e:qnr{-rental

tine consta¡¡ts obtaircd. by dinect responae analysis (i.e. \rÀ", a¡rd. Àt ir¡

flg. l7). To alLolv for èiffuslon, a far more rigorous mathenatical t¡¡eat¡nent

is indic'ateô, based upon a realistic model. for nûrich ore sqgestion is
presented. in thÍs section.

Befo¡e acl,apting the motþ1 to the tissue t¡pe aritioal in

èiv:ing¡ a cheok must be made of its ability to e:çlain ttp chief exarrpl.es of

margr facets of bloocl-tissræ exchange.

5.5 MOEEL IUJITVÅI{T TO IEC(I'ÍPRESSTON SICKNESS¡

5.51 @,
The foregoing discussion a¡rd derivatÍons ir¡fer tlrat

èiffusion would. male a far larger contribution toward.s litniùing iært gas

uptake tha¡r is general\r accspted in the literatulp, (e.g. Forster, 19&).

Houever, this revised. contribution has on\y been shovm to exceed. alL otbers

in lirn:iting blooclttissLþ exchange in the case of slcletal. muscJ.e, aLthougþ

it ooulcl. apply elsewtre¡îe.
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5.52 The worst caso

-

lte seLection of a mathe¡naticaL modeL for p:neèicting

marginal s¡mptons of deaonpnession siclmess suffers frq¡ tl¡e ext¡F¡æ ðts-

advantage of not lmorving v¡ith certalnty ïÈÉctr is the crÍtica]. tissr¡o tJrpc.

Hovuerær, the¡e is rlery good. reason to belleve ürat the site of pæln Íe

cLose\r conrpcted. to the locomotor system (section 3.25). This prodmit¡r of

the crítical tissr.¡e type to sletetal muscle thr¡s inclicates ttrat tt¡e fo:regoing

cliscussion of process€s contributirrg to exclra4ge Llmitations, and. the mocleL

of the imeguJ.ar ce11,, cor¡Id. be reLevant to this case - particularl¡r if tendon

or supporting tissr¡e is regarcteê as a recha¡rical extension of muscle ffbæs.

ff *y concept of fumegular oellu1ar bor¡¡rd.aries is
aoceptædr then the worst caaes for desaù¡ration must ocor¡r in tl¡e few ra¡rdon

instar¡ces where trr,ro or more celLLs woulct cørpJete\r envelop a oapiJ-Iar¡r.

IÍhiLe these maJ¡ represent no sp¡¡e ttra¡r ser¡eraL occurnenoes in ser¡eral ¡nqtllion

possibJ-e sites, tlese would. be thÊ locations v'¡hích wor¡Itt retain the largest

quantities of separated. gas if nucleatect ctr.rríng decmpression.

Sr¡ch sites would. nepresent the particular casê of the

general model- expor:nded. in section 5.4, in rryhich the extracelLr¡la¡ neglon ås

reduced. to the intravascular content.

If cliffusíon ooefficients ín c¡rtoplasn a¡e realLy

srnaller than those for water by the factor of about 10-¿ derirrcd. earJ.ier,

then such' restriction Ín exchange is fi.rrtÌ¡er erùra¡rced. if the aLte¡native

source of extracelLular solute rea¡est to ttre isolated. capillar¡r is another

capillar¡r.
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the west ¡nssible case 1s therefo¡e that in vrhich the

irregulor ùistrlbutlon of colls has led. to a capillary being separated from

Its rrearest rnigþbours by cytoplaør a¡rd. the approfrriate menibra¡es onI¡r,

Such a possible occurrenoo Ls lllugtratecl Ln fig. /.

5.55 MocleL for dleoøp:ression giclsress

Ttp few sit¡s æpnesenting tho v¡orst possible location

for phase separation me¡r be e:rpressed. quantitatíveL¡' as the particul.ar oase

of the geræral model (seotlon 5.lr-) fn úuich:

1. The extracellular nolr¡æ (Vi), in eque.tion 2l¡, is rreduaed. to

the va.lue for the intravascular content for r';hich llalcl¿ne ¿urcl Priestþy (19iS)

guote a general valr.s of ry. [hus É, . l/k+ßr+F") is reducecL from 0.56

(section 5.48) to ap¡rro:iimateLy O.Ol+. Hence the ìralf'-satwatíon t:tne (fr) of

the extr¿rcellul-ar zone should. be reduced io 1-2 mins. rxrder a sfuniLar state

of a¡taesthesie, but shot¡-ld be even more rapid. under normaL conCritions. Hence

little error is introcluoecl by equating cagillar¡r to arterial bLooct tension

of ttp inert gas, i,e. frm equatÍon V.

p-rþ-nJrforr(a. (¡c)

2. lr¡r emor introctuceil by the abor¡e a¡4rroximatfon is furtler
recluced. by the ino¡rease in half-satrration ti¡res (frrf.) corresponcli-ng to

tl¡e roots of the equation for bulk èiffusion into the extracel}¡lair zoï¡e.

lhe a:rea per urrit Length avaLlaþLe for mass trsnsf,er with the ceLl is recluced,

to Zltat ttu¡s inoreaslng T | - O.6gr/aþ (ffg. 5) for O.H. from 29.i rrins. up to

a va}æ ín tlp region of 6l+ minsr lhis figure is roacÌ¡eil, on the basis that

"o, 
. 0.285 fæ b/ar 5 (flg. 4) urrd D ¡ 1 .57 x 10-8 cu¡z nin-l (saction 5.¿+g).
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llenoc ttttle error shorrld. be Lntroducect b¡r iglortrg thq

effect of circr¡latJ.on, hav:ing a half-satr¡ratlon td,re of 1-2 mins. ¡ ín ocries

with intraceLlular naterlal hav:tng a haaf-ttæ ln the reglon of 6lr urins. TIF

worst possible case may thus be negauctrrdL as orÞ in',¡dti.oh tlre caBi1lar¡r tension

of inert gas meir be tal¡en as egtral to tt¡e alveolar valrre (ecluatton IK),
lntercaplIIar3' rrp¡*p occrurJ.ng by radial- d.lffusLon lnto the tnterveni.ng

cytoplasrn. lt¡is Ls Lllustrated. in the matternatícal model shorvn in flg. I
vùlcl¡ netaLns the Krogh conoept of ca1>lllaries of railir¡s (a), spaced. on a

rngular tri.angular pitch of dj.sta¡:æ 2b between ccnt¡ñ¡s.

5.54 Racllal cìlffirsLon

The applfcation of Fickr s Law to a mass ba-la¡rcc for the

Lrsrt gas e.t any point r¡åthLn arr isotropÍc ¡æôtr,¡n may þ e:çr"essed

o.uantf.tatirely (Calslav anrl Jaeger, 1959) asl

vtp

rt 1e shovrn in À¡Ennèix rr that stmpre re.cliar coorilir¡,ates

nay be useq u¡?¡en tlp abor¡e eo.uation ¡¡educes to¡

1-õ (Ð

r

¡vìere r Ls a radlLal co-o¡ùiDateo

Frør fig, 8, it can be seen that little el.ror shoulcL be

Lntroduced if the Ìæxagone-l fozm of tl¡e cross-section of ttp vo}.æ of

infLtpnce of orp capill.arry ís a¡>¡rr"oxfunated. to a circLe of raclius b. [lÞ
oytoplasn ir¡fLuenoecl by that caplllar¡r'inay thus be clescribecL as a hollov¡

qylinder of inftnite len¡gth and. radlaL òtmensions a ( r ( b.

1

r a
ò
æ (Pj j -r3Ër

L tr)
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For a step in capillar¡r tension defined. byr (An). = O

for t ( O to ên)" = x(AF) for t ) 0, at r ( ar tlre tonsion at raAius (r)

has been tþrfwcL from equation 209 in Ap¡tenclix fI as¡-

(aB), .¡c(¿F) t t*i ]
. r(êtr)o(r,t) (xr)

vlhe¡e tctn ar"e the roots, all r<:a.L and sÍnple, of egua"tion .IIïII.

The total eas (e), exp¡îessed. as a voLr¡¡re (neclucect to

sta¡rd.ard. pr€ssure and. body ten¡nrature), enteríng unit Length of extravascular

tissrre by uirtue of tt¡e step in absolute pressure (e), may be obta:irect by

appþing Fickr s lalv to the aapilLary rva.J-L, i.e.

gg
ctt -Xraß (*) 

"=.
rvhere tlre rret solubilíty of ',:ire iirert gas ín celluLe¡ ¡naterj.aL (S) fs

expressed as a volume of ga.s (rr:<luced" to stand.ard ¡rressure emd. bod¡r

ter¡peratu:re) fo" ur¡j-t volr¡re arrd ¡nr urrit partíal pressure.

Fro¡n the aBplication of the ei;ove expzession to

equation:C[, 1t aan be seen from equation 212 in.Àp¡enilix II that the gas

uptalæ ¡nr writ volune of extrava.scular tissue (d tuy be clerÍr¡ett ás¡-

s ¿ c/r(bz - a2) = x(&) sV(t) (xrr)

wÌ¡eæù(t)- i 
¡æ(-.,bt)

(t/")'-t) "3t 
ftrrr)
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si.noe ¿¡. oo

-'.

((b/a)--1, rEr
rl(drr)' (.r 

o 
(aø,"),/,r, (urr) ) 

t-t

Thus equation )ü enaþIes the tensíon of ir¡ert gas to be

cþtermtrpcl at ar¡¡r polnt ancl ti¡re (t) rorfo'rrng a step ln absolute ppss¡r,,e

(AF), [he total upta.le of Lnert gas per r¡r¡i.t vo}¡rB of extravasoular tlssne
ls given by equafi.on XII.

5.55 Aoproxinations

rn Justlftcation for negLecting the effect of, ciroulatlon,
ln tt¡e worst posslble case onJ¡r, it has been shsv¡n that the halî-tirne of the

fLrst root may be of the o¿der of h tfures greater tt¡a¡ that for tls generaL

¡oodeL of the fmeguLar ce13. (sectlon j.jJ). Ilonever, aJ.l roots of, the sare

rrouriêr series wourd be incr¡easedt by sl.¡¡rilar factors, greatl¡r increasing tåe

eÍror Lntroclucecl by tlre original assuu:rption that the capacity nep:rosentecl by

the thirct and' h:igþr root terrns may be consl-de:¡ecL equi.übrateA v¡ith extra-
cellu].a¡rfruldr Hence, in the ','¡orst possl-bre case, V(t) rn eguation xrr
cannot be talcn aa sirrpþ the $ln of tvro exponential tezms, the ar,a.J¡rsis of
tlecomprossl-on data reqr.riring the fuIl use of equafi.on xrrr.

Ilor.orrcr, for clir¡es of sbort dr.rration, ti:e nr¡nber of terms

utrlch beaore slgniflcant r.elative to the first (n - I) tn equatton )CIII mqJr

be gulte large. Fort'mateþrfor s¡nalL va}¡es of t tl¡e¡¡e are a n¡nber of

good approxl¡uations.

UnttL molocuLes clfflfrrsS.ng frcu orp caplllar¡r læet those

fron another, {rhg bor:ncLa4r conilltion at r ¡ b has no effect. The c¡rtoplawr

nay then be regarded. as an inftntte æclLrn vrlttr a hollcnv cyllndrical cavit¡f

of ra<lius (a), fron v*¡1ch equatf.on a5 (¡Feenaf* tt) giræsr-
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v(r)'ffi1 I ð

(to("u))t+(to(""))'
(x¡¡)

u
oo

Appeniliz" II contains fr¡rther approxlmations for ü(t)

nrrtil, for tho srnalLest v¿lues of t, equation 216 ¡glvest-

ì1,(r) ' +^lÑf4(b/a)2-1) (n¡)

îhus ec¡uation l(V inilicatcs that, for smaLL vaLues of t,

socGa 
^Jtr

1'he signS.fica¡nce of thfs deriva.tion ís ûiscussedl in sectLon B.JJ.

5.06 plæ@g
g Ís a vo}:ne ratío and. hence dinensÍonless. thus for

equa-tion XII to be cLinpnsionalþ homogeneous, ü(t) must be cH¡rensionless,

an¡l so rnust (aÇ in equation XrIr, ("") r" eo¡ration XIV a¡¡ct (Dr/az) Ín all

eguations LncJ.utling XV.

ÍIhe onl¡r independent veriab:r (t) for totel uptr.Jæ can

al.rrays be inoor¡roratcd. Ínto tl¡e group (Df/a1 a¡¡cl other cLinensj.orrless grorrps,

e.s. aþt ín eqr:atÍon XIII na¡r be erpnessed as ("ao)2(Ot/u2), Thus tt¡e tLrng

response of the systern for a step in arterial tension j-s r'rcLL cii¿¡¡acterizeC.

by p3.otting V(t) vsrsus. (Dt/a2). Once the ¡r1ot of these t','..o ùrmcnsionless

quantities has been establfshed, for the rclevar:t (a/") ratir¡ (fig, ltJ)r

varia.tions in D, S, (e)¡ ï¡ or even a (for sme.lJ- values of t), reguiro

aritlunetic ad.justrneu'r;s onþ. The apparr:nt mathematica.l complexity of

ecluations JLTII ancl XfiI shouLd thus not tletract from the use of this approach
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5.n tleccrnp¡essíon anaþsLs. It slrouLd., ín fact, be no more clÍfficuLt by

this nrethod. than bJ, the conr¡entlonal ex¡rorentia-L aBproach once tÏ¡e

relationship betrrveent(t) a¡rrt (Dt/ae) nas been e:qrressed graphicalry.

5.57 lrnrt sas eLLninatfon va¡ithout phase separatÍon

Providtecl, phase se¡:aratiorr has not occured, the excharrge

of i¡rert gas in tissues shouldl. be a ¡nrfectþ rermsÍble process, i,ê,
equations xI I, xIV or XV coulcl be usd to descrí¡e ü(t) in equation xrr
whett¡er vaLues of AP are posítiræ or negatirre. In suah oircumstarces, the

rnt gas eLl¡nÍnated (Gt ) ar¿ the net gas per r¡nit voh¡ne of extra.vascular

tlssue(gt) u¡e relateit to (t) accorðing to equation XII as:-

gt = Qtfr(ba-a? = x(¿ç)sü(t) (jl-)

ilhe¡¡e phase separation fras not occurred, the net gas

oontent after a ntmrber of absolute pressure changes may be caLcuJ.atecL by

employ:ing the prÍnciple of superpositj.on. Shis is in acco¡rlance r¡ritl¡ tl¡e

gernral approach emp3.o¡recl. by advooates of supersaturatfon tt¡eonies of

deconpnessíon sÍcløess (section 1.6).

For a ilir¡e of ch¡ratj.on (0) at maximw¡ absolute pæssuæ

(%) , folLorred. by conventional stagì nn consísting of ti¡re fli, strnnt at

pæssure P ,, T" at P 

"t 
,^ ú P, etc. in raturrring to the initia.l pnessr¡re

Por the net gas uptale by the tíssue Ís gÍven by:-

(t-o)- å er**r)ü(t-o- ,åç J þ¡)

sinæ tlro jrnp frcn pnessure P, to Pr*., is clela¡ntl by tå.:re 0+'îr+T"...T^

frm tùe inttíal subrerslon.
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IIre start of cûrocrpresslon is tt¡e partlcular lnstant

vrhen t r d¡ 
.such 

that tt¡Ê $¡ånttty of gas talen qp by tåe tlssue ¡¡er r¡ntt

vo}¡lp is glæn by eguation XII a.st-

s . ó(% - po) V (a) Gvr)

sånce &. PO

HornrÞr, rvheæwr the separation of gas frø ¡olutLon

ocours, the bLoocl.¡ tissue exchar¡go process is no longer reversLbLe and. lp¡:ce

tlte abor¡e approach ca¡¡¡ot be extendect to estùûate dssatr¡ration by docøpressÍon

in nuoleated. zorrs. lhus equatiorL 35 ca¡¡¡ot be used. for estimating gl ín the

worst possible oaser r¡¡¡less it ca¡r be proven that no point h¿s exæealed. tlr
oor¡ditlon for thennfimanic equilibnlunr Sirrce¡ the proximity to possibl-e

phase separatÍon is tletermiæè by the totaL tensÍon of aLL volatiLo solutes,

preclictions of Lrprt gas clesatr¡ration mtrf IECCMEffiS9IO'I woul.cL seem best

posþorncl. ur¡tiI tlp conoentrations of tÌ¡e ætabolisabLe gases have been

estimated..

5"6 UTE INTTERE¡n uTËxH]ruTTo}T

5.61 Eouilibri¡n

In order to estl¡Þte the quantity of gas av&iLabLe for
coaLescence into an extravascu.Lar embolis, it Ls essential. to ls¡ory tfte

cor¡oentratÍon êistributÈon of eaoh r¡olatd.Le substance at the møent of ¡ihase

separation. In the worst possiblo oa.so, whcre phase equillbration ls rapl<ll¡r

estabListrd (seatton ¿+.5), tl¡e oxcess of total tpnsion over aþsolute þrclrostat

-p o
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pl€ssl¡re Ls t'hen repnesentativ€ of tlÞ gas separatir¡g frm solution at ttrat

point. llhis is showr¡ for a singJe stage in cÞcwrpression fon t}p arbltrar¡r
radial èistributLon lllwtratert ln flg. 2 ¿

Accorôi.ng to equatfon fII phaæ separau.on oan ocaur at

ar¡¡r point rvhe¡e (p + po * p" * nJ t p + 20O mr Hgr

Whilß equation )tI enaþLes p to be aletetûiæd for tlre
moclel postulatecl., tb retabol,isable gases ca¡urot bc ae$æcl to æspond. in
t'l¡g sa¡rp tra¡rsient marurer as tùrs irært substances. l[orsov€r, the rnaessit¡r

of J.iving tissr,¡e to maintain continuous clpnÍcal leaptisr suggasta a tendoncy

for tt¡e ctistributi.ons of the gases, esscntial. to ¡ætaboliem, to dsvl,ate towarncts

ste ad¡r-state cond.itions.

5.62 later Vapor¡r

lt¡s tenÊion of water (nJ * o¡rto¡¡Ias 1s deftuþtt a.s tlrc

partial. prFsst¡rîe of water vapour in equiltbrir.m with c¡rto¡r1as"r¡, This mr¡st

cþviate frm t't¡e yqporæ pr€rssr¡r€ of water, rùich ls 47 m. Hg. (Fcr¡y, 1950)

at bocl¡r ter¡nratur"e (n"a)¡ by a¡r amor¡¡¡t eqrla.l to the depnession of ttp
vapor¡r pressr¡rs by tlre solutes prssent.

Ilorcrnr, oclluLa¡ naterl.al shcms no excesslve devl.aüion

(Davson, 19&) in osotic p¡¡nssr¡le fræ that of no¡mal pþstol,ogical saLlÉ

rvt¡ose concentration lles in tl¡e leglor¡ d f 2O-1¡P d[.Nú].. lpp\yir¡g Raotrltrs

Law to this tlilute solutlon, tho clepncsslon in the vaporrr pressure woulcl. be

W x Z x O.1r/'18 - e.l0 m. Hg, assrnlng NaOl to be cøpleteþ tæisecL
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Sir¡oe ognotio pnessuro andt ctepresslon of tl¡a vapour

prîessure a¡e botÌ¡ ooLllgativÊ proporties ¡nrtlrpnt to clilute solutlons, +;B

sarÞ cùeviation shoulô apply to the Ísotonic oeJ.lr¡Lar nateriaL. ltrus tlp¡¡e

shoulcl be negtigiblÞ error, :¡elative to practical, abso}¡te pressures, ln
ta-ldng:- pr/r E l+6 m. Hg. (Xf¡¡)

5.65 ![rgtabo]ism

Ore volatiLe substa¡ce (ornrætr) is aonsræd. by

retabolisü¡ arrl anott¡er (carbon dioxtcle) is proðuccd. in oomparabLe moLecrrlar

ntmbers. Taktng the gernral value for the respiratory quotíent quoted. f.n

section 5.12, tlre bloocl.:tissr:e mola¡ exchange rates for OO" arrd. Oa etrou.ld

thus be in ttre ratio 0.85¡1 for stcad¡r-gtate oonùltíons.

Moreorær, tl¡eír ¡¡esistanaes to transfer betr¡een tùe

capillar¡r a¡rd. the site of, clrenícaL :neactLon shoul,cl not differ greatly sínce

both gases mr:st tale th€ saÍþ route, a-lt*ror¡gh in ¡rer¡erse di¡¡ections. ThLs

ùiffenentía.l woulcL be ¿letermirncl by tte ¡¡elatlve partition aæfficients

(eqnation 2l+) iÊ bLood.:tissr¡e exctranga rrne ¡nrfusLonr?i'nitod., or by Gra¡anro

I¡aw if ùifTusion ne¡¡e rate-controJ.ti.rf. [alctrrg ttre latter as perti.nent to

the worst possibJ-e case (sectLon 5.52) tt¡e n¡sista¡ce to ca¡bon clioriclo

rænting shoulcl. not exceecl tù¡at for o:6rgen assúmÍlatÍon by a factæ of moæ

¡y¡^y, ^[@, í¡êo â ratÍo of 1.22¿1.

Taldng:- (transfer rate) = (ariving force)r/(resistance),

the moLar co¡raentration ilifferenti.als betræen serun ancL the region of,

¡ætabolic activit¡r should. 1Le in tåe appro:d-nate ratio of O.85 x 1.?221 , ot

1.01+tl for CO.lor.
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To remain oonsistent r¡j-th tåê øererail ¡lodel eqlou::ôed

for irprt gases in sectfon j.$¡, in rvh:ich tl¡e extracerluLa¡ regton is
regarcletl' as affuL\r-stiræd.r zonÊ clevoitt of ar¡¡r a¡plsciabLe tension gradients

capillar¡r serlr¡n concentrations of Oe ar¡d. OOa nrrst be talon as equal to tt¡e
oornesponùing valrres in nenous bLood.. Thus tlp foregoíng conclusion ca¡¡ be

e:çressod. quantitatively in ttre fo¡m¡- (ortving force ror @") = o,^^ - c1_oo¿ aoa
a: (ariving fo¡rce ror O.) = tå. - ,o", r¡hp:¡e Oo. * ooo" * the concentra-

tions d o" anal. co? at a point in the ærr a''d tå. * 
"åo" 

* *
oorresponùing valrres for plama in the venous bLood- Ttris is illustrated.
i.n fig. 9 a¡rct ma¡r be r€-elpressed. as¡-

c +C â' cl +c1- (lS)cooo-co2222
If (cå * Cåo ) *ou regardecl as consta¡rt tl¡e aboræ

22
equation would. i¡nply tt¡at the moLecular concentration rise of ca¡bon clioxide

ín ceL1s, indr¡ced. by retabolisn¡, rougþ\r equa.Ls tÌ¡e sin¡l,taneous fa.Ll, Xn tlÞ
molecuLar conaentratíon of o¡qrgenr

llorrever, it is total tension, a¡rd. not total conæntratÍon,

w?¡-ich is the ælevarrt paraæter in cùetezmtning the pro:cinitJr of a systa to
gas phase separation¡ i.ê. (no * nr) fs æquirecl ín equatlon I\I.

5.8+ Ornrsen and. carbon èio:d.de ter¡sions

Defining point t¿ns¡ions d O" a¡rè CO, ín cells æ po

and. p, :res¡nctivelyr an¿t på 
"td 

på * the corrnesponding va}.¡es in r¡enous

blood., equation J6 beoo¡æs¡-

(no-på)so '(på-pa)soo2 -'2
rvt¡eæ s^ ancr s-^ aæ the solubilitÍes of o- and. @_ in aqff¡or¡s fruid..ocozz22
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Hmrær, the solubiìåty of oarbon dÍ.o:dcle j¡r water is
much greater tha¡¡ tÌ¡at of o¡qrgen - as illustratecl by ttre lfenr¡rt s constants

quotecl byFerrry OgSo) of 2.O9 x lOt aünos. forCO" anà,b.Ol x lO& ahos.
for o"r gavir¡g 9"o /8o ¿ 2+.

22

Th:is holds in botÌ¡ plama and. cSrtoplau slnæ retabolis
rep:nesents a stead¡r-state conditLon.

Ihus, (nå - po) t 2tr(po - på)

eavir¡s¡- (no + p") o (ni + på) - U(pa - på) $Z)

Now @" 1s geiærateit n:i-thin t'he ceLL and. her¡ae p" > plr J.eav:tng bo * p.)
<På*På'

Henoe, :¡eLatirre to caplllar¡r bloocl., theæ is arr inheænt
t¡nsaturation Lnduceê by rætabous by vírtræ of the continuous
conwrsion of a voratilo substanæ ånto anotlpr of mrrch higþr
solubilíty.

Moæover, ttrLs tension rl{fferentiaL shouL¿l ircæase

uith the netaboLic rate (lt) rvhj.ah Ís proportíonal to the rate of gereratÍon

d @a, Ìpnce b ttE nþ of, tra¡¡-*'rlssion of COa, and. ttrus to the gractient

(n - n!) in fig. !. Thus equatd.oî 57 na¡r be re-erq):îeEæd. as¡-

(no * po) 'bi + på) - z3Ktu. (:a)

rv?ere Kr is a proportional.ity consta.nt.

(no * n.) can ttrus var¡r betreen (fi + nt.) if retabolis
has stop¡nð (M = o), to tåe other extnene ïrhere che¡nical :¡eaction offers no

æsista¡rce to connersion. In tirÍs oase eveqr o:çfgen moLeauJ€ :neach-lng t¡e
rÞcessar¡r sÍte in tl¡s ceLL is i-urecLtately consrrncf so æaluaLng the locaL

o:çfgen tension to zero.
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If, po ¡ O, eqrratíon Jg e¿ves (p.-- - p!-) - p'l?h s}rrn

(no * Po) - PY* * nå.

Iionce (no * p.) can J.te an¡nÈre¡ne betmo" (nå + på) afd

b! + ntzh) dte¡nncling upon tho sntabollc rat€¡ i.€.
(ni + på) r (no * po) r pL * pVzt* (¡g)

Moæoner, (no * n") raff al'so var¡r betneen tÌ¡eæ lLntts

accordirrg to Location a]'oqg tÌ¡e oonoentration graèients. Íhett¡sr æsorting

to ths very cørpLex nathe¡n¿tios used. by Bilrn (t feO¡ for estimatl4g c@rlot'F

tration profil.os arou¡¡d. aapll-lanies uridsr staa¡¡r-g¡ate oor¡ditíons, on

loepíng io ttre nocleL of tt¡e less regrrlar goætry advocated. in tlrts tbesf.s,

the¡¡e sbot¡ld bo a rurlod. deorease Ln total, tcnsion f.n going frcm tl¡e ceLL

æmbrare to thc Bit€ oû ¡¡eaction. llhis ís consiEtent wi.th tt¡e c:r¡nr{-æntal

Iæasu¡eÍxtnts of Davies a¡rd. Bronk (tgSù ruho hanæ domonstratecl a rapid.

decærent in O_ tension a¡or¡nd. capillaries.
2

flithout hncming tlp iclentlty of the crític¿l. tissr.E

ü[Fe, ancl hcnce its r¡¡taboJ.ic rate, no e:rpressLon for (no * po) nore s¡nolff.c

than eguation 59 can be denir¡ed.. Thus tÌ¡e estl¡ation o6 (no + pc) te largplJr

a matter of cleterairring tlre tota.L v€rrous ter¡sLon (n! + n!) as tlrc naxf.urn,

or wonst possÍble case f,or phaæ separation.

5.65 Venous tension of carbon ùio¡ride

ltre arterio-rænous dLffeænpe for OO" La cleterrfrct by

the guantity of that gas entering w¡ít vo}æ of bloott, 1..e. it l-s a fì¡¡¡ctLon

of tle retabolla rate, tlp bl-ood. fLctw a¡¡d. tùe physå.oo-clsnica.l characteristic

of tbe blood. ¡nzfusing that tisstÞ. If tlæ cí¡rcuLation a¡¡d. ætabolic rates
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are constant, the l-V clifferenoc fon carbon clio¡dcle shou].d. be cor¡sta¡¡t

aLso. Moæover, tÌ¡c rlso shou]d bc rorgþf¡r inile¡nndeat of tb artorla.l

tonslon of oqygen sinoe tln onJ¡r sor¡roe of @" ls its gpæratLon Ln the

tissr.þ.

Thr¡s llttLe emor Bhor¡Ii!. bo Lnt¡.ocluoed., rel.aüine to

norma.l, ctiving pressu¡es, by assrning tt¡êt t'he veaous tonsion of AO" is tl¡g

sa¡æ for tåe salæ e:¡ercise level at all cùapths, 1.c. egua1 to its sur:faoe

vaLtr rvlrich is quotect as J+6 m. Hg. by Keelo a¡d Netl (1965).

Thr¡s pl = l+6 tt. Hg. (J{O)

Altt¡or¡gt¡ not l-ilentJ.ff.ed., tle crltica.l tissue ty¡n should

corrfo¡m to tJ¡o absve eqrration since tt ¡ou}l seem fal-r to state that tÏre

total ca¡'rcLiac ouþut is ¿lstrlbutecl, and. controlt¡ed, such tt¡at eaph tissr.e

is perfused 1n acco¡'r:lance w:itJr its ætabolLo doma¡rês. l[æover, such

oirar¡Lation is negulatoct (Jotrnstoæ , 1966) to aacqmodate a¡¡y cl¡ar¡ge fn

tt¡ose demands, the opposlng offeots of ætabollem a¡¡it loca,l blood. flsr
tending to recluce an¡r eror in eqrration àO.

5.66 Venous tenslon of oxltgen

Ttp aells of a tissr.p must consræ a oertcin guantit¡r of

O to fi¡nction notmalþ. If ttris clenand. for o:rygen by the or{.ticaL tLssræ is
2

talen as tlre average for ttp r¡t¡ol¡ ciroulatÍon¡ for the sa@ reasonc â.s €r-

pnessed. for Co.r then tt¡e oonsruptlon per u¡rlt volræ of ¡nrftrsing blood. (ffgs

lO arrd. 11) is ginen byr-

Q¡ - eV r lr.{5 u¡. O/ú. b:.oodt (lrt¡
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Q^ ana Ç a,ro the guantltd.os of, O_ oontal.rpd. in r¡¡¡it

volt¡æ of arteria.L a¡rd. r¡enous blood. of tÏ¡e Baüþ haøatocrit va1ræ (saturatedl.

IIb containfng 20 r.J,. O//r.L. blood).

Sor a glven e¡ærcisâ JeræJ,, tb ætabolla dlsna¡r¿ should

æm¿ln j.ncùe¡nnilent of <Þpth, a¡rit tænce eqrration H shoulcL hoLd. i.rres¡notive

of the absolute t¡rdrostatÍc pressu:ne. TIE derivation of a qr.rantitatiw

e:çnession for r¡enous o:(ygon tensíon tlp¡¡efore ¡renerts to tl¡e problom of

tsJ.ating the oapacities of arterLal a¡rd. r¡enous bLoocl. to tbeir res¡nctive

tenslons.

The affinity of o)rygen f,or blood. Ís fully coverecL by

the classical work of Roughton (t 961) rv&¡o displays Íts r4rtale as a nr.mber

of sr:acessÍrle ¡sversible cte¡rica.]. reactions. The capacity r¡eraus tension

cu:¡r€ fs tl¡en expæssd. quantÍtatit¡ely in te¡srs of ttp equitibnlun constants,

ar¡d. other parareters, of tl¡ose stages.

Horverær, ttre accr¡racy gairæcl by use of Rougþtont s

equations 1n this case would. hard.]'y justify the associatetL natl¡enatical

cc"r¡rtexity. Moresver, such .a cørprehensir¡e descrC.ption of the rvt¡oLe cu¡.¡re

(ftg. fO) Uy ore equation is not rpcessar¡r in ctiving since¡-

1. Ttp arteriaL tension of o:çrgen is alrays inexcess of IOO m.
Hg, snoh tÌ¡at no mo¡¡e tha¡r a $ ercor ís introduæcl by assr.uíng ttre haemo-

g3.obin to be 1Wrt satr;clated. freeLe a¡rd. Neil (lg6ù quote 9fr for iOO m.
Hg partÍal pr€ssuire.

lhr;s 8O x Ð + 8n.På mJ,. Oz/mL, bLood. (¿r¿)

rutpæ 9n is the solubllity of o:çygen in se:r¡n 
"rrô 

På is the arteriaL

o:$rggn tensj,on.
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2. Tlp r¡enous tension of o:qygen st¡or¡l'd' not exceeô 60 m. Hg,

slnce the risk of conrn¡Lsíons (æctlon 1.1+5) n¡Le out a4r ttiving ín nt¡ich

tlre arteriaL tension exceed.s about 'l ,5OO trm. Hg. 60 nn. Hg. is ruttl¡in tt¡e

steep }lrear :region of tlp curr/€ strowr¡ Ín fíg. 1O of o¡çygen uptalæ for a

0O tension of ÀO rrn. Hg.
2

lhe r¡enous tensLon na¡r be oqræssecl as a }lrpar functíon

of the o{ygen ca¡racit¡r by extencting t'}¡e Linear reglon of ttp e:c¡nriænta1

sigmoicL currte for the Hb - HbO" system. thiLe atÐr errqr ín extrapolatlon

rìri1l be cliscussed later, the il,ata of lGeLe antt NelL (fte. {1) çor¡ld lndioate

that the steep lirear region can be erqxessed. byt-

Q\¡ a 0.46(nå - 6) + 9n.nå mI. oz/mJ. bloocl

Tekirrg their vaLr.¡e of Sn = O.@J mL. Oz/nJ. bLood nn. Hgr tension,

ev t o.¿ú3 nto - 2.76 (¿+¡)

u,t¡il€ eguation 42 beoqre" Q^ t 20 + O.OO3 Pf,

Making the aþove substítutions for CV and QO fn eq¡¡ation 41,

på a 4O., + 0.006 Pf, un. Hg. (¿,4)

.ln inôi.cation of the ¡¡r¡¡llness of the e¡ror invo}¡ed.

in reducing the blood. ùissociation cu¡r¡e to two lirear stages, may be

obtaired. by considering tåe case of ground. leræL. t'or lÇeel€ a¡rd. Ne1il s

(116ù arteri¿il tension of P! ¡¡ 1OO mn. Hg., eguation lù glves på . l*0.9

which Ís ræry cLose to their e:<¡rrirenta.l venous valr.re of lr0 un' Hg,

In section 5.12, P! was clerir¡ecl in terrns of, the

absolute tSrdrostatic pnessure as:-

På ¡ (1 - x)(P - 
"J 

rllnr Hg.
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Ell¡rinatinr¡ Pl frm the turo nr.acedl-no eor¡.at:Lonsr-

p1 ¡ j{O + O.OO6(i _ x) (P _ t$) m¡¡ Hg¡-o
ta,ld.ng P* . 6 rn. Hg' (equation )n¡¡I).

5.67 Iotal lntracelh¡la¡ tsnsion

Oonbining equations ¿{O an¿ 45,

(tú)

Substltution of this o:çression and. eguatlon lfll'll J.n eq'.ration 39 nor glves

the totaL of COe ancl. O" tensions in tlp ceLl as¡-

86 + 0.006(t-*)(r+6) > (no+p") ) 2.5 x 1oa(r-*)(pJÉ) + l+6 m. Hs.

"fhile the above expresslon :¡efers to stead¡r-state conditions, the onJ¡r te:ms

rvhich can varlr under transLent cor¡ditions a.r:e those v¿hich a¡e fr¡r¡ctions of

P, i.e. O.OO6(i - x)(P-lr6). Honerrer, O.OO6(t - x)(P - 46) is al¡rost

rrgligible with respect" to 1J2. For air at atmospherio pæssrrre, P - 7Ø

rm. Hg¡ a¡rd x r 0.8¡ gr¡:ing 0.006(í - x)P = 0.9 nm. Hg wt¡ich 1s certcinþ

rsgligible w-ith æspect to totaL tensÍon. Herrce a rngligibLe error is

introduced. by ætlucing the above e:ç:ression tol-

U, > (no + pc) ) l¡6 rm. Hg.

Incorlorating water vapour accorùi.ng to equation )fir:[I,

1t2 > (ro * p" * pJ ) !2 m. Hg. (xvrrf)

thus the total tension of gases (p + po * p" * pJ 
"t a point ln tù¡e

c¡rtopt-asm, raèta1 èista¡¡ce (r) frqr, ttp a¡cís of thÊ rea:Ést capillar¡r, Ío

given by:-

1J2 + p > (p * po * po * pJ ) p + !2 ¡',r. IIg.

(t+s)

(ni + på) . 86 + o'Oo6(t - x) (r - ¿+6) m. Hg.
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But p Ls t't¡e stm of the egutlibrir¡¡ va-ltp for the lnJ.tta.l state (f - fo)

ar¡d. the transient ccm¡rorrnte fæ subseqr¡ent char¡ges 1¡¡ P. In seotlon 5.12

the initial Level is glrrcn by p o *(Po - Ç, "rtri:" 
the tra¡¡sient changes

ca¡¡ be tùgt€rrninecl by equatlon xI, givir¡g a total inert gas tensiion¡-

p o x(po - t+6) + E r,(Áp) O (rrt)

Thus, for a singLe rapid. ompression frø¡ P = Po to a

rbotton pnessrr:rer (P = P¡) at ti¡r¡e t - Or AP r FO - Po eiving the total
transient poínt tension at rad:lus (r) as¡-

(n+no+n"+Ç. (po+p"+Ç +*( (pda6) + (ro-ro) o (rrt) )*.ng. (xrx)

rvhere O(rrt) ís gfven by equatíon XI.

For the particrrlar oase of ir:ert gas equitlbration

(t = *), O(rrt) = 1, rvhen eguations X\ilIII and.XIK give¡-

9z+x(p+6) < (e*no*n"*nJ <112 + x(n45¡, for all vatues of r. (¿rZ)

Hence (n+po+p.+Ç < P if P > (i Sz¿+6x)/(t-x)

For a-ir (x = O.8), i* absolutæ pressu¡e shor¡ld.

exceed. the total tension of all volatiJ.es for P > 476 rm, Hg.

Thus, even ,¿vhen the irrrt gas has cme to equilibriun, there
should. be a¡ tirùerent r¡nsaturati-onr for arSr absolute pressu¡e
in excess of a particuler vaLr¡e (a threshold. of 476 rnr. Hg in
the case of air).

$r¡u¡a¡ising the foregoing nathenatical clerivatJ.ons,

thÍs tinhe¡ent u¡¡satr:ratíonf a¡iseg frqn two sourcesi-

1. Metabolisr¡, by vtrich a gaseous substa¡ce (O.) fr oonverted.

into a¡¡other of much higlrer solubiJr.it¡r (æ") in cøparabl.e nol,ecular nr¡nbers.

2. The equilibrirm oharacteristics of tlre ¡neaction

IIb + O. 
=à 

HbOe
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erùânced. by thc retabollc dlema¡rd. for o:çyrçn being rcIl in exoosÉ¡ of tb¡.t

con\reyed ín pÌ¡ysical solutfon by the pJ.aøra in artprial bIood.. [t¡r¡s

capiJ.J.ar¡r O" tensions shoulcl. fall very rapf¿llJr to boLowí0O rm. Hg ,

vrhater¡er the alrreoLo O. tensíon, in o¡der to pe:mit supplìf of tÌ¡e hrlk

of tlre requirecl orygpn by cherrical èissociation of orry-haernoglobin. Thl.s

should hoLê for all tconvrrlsion-f:reer cac¡es wLre:¡e tù¡e \¡€nous tenslon l1es

wÍt't¡in the sigmoid region of ttp orqyæn f capaoity v€rsus tensionr cr:rue fqr

blood.. lhis is íIlustrated. in fig. 10 wlp:¡e equal ætaþoLic usagg (4Q)

wouLd. :¡ecluoe '¡'Édely cLifferf.ng arteriaL orvgen tensions (e, ana l") to very

simila¡ nenous tensiong (V^ aruf V,).'l z

Defirring tÌ¡e ir¡herent wrsaturation (Ap) ,"¡-
(Ap) =p- (prpo+po+Çr

eguation ¿+7 rvouLd preèictt-

(t-x) P- 9z+1+6x > (Ap) > (r-x) P-132+t+6x Frnr Hgr (t+8)

For practLcal tlir¡e s (gZ - ¿+6*) or (t 52 - lúx) aæ

ræry smaLL by cør¡rarison rrith (f - r)f.

Befo¡ro discussing the irportant f.urplications of ar¡

ir¡lprent r¡¡¡saù.¡ration, 5.nc:reasi-ng lirsarþ v:lth externaL pæssurÉ', it is

ùn¡nratine to ascertain that st¡cl¡ a u¡athenatica$r-cùerivecl oonaept is

reconaiLaþIe with trxactioal. obærr¡atio¡rs.

5.6 haatical evidenoe for r¡nsatr¡ratj.on at ¡ror¡nd. leræL

Tle feat¡rre of tl¡is lirrher¡ent ru¡satr¡¡atiod , is that

it ¡rrsists after suffíci.ent tire has olapsecl to e¡rabl€ tl¡€ irprt gas to

equiJ.ibrate with tissræ a¡rd for tl¡e retabolisablo gases to re-attain stead¡r-

state oonôltlons. Origina.lþ, Ít was overl,oolecl by nrny worþrE wtro estl¡¡a.tedl.
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nitrogon tensions as the differerrce betr¡een total absolute pr€Bsì¡re and.

tt¡e sum of tlp ottrer gases vuhich can be r.eactiþ estirnated by ctenica.l reans,

as desoribed. by Feters and. Va¡¡ Sl¡r¡c (lglZ). IIorever, this tliffenential ís

ncrvr,'ælI recognized. (narur, 1961), the foll.owing ltst giving t¡picaL valræs

for nuixed. venous bLood quotect by Fii¡nr OgeÐ.

l+6 rm. Hg. )l¡l rrr. Hg. )
47 ¡r¡n. Hg. )

574 run. Ifg. )

@ nm. Hg.

co
o2

Hô
fi

2
Tota1

Subject breattring
air at /6O rur. Hg.

the rpt r¡nsatr¡¡ation is thus 52 lrm. Hg. lksrps ard. Rahn (lgtl) obtain a

va}¡e of 54 nm. Hg for the nui:¡e¿L venous bLoocL of d.ogs.

Lategola (l g6l+) has demonstratecl the clevelo¡nent of a
negative pt¡essure of 41-lr8 ¡rrn. Hg , w:ith res¡nct to aùnosphere, within riigið

capsules irnplantæcl in d.ogs. More detail of h"is rethocl is contairptL ln
section 6.42.

Honere, ï.øtegola malcs ttn surprisÍng stateænt that

his siLicore rrrbber nembra¡e d.oes not pass water vapour. This wou1d seem

most ur¡lilely from the writærr s surnrey of ma¡rufactr¡rert s specifications.

Mo:reorrer, 1t woul-d. invalid¿.te Ìris cLui¡n to har¡e rreas¡:¡ed. ttp totaL tension

ôifferential u:ith res¡rct to tl¡e afuosphere, tls i-nplioation beÍng that lE

has æneþ reasu:red. the vaporr pressu¡e of water at botl¡r tem¡nrature - l+6

nnn. Hg cønpared. w:ith iris readings of ¿{.1-48 un. IIg,

The ir¡he¡ent r,¡nsatr¡ration would. seem to be rell
demonstratecl by the extent of decønpnession'¡vtrich the body ca¡r toLerate

before ar¡r ind.fcations of phase eeparation ca¡¡ be detected.. Tlpse inclr¡ds¡-
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1. X-raT d.ata such as descrlbed. by $rcler et aL (t 9l"l) ïùo

four¡cL the first inclications of on¡r change vritt¡ aprial clecønp:ression ocouring

at a¡¡ equiva!.ent altltutþ in tte neglon of 'l2r00o feet. Ihís csrnesponds to

a thæsl¡old pressrrre (section 5.67) of l+85 m. Hg,

2. A mancnpter oor¡neotecl to the spinal cord. of two læn showed.

a sudðn inc¡¡ease in the volwþ of epinaL fluicl at sÍ-mrrlateô altitudes of

1O¡5OO feet (51 2Ím,. Hg) fn ore case arr¿t 12,OOO f,eet in tl¡e other. lllese

vaLues, recordecl by flal.slr (t 9l+t ) and. Boothby et al (1 9{O), seem i-ncLioatir¡e

of tlp onset of gas phase separation. SLmiLar pæssur€s have been :recorded.

by â,rmstrong (1 %9) fw goats.

3. Ttp above pressì.¡¡e range also repnesents the rnini-nur¡ altitude

at rvhích bend.s have been ¡¡ecorded (ÀlLan, 1%ù, Eggleton et aJ- (l%5)

guoting 12'OOO feet (rrg, m. Hg ) "r tte va}.æ tbeLorn vùrich í11- effects of

ar¡y kind, a¡e raJc€f,.

Ilp above LÍst indicates that tLæ gas phase ís estabListred.

for pæssures of l+83-512 nm. Hg , rv?rich l-s consÍstent ï'ítt¡ the ttrresholcl of

l+16 nlrr.. ftg cleriveô tlporetiaally ín seotion 5.67.

5.69 EvÍder¡ae of unsaturation for pressures abolr€ afuosphÊríc

Hav:ing rcjecte¿!. the conr¡entlon¿l- concept of li¡nitecL

supersaturation (section 4.*), it is essential to finil. a¡¡ alternative

clriuing f,orce for desatr¡ratlon follo'ring deooup:ression. 9ince thie coufd

be provicletl. by tho rirù¡erent u¡rsaturatiod , it is essential to ascertsin

ntlettrer such a tension cùifferential wou1cl irrc¡¡ease with cÞpth - as forecast

by tln basÍc pþsical chenístry, and. erçæssetl quantitatlve\r by equatlon lÉ.
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tÌ¡tl€ tlpre seens ltttLe tl.oubt that a¡¡ inÌ¡eænt r.¡nsatr¡ra-

tion of at þast 45 sn Hg exists at grorrnd. LeveL, no ræntion cor¡lct be four¡d.

nn the litpratr.¡re to its cLirect measure¡nsnt or prnecLiction at higþr p:rêesüleeo

Ttre best 1nôi:rect evidanoe ís proviclett by Lnmbertsen et al

(lgEÐ ín ttreír stuùles of tle effect of, tgrperbaric o:qygen upon braln. I'or a

rise in a¡terÍal O. tension frqn 26 to 210O ¡nn. Hg, the venous O, tension

increased. frqn 1 7.8 to onLy 75 ÍrI. Hg.

For x = o(tq"O) andP! = 2{0O¡ equati.only'¡ gÈves pL- S7 nrn. Hg.

This d.ifferenoe of 18 nrn. Hg is rægIígible vrlth nes¡nct to

ttre total effectir¡e o4ygen contribution of (På - på) = ?f.25 wn. Hg towarcls the

ir¡lrerent ur¡saturation. This anou¡ris to less þtran 1/o of the mfnimr.ur r¡nsatr¡ratior

of t968rmn. Hg pneèicteêbyputting x = 1 ancl.P = A0O ínequatíonl+8.

flhÍlÊ no otÌrer evidence coulcl be found. as convincing as

the above, ít is interestÍng to note that the foregoing eguatÍons carr be used. tc

prcclict the O. tensÍons of r¡enaI ¡nlvfc r.¡ríre, so coJ-lectecl to mini¡n:ise the

effect of ar¡r oilerrical reactíon with orygen. For dogs exposed. to i¡:c¡¡eased.

baronetric pressur€s the correLation is gi-ven in tabLe 9 for -bhe ùata of

R.¡n¡rle et al (t y¡0)

URTNE OffæN ÎE¡[SIO:Ï,ÏN DOGS

Error es
7á of

unsatr¡ration

saturated.
o.ffi
O,7Á
1.7;
1 ,1jô

Otr¿rgen tensions i¡ nmr Hg.

Pf, equatiqn ql+5

ào
U+.6
)+7.1

4g,l
60.o

UrLr¡e o
2

35
?o

57
77
86

! 1'5
+ 1.7

t 76

Insüired O

150
7æ

11tû
1520
22æ

, TÁBIE 9

iitarç¡r ivorkers har¡e searohed. for bub'oles by ðissecting tlecom-

prvesse¿ ani¡ials. ilith cessession of the circulation upon deattr¡ j.t would seem
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rgaßonabLe to supposo tù¡at tù¡e tisstæ wor¡ld consurË ovety availabLe moLoor¡fo of

o¡Sr8en, suoh that the u¡r¡nr lLmft f,or $ tn eguation 48 worrld. apply.

[hls glnes tåe irùrorent r¡nsatu¡ation in oel].s ast-

& . (t - ¡)F - g2 + lr6x uu. Hg

Ihe uneatutatlon ln llvtng oells Ín a¡¡ a¡ri.na.l tlvÍng ín

ur" (*.0.8) at 5 prs.lo gaugg (l¡ -. Eg) woul¿ tÌ¡w bo 128m., such ttrat

phase sepâratlon shot¡Iil be 1r¡lt'tatol, by ræd.ð docø¡nrcssion uBon reacl¡1ne 9l5-

128 - JBJ m. Hg. It is thuc regarrilod. as moet sigrrlftcarrt tùrat 3 prsrÍo gaqge

Lg the d.ni.u.u iÊtesarut) f,ro rùrtob Ha¡rl¡ ct al, (t glr¡t) rere able to ctetect

bt¡bblos upon (boopreselng rat¡ to atuoa¡iherlc pressuu¡e (sectlon l+Õ2). lh€

2f w. Hg dlLffere¡Ee nalr l¡e attr{butedL to laak of t¡rert gas equillbratlon

foltoÍring tùc , hours æ so for nt¡.tol¡ l¡e !¡el.d' his anlnals at tÌ¡e higþr pr€ssure,

ø to tlp exoegs pæssl¡¡e dlrop æoeesar¡r to ¡roduoe gr¡ffl.cient gas to be visibLc.

Iæ dltreat crrlcù¡¡æ su¡portlng tùo oonaept of an

rl¡Ì¡c¡ent r¡nsaturatLoil, lnoncaslng llæarþ ¡ÉtÌ¡ abaolute Bzessule ancl

nola fuastJ.on cf øSrgen, tr ¡rovidÙlô by tùo c-¡nrLænta1 Lnægtigatl.on

dlesorlb€ô ln ¡otl.on 6.4. lbe ¡çgr¡X.ts aæ oo¡trtrnt nJ.tùr eguatf.on lÉ.

5.7

5.71 The tota-L clrtvinc f,oæc

[hs prtrsnræ of the gas separating frcm solution in

tissues can on3¡r exceecl tl¡at of tlp su¡Tot¡r¡altng abosphe¡e by tl¡e sall te¡ms

accornting for su¡faae ter¡sfon anð tLsst! elasticit¡r. lflÞ latter Ehor¡lê not

exceed. a totel çî 2AO mn. Hg (equatton fV). Apa¡t frø tlpse mlnor arfiusfunts,

tt¡e tota,l tension of a.ÌJ. cø¡ronents of tt¡e eepa¡atecl gas nrst tt¡ereforre equal

the aþsol¡¡te lgdrostatic trræssÌEe.
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Holrrær, soon af,ter deoørpnession to a¡¡ amblent

prossure P, t'he bLoocl wÍIl :¡each a¡¡ot]¡er steaSr-gf,ate conrtltíon as

deter¡¡irect by the rnw depttr (eqr:ation 48).

A few cycles of tt¡ê bLood. shot¡ld ttren be suffj.cient to
re--establish the ir¡herent r¡¡¡saturation with :ss¡nct to
tù¡e rpw absolute pressu¡e and., ttnrefore, u:ith æs¡nct to
the separated. gas. Iïenoe there should. be a total, tension
tLiffe¡¡entia-l between capillarXr bJ,oocl. s;rd. the separated. gas¡
or ar¡¡r emboLlsrn lnto rv?¡ich it mey be oongregated.. TÌ¡e
inrncliateþ adijacent r{ttol¡t layers nemalning in eqrri.llbriur
vrith t'he separalæcl gas, the abor¡e dífferentÍa-l wor¡ld constih¡te
a cbiving force for tbe transport of gas to tle oapJ.llar¡r.
This would. cause aly film or bübble to ¡¡eðissoJ.ve gradua"Lþ.

The systen¡ as v:Lsualíæð, for tlp worst possible caset

is iLLustrateô by the raètal tra¡rsíent mass baLance Lllustratecl. in fíg. 12

(graph 2). In ttris diagram, tte tlriving foroe for tissræ desatr¡¡ation

foLLoming decøpression is that (Þsigna'teê Qr slnoe separatecl gas cannot

contrÍbute to a poÍnt tensÍon but re:reþ se¡¡res as a ¡îeseryoír -aintainir¡g

ttrat tension at the value for phase equilibration untí1 it is e¡rhausteô.

The ir¡ÌÞ¡¡ent r.¡nsatr.¡ration vroultt thus har¡e tt¡e effeot

of rnibbling! at ttre separated gas as íllustratect in fÍg. t2 (graph 5).

For deconpressÍons frqr¡ èives of strort duratlon tluls sl¡ot¡lcL oocur at botl¡

ir¡rer a¡rd. outer bou¡rd.aries of the annular zo¡e of nr¡al,oatLon, slnce negions

more remote frqn tho capiJ-Ia:ry couLcl stíl-I be relatiræ\r unsaturated..

Houener, befo¡e the mor¡e¡rent of separated. gas to ttp

capillarÍes cari be pJ.aced. upon a quarrtitatir¡e basís, it woulcl seem

imtrnratÍrre to ascertaín tte ¡¡eclistributÍon of indivictual. tensions by

v:irtup of the phase changos.
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5.12 Íhe rptabollsabþ ¡eg9g

;- of, arSr carrit¡r Ln tl.gsr.p¡ ar€

aglþouE f3.rri.cts, the partlal pressu¡e of contalrpcl water vapour Ln tÌp
gas phase shoulcl rapfdUJr re-equillbrate to tùo saturatfon value at body

tem¡nrature foJ.lovrtrrg an¡r changor i.ê, prn. l¡6 (equau.on nlII).
Oryggn Ís sorrryùat sLnilat Ln so far as a¡Ðr exoesc

over the ns¡maL tension wor¡Idl. be rapld.ly colnr.uÞd. by local ¡ætabolLs¡.

ThÍs rapicL re-acljueùnent shotrlit be gneatþ facilitatedt by the firrþ
clis¡nrsecl state in rûrich gas strouJ.d. be clepositecl by deaøpressf.on, :ssultá.ng

in verìy short cliffusion paths to tt¡e rpa¡est slte of its aseLailatlon by

clemical reactíon.

oarbon clloa<ldlo, horcrær, rtrst bo rrcntedt to ttp oapillar¡r,

but its solubility 1n aqr.æous tissue fs gæ h7 H¡ps that of nitrogan

(ncrry, l95o). Ilenoe w @" in the separateit gas, f.n excess of the

no¡stal tension in ttp cyto¡rtasn, ïrilL lo raptdlJ¡r cLissipatedl ælative to
N"' [hLs fs Jt¡stifiecL by the fact that equal drops in fritrogen or carbon

cliqricle partiaL p¡¡esEuæs 1n artr1r bubbþ would reqrrfune tlp LoeE of equal

nr¡nbers of moleculeE' Horæver, equal. tcnsion graåtente wor¡ld re¡uesent

a 47¿l OO-¡N- ratio for the concentnatlon graôlents, ard. concentrau.on-22

gra&tent ls ttrc p¡t¡lrËtar dete:mír¡Lng dllf,fueLon rates. llhe clLffusÍon

coefficients a¡e of sfunilar srder.

Hence tù¡e above argrænts ir¡clicate that HrOr O" ¿rrd.

OO- tenslons ín arSr scparatecl ga"E vl:tl.l r¡êvert to tÌ¡eir no¡mal valrres in2

tl¡e sr¡notrnåing f1trJ.cl far moæ rapicl,ly tharr an¡r lrrrt substanoerand. na¡r

thus be expressed by equatlon lflIIII, i.€.t-
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152 > (no + Bo * pJ > !2 m. Hg.

gtl¡s€ the f,oregoLrrg doðrrotíon Ís tt¡eoretica"l¡ Ít rzouJ.d.

seem desirable to obtaln søIe prsptloaL justificatlon befo:re continuing

tlús approaoh. Ite begt ex¡nnimenta"l clata f,or thie pìr¡.pose is probably tJ¡e

anal¡rsis of suboutaroous gas, vhere surface tensÍon effeots nay be ignoneè

siace the 3as poclets are rnelaüiræl¡r laræ, i.e. y >> 1.42 miorons 1n

eqtntion III.

5.73

The rcry raBlël equillbration of carbon clio:cLcþ rel¿tir¡e

'i;o rútro¿¡en i:as becn demonstüated. by Canpbef: (1 9?l+), nùrose ana\rses of

samples of 5OO-1000 c.c. subcuta¡:eous injeotions of alr showecL ürat ttæ

COa tenslon reaches a stead¡r tO mn. Hg v,rithin minutes. 'Xhe I{a was not

courplsteþ absorbed. for 20 d.ays.

Ihe o:ry'ggn tension feLl from'l5O to !O nrn. Hg in tO

hours, reachíng a steacl¡r vah¡e of 20-J0 rør. Iig after 1å-5 ¿uV", ínôioatíng

ari absorption rate approxi.nate\y 10 tíres faster thar¡ tleat of I{.. lhis

factor should. be gr€atry increased. for the fi¡rer d.is¡xez'sion affordecl by gas

sepa^rating from solution by clecom¡rressÍon, '¡'vÌ¡e¡e a relativeþ larger zoæ of
,¡issìlÊ oouId. receir¡e Íts o4yçn for ætabolisr from the gas phase reservoirs.

ft:il,e 0arrrpbel.L has used, rabbits at aùnospheric pressu¡e,

Ïris :resuLts are lare€Ly confi¡rrcd. by OoryLLos end. Birnbar.m (lgZZ) using dogs.

&loneover, the stea{y tensions of carbon clioxicþ anrrl olryggn 'a¡re in cLoso

ag¡eenent w:ith valr;es of 50 rsn. (æ.) a¡¡at æ rut. Hg (Or) neaor.aecl by Van

Liew (t 962) v*rran arraJ¡rsing ir:¡jeoted. gas equilibratect with rat lir¡er.
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faking water vapour as t!¡s saturatfon va1ræ (Jß w.
Hg ) tÌrÊ absw c:c¡nrJ.ænts,l ¡esuJ.ts glr¡c¡-

PoÐ Do * P". l.16 to 126 m. Hg.

Ût1o c{tæ:Lænta.I rar¡ge }[es v,eLL v¡ithLn ttp Ií¡uits

precllatedl tùoor=ttoa.{1r by egrratl.on X\¡ïII, and, so enabLes those Ltnits to
bs ¡lasoied,. llbo uorgt pos¡lblo oaee, cererpondf.ng to tt¡e ne¡ßi.ut.u pha.se

æparatf,on, tbr¡s ocol¡rs rnå:en¡-

Pos Po * Pr' 126 m' tg' (¡OC)

f}rl.Le arrrface tenslon nsy bc Lgnonecl. for large mass€s

of gas, elaetLa dlefo:m¿tLon nqlr not. lIlouÉ.ng l0 m. Hg for tJrig effect
(æe section ll15), e ter¡eLon d Na 1n t!¡e separatecl gae must tfrerefor.e

eqnalF+fO -126), SÉ.lrfngava}.e of 6\4rrn.Hg forP¡l at¡r¡osplere.

On a dlr¡r gas basfe ttrfa wn¡ldt l¡p\y a nitrogen fractl.on oî M/Oe - 4ß),

oor 90.# N.. thts is ln goodl. agreenent wlth ttle c-¡nr5ræntal va.lrre oî ffi
quotedl, by Babn (1961).

Elp ætaboXlo rate should Lnonease ',vitÌ¡ e¡€rcise suclr

that þo * po * Ç sUou.fa a¡rproach tt¡e Iorer lLm:it gfircn by eqr.ration IllTLlI.

Ia¡d.r¡g bo * po * DJ r !2 m. Eg , tÌ¡e nitroçn f,raotLon f,or e:ærcLse '

Ebor¡ld amount to (760 + lO - 9Z)/(læ - lú), ot 95.11e on a rêr¡r gasr basås.

Btinks et al (lgSl) guote a ve}æ ot 95to N" for tlre
anal¡¡rsls of bubbles taþn f,rør gu5.rra pigs e:ærcislng at afuospherio

gf€ssur€. gfufht e:rperf.rental val¡¡Es are quotett for rats by Hanis et at
(t 9tr5c).
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5.74 DrLvins fæo€ for ths Lrprt sas

fbe pa€ceðlng oorrelatf.ons, ïtrloh support ttn va-lid.tty

of equation )Cf,LlI, refer to s¡rstens tn vyhlah Xargp amountg of gas har¡e been

inJeoted.. the ourrratr¡¡e of the gas-flultl, lntezface ls thus go sa1l th¿t

t&e pæesure itt0fe¡¡ential attrlbutabl¡ to surfaoe tenslon la rngligiblo.

fls saræ argrænt gl¡ouLd. Spp\y to tr¡ltü,aI gå.c æparatlng frø solutå,on by

decønpressl.on provldledl tt ls dopoel.ted. as ftlns f,oltcrrtag t.be uo¿e gradual

contor¡¡s of llpS.dt-aquous bor¡nda¡des (aee æotfon t*.r+). lforeolor¡ ¡rrl,or to

ooaf,.escer¡oe, or oorrgrcgatf.on of tt¡1s gas, ao a¡proclable reehanLoa.l at¡oss

sl¡oulct bo c¡reateô by elastio dofo¡m'¡atlon of the tlgsrþ. [bf's ie contrar¡r

ts tl¡s fo:negoing c&Ê¡êr

[bsn botJr ræahar¡Loall te¡ms 1n tùs prossuto bal¡¡ae

e:r¡nesædl by equatlon lL[ alo æglected., tb tot¿l tcn¡lon of ê11 ga"sos

1n tbe bubble muat equal the l¡rttrostatLo. 9ubstLùrttng for 0rr @r anal

EaO partia.l pnessures acconôl.ng to equatf.on X\rIXI, orp obtalns tlæ ter¡alon

of frert gas J.n tbe separatecl. gas (l)ra, *t-
p - 92 r b)*" ) P - tJ2 m, Hg.

EsuJever, tù¡e ter¡sion of Lr¡ert gas i'r¡ the oa¡ríLlar¡r

k)" < 
" 

is slven by egrratton V a¡i-

b)"a" ¡ P¡ r r(P-lr6)m.Eg.

Slnae x < 1, 1t can be seen fro tÌ¡e abqrre expæssl.oru

that (p)u"" > (n)" < . d, moreover,

(t - x)r - 92 - h6¡ß > (b)s* - b)" < ") 
r (t - x)r - 1t2 + lr6x

Iier¡oe it ca¡r be seen f,rm equation {8 t¡}ratt-
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, (n),".-(p)-.- ¡ ap.

1¡€. ttç clrÍvtng force for venting sc¡ur¡þ4 írprt gas via the capÍIlar¡r

is ldsnt¿aaI to tl¡e inhorent r¡¡¡satÌ¡aation. Br¡ch a cliffeæntd,êf wqul¿ be

fnoroase¿l vuit]¡ inc:¡ease of the rrpoha¡¡ioalt terns in eguation IrI a¡

ooa.Lesceno€ ¡xoceecùed.. 'xhe most consefi¡atLrre esü.nate f,or stegíng is t¡il¡s¡-

þ)g* - b)" ( a. (&) ' (t - rþ - 132 + túx un¡ Eso 0¡r)

lln abory_exp::essions t"¡ply tt¡at rrlthtn a few cycl.es of tln
blood' followlng a decompressLon nhtch causod., or fras f,ncreasêd,
$as ¡rtrase sepat'ation, the drivíï¡g f,orcs for ventlng tJais gas to
tùe atuosBhe¡e is equal to tùe rinberent r¡¡¡saturatiod.

Moreoler, eguatfon EI tndtcates tbat tÌ¡is tensJ'on

illfferentia.l tg of suffloient m¿gn-ltudle to aocount for a¡ a¡4r:ocl$le loss

of gas ctr.rring stagrng (Âp - 2?hm. ltg for x = 0.8 analp r 2 atnosplteres).

Ilence Lt v¡oulcl eeem reasonaþLe to alaj.n thts blood-bubb].e ter¡sion
differentLal ae the tn¡e fufvirÀg force foar ænting gas frø
tls$F fol.lowing ¡ùase separatlon, tln¡s obviating tbe neett to
ætaln t'lp oonræntiona,l concept of llrn{teè strgersaturation nitríoh
ls at va¡cl.a¡rce'¡rj.th so nå¡{r aspects of diving (sectr:ion 1.6).

I:f tlrtg cbpartuæ frcur conr¡entional :roasonir^g is
coræot, then Lt Ís partfcularþ signifLca¡rt tt¡"t 4p sb,or¡ltl Lnq¡ea"æ Trltù¡ P.

5,75 the feature of the th,e¡moclf,aÞEic approach

In tl¡e foregoirg sections it has beeir skror,',n horn ar¡

ir¡heænt unsatr¡ration, arising frø tl¡e cLiffe¡r=ntial solubility of ttæ

retabollsable gases in botJr blooil, a¡rd. tissr¡e, maJr becoræ the nain source

of the clriutrç¡ fonae for irsrt gas removal f,oJ.lorning phase sepa:ra'uíon.

Uhil€ the conræntio¡ral, I su¡Ersatr.uationr apBroaches a.Esìrnê 'i:he greatest

t¡ubble-blood, tension &ifferential- for tt¡e lov,est absolute r)ressure

(eqrration 4), fu reverse is p:reðicted. by eguatj.on XXI. Il::is co.,rpa¡.ison
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Le l[r¡stratedL ln fJ.g. 12 (grqph e) ty.Ap for the lstter cêln as o¡poeedl

to tù¡e tensl.on cllfferonüLal botreen o¡¡rf llaar arrd. ¡na] extrarra¡o¡¡l¡r

tensior¡s for tùp conventiona-l q¡4ro""hÞs¡ Lêr ørl¡r gas Ln trlte ¡$rsioal
solut¿e or¡¡ os¡tn{bute to tle drfv¿ng foroe.

tho q¡rproach dl€\,Þlopdl l^n thi.c thagl.s would tbus gåve ¡¡eason
to clJ,sputo tho aooeBtecl Naval ¡ractf.ae of grrfr¡g a dlLver a
la¡gs anit, rapldl, Lr¡ltl,al üln¡ïùrt tsnrarcl,s tbe swfape in tbÊ bellef
that ttry aæ obtatnLng tt¡e na¡d.n¡n exooss of tLssue over blood.
te¡rsLon. Eoircver, eguatlon gIL[ uot¡ld reccmær¡dl a larger
dtrtvlng force, tn the worst posslblo oase, if the d:lwr lt¡sre
lept nuoh dùae¡nr - partLcularþ furlng the lnitial etaglngs.

lhls fr.udaænta,l dlerriatlon frm conræntd.orul reasonlrrg

noplesents the naJor cor¡tributlon of tlrls tt¡Þsl.s, the ultLnate bst oû its
valtrtfþ restlng upon lts abltfþ to pædllct oo¡¡ôttlons for nar¡tna"l

q¡rmBtø. Its praattcal lrpllcatlo¡s ant mo¡F æ¡{.oue 1n casting cloubte

upon the prodnt!¡r of ttre ¡tubltsbeô deoøpræssion tabLes to tlp tnp
optlnal decør¡rnessLons wÌ¡lch tùe boqy aan tolerate.

l&úLe the foregoing anal¡reis p:sdtiats ttre tFirrtqg foroe

for losJ.rrg gas follwlng a phase char¡ggr the quantlty of gas so ell¡¡lnatecl

m¡st be e:cpncsæô gtrantltattvely beføe testÍng tl¡e valLtlity of this

reasorring upon cl5.ving data.

5.76 Gas distribution foLLomins phase separatÉon

OonsÍtlering the nodleL rnelevant to tlæ worst posslble

case (etg. g) t¡r ratliaL clistribution of total gas tensLons, f,ollorulng a

cllve of per{'d d sperrt at arbottcnr p:ressurner of P¡r is gÍven by oquations

I(I¡( a¡til l0( ast-
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(p+p +ro +o) ¿126**fÞ -L6*(p -Þþl-dll ,.'n-nø.-g _o r-o \_þ _o. r-, .. _-_

If ttre èir¡er is sucldonl¡r raisÊ¿t to a lolr¡er absolute

pressl¡¡e (n), tfren tt¡e radia-L zorÞs r,lhich becqrB su¡nrsaturateð. attdr/or

nucLeated. by virtr.re of tÌ¡is deconp:ression a¡e ctete:rrirpcl by tfte e:çmesslon

for phase equllibration (equation W). IhÊ irrsr ar¡d. outer raðii (r, and.

t2 restrþctiveþ) of this an¡rular z.egion a.re tlren glven byr-

126 + * Fo - 46 + ("0 - Po)O(rr0)) = F + 20O

r being the onJ¡r variable; the two ¡eal roots to the abor¡e ercpnession

must cþtermfrr r, a¡rð r .

[hís 1s rougþJ¡r cheoted. by taktng ttp oase of a¡r

teffectÍr¡e]ìr infiniter tj-æ (d - æ), s¡nnt at depth, rvhen equatíonr,r for
O("r0) g.it¡es 

",, - " a¡d. r. = b as ¡eal. solutions Lf,¡-

xQ - tß) > p * 7r* m. Hg ,

i.e. tbe nuoleate/su¡nrsaturatecl zoræ ís the ccmpJ.ete extravasaular

:regJ.on vuh-ich ore wor¡Ld, anticipate for r¡niforrrþ clistributed. irert gas.

lhe cltstribution of tcnslon excess avaiLable for
phase separation (Ð f" then cùgfirpcl. by:-

f -x (Po-¿'-6- (%-Pjo(rrd) ) -p-74rn. Hg. (lour)

Sinae it has been sÌ¡own th¿t bubblÊ and tissæ tensions

of tle sþtabolisable gases resuæ ttreir fsær va}.¡es fl:ithin a vety strort

tùre of ar5r ohanger tþ tension excess represents tt¡e qì¡åntíty of, iært gas

ccuring out of solutÍon. lhus the partial morar rlo}.ue of irært gas

(rectuced. to bod¡r tem¡nrature) capabJe of cøing out of sorutior¡ in an

a¡un¡lar ægrent of r¡rit ler¡gttr, a¡rd. tlrtcloese dr, rs Zzrr€f,<¡¡.. Ifotpver,
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t&e írert gas partial pressu:ne is (P+d+2"/o-po-po-pJ or (p+7¿r) m. Hg¡

cørpared. v¡ith a total pressure or (r+zoO) nm. Hg. Thus tåe total vorræ

of gas, reduced to the abor¡e aonèitions, separat:lng in that segrnent =

zz¿€(P+zoo)€

-ffi-
d.r.

Maintaining ttre sane tem¡nrature, but app\nlng Boyl.ers Lav¡ to conr¡ert

frqn stand.ard. press,rr" (fo) to the ambient absoLute pressuæ of tlre gas

(B + eOO) nun. Hg , th corresponding vo}:ræ (av) is girren byr-
Ìt

o

@õõIclv = a

i{ence the total volune of gas cornÍng out of solution for the¡mod¡marnic

egtt-ilíbrilûn¡ i.ê. the.t separatir¡g w:ithin tt¡e a¡r¡ulus r = r to r s r is
12

given by:-

zz¡rS(B+eoo)ft¡F+Zf-

e ¡ Po2rrSSr
t-

l, (P+74)

v

[.

r
dv=

Substituting for f accorèing to equation Íl(II,
r

(¡oun)

This e4pnession gives tire total voLtæ of aL[ gases liberateô w:it]rin a very

short ti¡ne of decønpressÍon for therno{lmauic equi}Lbrir.m throrughout the

ZQtÊo

5.77 Gas eUminatÍon following. phase separation

Horever, upon waiting at the ¡æw pressu¡e P, tfe
separated gas vcill be grattuaLþ teaten awa¡il r¡r¡der the inftuence of the

¡¡e-establistþð bubbLe-bLood dríving force clefinecL tV fu)gas - (n)" 
O 

"for v*rÍch ttre most conserr¡atíve esti¡rate ís gir¡en Uy (¿p) in equation Xf,,I.

Æo lt l--

" = @tfu ¿ " ['e.*6-(%-Po)o(", 
a))-n-a] ¿''
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Thus r u:ilL slov]¡r increase as the Eas is z"etlissolvecL at lts sÍte of
I

se¡:aration. UnLess rn = b inreèiately after deccrnpnessÍon, r" should

dec¡ease rrery slowly as the regÍon b Þ r Þ ra approaches saturation.

llrese movements of r a¡rd. r_ are iIIustrated. 1n flg. 12 (graph l).12
Ilathematically the phase char¡ge introcluces two

transition points in tl¡e total tension v€rsus raclius cun/e, ttre r.esulting

èiscontinuous functiorr renderi.r:g arraþsis very difficuLt if not

Smpossible. Ttre¡¡e would. thus aptrnar to be tr¡yo courses of actÍon olnn to

obt¿in a solutionS-

1. To bui1d. an arralogi.n to sÍmulate the exact system or to

¡esort to nr¡rerical rethods. lhe fo¡ner approach has been adopted. since

mucÌ¡ cf tle cnrcial d.ata is rrery irregular - particulerþ whene a diver

has been tovied. or¡er the urÞven bottq¡¡ of the sea bed. arrd. decørpresseê

suspended. frcn a clrifting boat in ti.lal chanrels. It is felt that the

tristory of such dir¡es is mo¡re easiþ fed. npcha¡uically to an arralogr:o tharr

progranued, for a ccrnputer.

2. 1o malc large a¡tproximatior¡s. Àlthough tlpse cor¡ld ln no

way conrpete vrith the p:rev:ious suggestion, tb r¡nsatrrration der¡elo¡ncl in

this tl¡esis is so ùlrectþ opposed. to the conr¡entional a¡rproaches that

argr approxinate,nethod. should. be sr¡fficÍent to give a prelirÉnar¡r inèication,

jr.tstifying trþ buildít:.g of an onalogue based. upon those principJ.es.

' 5.78 ln approxLmate rptùrod.

Since tÞ separated. gas aots as a ¡¡eærvoir at consta¡rt

tension, and tte capi1larry tensior¡s a¡e cor¡starrt, the loss of ttre irsrt

!,
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volatile comporrent to the bloocl stroul-ð confo¡m mo¡e closely to steafir-

state tk¡an the transient conðitions e:q)ressecL by equatíon JJ.

If it ís assurecl that gas is cÞpositett at ttre sa!þ

effectir¡e rpan ractius (l) for eaph decqression, then the rate of loss

of fuert gas (:¡ectucecl to g.T.P.) .Í" given as:-

fff , añ(¿\p)/roe(î/a)

i.ê. c,_;ËT.ffi
In ttre worst possíble case (Ap) vnill- assr.ue j-ts

srnallest vaIue. [hÍs rr111 oocr¡r for e]i¡nination prior to coalescence,

vrhen the ninimur value of Ap is gíven by equatS-on IOCI.

lÌ¡us for m stagings foJ-low:ir¡g phase separation,

consÍsting of tine ?', s¡ent at presswe P,, etc. (as ¡nr the case without

nucl-eation - section 5.58), the total inert gas eS.Sminated ¡¡er untt

volunre of tissue is given by:-

gf ât
zsD¿(ap)1. 2ÊD2r.((1 -¡r)P,o-t tz*6x)l

(:cr¡¡)!

(b2-a2 )toeE/a) (¡2-ae)roeE/")

substituting for (Ap) .".otling to eguation Xl(I.

Equation XI(II/ is the appropriate erqrression for gr

u?ren phase separation has occurrect, ïttÉLe equation 55 applles when Lt

has not. SÍr¡ce these e:çressiona stmurise tLp cþrivation of tl¡e tÌærmo-

dynanio fro conventional approaches, it wouJ.d. seem opportr¡¡æ to cr¡paæ

their interprretatíons of ellmfnation data before prooeeèir¡g to tl¡e finat

quantitative step of this theoretiaal s¡mthesis'



172.

5,79 O:<ysen rwash-out!- ï:ith decørp:¡ession
--t;. 

**n-""r, ", *r".*" ** rvhoLe bocty has

been recorded. by lfillmon and. Behnlc (t g+t ) for various erq)ost¡æs a¡rd. de-

conpnession stages. Ttcir resrrlts are quoted. in tabl-e 10.

'It¡e salient points of agrreerqnt lnlth the proposed.

lgrpothesis a¡e:-

1. The rar¡d.o¡n natr.¡re of va}¡es for tle sane decørpression wl¡ere
eo.uilibríun conðitíons a¡e exceedecl accorûing to equation III, i.e. rarrd.om
nucleation in rr¡ns vii-x.

II.ÛTtÍ GAS IT¡,SH{UT' ifIMI XECOMPFESSION

(Oata frø¡ rfillmon arrd, Behr¡l€ , j9f$)

I'ABEE 10

il .8. J m:ins. is ta&en to reach the stop, a¡rd. a fi.rther J rnins. from
stop to surface.

2. Àlmost consta¡rt eUmination rates wÌ¡ere such equllibrÍr¡n
conditions ïËre not exceeded., i.e. rr.¡ns iv-ul.

3. Eü¡nination rates for rwaslr-otrtr without phase separation
should. be gneater than those in r¡vhich it has occuned., since gr preclictecl
by equation 35 exceed.s gr estÍmatecl by eguation lQ(Itf , i.-ê. vaJ.ÌËs for n¡¡s
iv-v:i exceed. those for rwls vÍÍ-x, and. the rate ín nrn (Í) exceeds that in
run (ii).
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the onJ,y apparent anøral¡r is nx¡ (fii) ln which the
rate of eli¡nination of N. is sLower tl¡an n¡¡¡s (i) 

"rrr 
(i¿). However, Jo

rn:ins. at a partia.J- o:rygen .pr€ssure of l+ abnospheres is i¡veLl into ttp
d.a4ger zore for conrn¡Lsions (sectfon 1 .l+5).

Thr¡s the overall a¡lproach wouId. Ê¡eem consistent r¡c.ttl

the d'ata in tabl-e 10 a¡rd. the decreased. rate of rwash-outr of N" recorcled

at altítucþ by Jones et a-l ('t g*27.

5.8 !REDTCTIoN AF ùi¡ReIr{4; swHIOr6

5,gf

ìiÍhilÊ the volune of gas separatÍng from solutfon is
given exactþ by equation XXIII, it beaores rrÞrîr itifficult to ¡nrform the

necessarJ' integration lnithout resort to graphical ¡rethod.s. such

èifficultles a.re gr.eatly erù¡a¡¡ced. whon it is rpcessa-r¡r to anaþse argr

procedure oth.er tt¡arr tÌæ simpJe deccnrpression to wtrfch equation JüI¡1 æfers.
l{hil,e the prær.unatic a¡¡alogue (seoticn 6.6) can largely

acocrutod,ate such compLexities, a rapicl anaþtical læthod. is also desirable.
This is attainaþLe by a mass bala¡¡ce if it is assrmre¿L that tte tissr¡e

region nemote frqn the nucleated zorn (b Þ r è r.) reaches saturatlon

w:ltùrin the ¡nriod for marginal s¡ørptoms to becqne marrlfest. This is
r¡easonabLe since such reg.ions rvould. tend. to gain gas frcrn the start of tl¡e
ùir¡e, anci st¡ould. have acqulred. a totaL ter¡sion of gases in excess of (po +
2OO) rm. Hg rvhen the (¿i'tr" + stoging + onset) tÍ¡res e:içire. Mo:eover,
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suoh eo_rril:lbr:aùion lqôr¡lrt aUteuatjoa_l$ englt1e the rnaSS belæ to

acoount for tte trniUU::.ngn effect at the outsldùe of the separated. gas -
as shovrn by a decrease of r. in fig. 1 2 (graph j).

The problem is therefore orÞ of estímating the 3.oss

of separated. gas frqn the other borrnclar¡r of tte nuoLeated. zorp (s = r ),
I

5.82 tllcnirances for retabolisable qasee

t" -"t-" 
"t 

a- 
"--tt 

t--ures ï,Þre oaLculated.

for each constitr.¡ent of tùe gas initÍa$r separating frør solution.

Hoiyeiier, for the onset of paLn, tte recha¡¡ioal effects of surface tension

and. elastic deformatíon can¡rot be ignored.. Thus, accorèing to tl¡e fr¡IL

e:çression for recharricaL equllibrÍrn ín the bubbLe (eqr.ntíon IV),

fu)¡,"¡63, =P+ 2OO- (no*p"*pJ ûm. Hg, Substitr¡tingfqpo*p"

+ pw accorèing to equation JCI(,

(n)6,.¡¡1" = P + 74 m. Hg. (¡gff)

But the tota.l- tension of all gases must equal the

absolute pressu¡e of all gases (n + ZOO rm. Hg). Hence, appl¡r:tng

Âvagadror s lav¡t-

(totar volu:e of gas) = tË+# fuartial molar voLune of Írært gas) (mn)

5.83 Ilass balance wlth nhase ser¡aration

Å sirrpJ.e mass balaneæ for the i¡ært gas, expæssed as

a volure reduced. to sta¡rcla¡d. pressr.re (fo) ana body temperature, nay be

effected for urit volune of the critica-l tissrre t¡r¡n as foLlorvs:-
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Quarrtity of Lrprt gas entering tlssr.r at clopth = g (sectlon b.54)

Qualtity of irprt gas loavÍng tlssue ch:ring decmpresefon rr gl

(sectf.on 5,78)

Quantity of inert gars Ln tissræ beforo aomp:ressi,on a x(BoJ6)S taktng

ttre alr¡eoIar value of' ínert gas tension (section 5.12) for p = Fo

*¿ Pw = À-6 ¡nn. Hg.

Thr¡s the total guanttty of irprt gas present in al-L

phases in extravascular tissue, conformlng to tlc worst posslbJe case

(section ,.fi), is g - gt + *(Po - ¿+6)S, e:çressed. as voLr.æ r¡nj.ts Ln

accord.a¡roe witt¡ tlp defLnitlon of S.

But tt¡e frert gas tenslon in the separated. gas is
glven as (P + 74) nrn' Hg J,n equation JËE\I. Since this is 5.n tlnrmod¡mamic

equillbrir¡r witt¡ the irært gas 1n solutJ.on, ln t*re nsrst possible oå"se tl¡e

quantity of irert gas remalning ln tnre ptgrsÍcal solution = (p + 7¿+)S.

Éience the maxl¡m¡r¡ quantity of irert gas vrhioh can Beparate from solution

Ê s - gr + r(Fo - h6)g - (r * 74)s.

^pplyir¡g 
equatlon l0tll.l to account for the contribution

to ttre total vorr¡re of separated. gas nacle by co¿, o¿ and. H.o, the total
quantity of separated. gas =

(P+zoo)r- -r(P +ff ( e - gr + r(Po - ¿t''6)g - (p * 74)s )

But such quantltíes ¡efer to tle vo}.æ ¡¡eduaed. to

ster¡d.ard. pressure (no) corz,espond.ilg to tlæ clsfinítion of solubLllties

aclopted. ín this text. Hence the ret voh.æ of gas separating ¡:er qnit

tlssuo volure ("1\t) r.¡ndsr a¡¡ absolute gas pressure of (P + ZOO) nm. Hg¡

can be obtcired by a¡tpl¡¡tng Boylers Laly asl-
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v Fo (p+zoo) r - -t --t¡ r z\õ /n.-r.\c¡ ì

5.81r Oond.ition for narqinal slrrpt@s

Â¡pltcatlon of the above eguation for uft to equation

II cøpletes t'l¡e dorlvation of, the fir¡a1 cøpnehensirn e:çression clefiníng

J.i.mtting ooncLitio¡rs for tbe possibl.e ocournenc€ of syurptoms. Thus, at arly'

tl¡æ after reacld.ng en absolute lgntrostatio p¡essu¡¡e (P), by argr deccm-

pnession fo¡:u¡at frm a dlrrc of ch¡ratlon (0) at pressure Por narg;ina-l

s¡noptoms ca¡r occr.¡r if¡-

P

ÉE ( e - e' + x(ro-45¡s -(p+ZL)s )> |t/K (rnnr)

Definlng a crtrclal paraæter for prordmity to

s¡urptoms (¡') uv¡-

E - u¡I . t/x (nnnrr)

thís wilL have a criticaL valr¡e (Fo) f* the posslble occur¡renoe of,

s¡mtrrtcurs giræn by I 
" 

=t , /K (U¡f)

F" shoukl bo a oonsta¡rt for a particuLar incliviôua1

of a gùren modulus (K va}:e). Moror¡er tlp use of such a consts¡rt, cletemired

e:c¡erircntallü, obviates most obJectlons to ttp ir¡fe¡red assr.uption that aIL

gas separating f.n one uorE is coalescecl to fo¡m the extravasculat embollsur

:nesponsibJ.e for s¡mpto'r¡s. IhÊ use of a critLcaL paraneter F" presunes that

the vo}¡rg of ar¡y bubble eventuall¡r fo¡æd. is ¡noportionaL to the total

vo}¡æ of gas separatiag f,ron solution at the f,inal pressu¡e.

lhe quantitatLve e:çæssions of this rut¡ole a¡lproach can

nm be sumarieecl.r and eaah thooretical variable ¡¡educetl to fr¡rd,aænta.l

paratreters.
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5.85 Sr¡ma¡lr¡ of quantitative derlvations

Pa¿e L77 Equatlon )0O( shou].d. read

tf?,= > F./P"(e- g'+ r(P"- +6) S - ( P+za)S )
(p +ta)

lrr Ìrhich, s . r6(%-Fo){r(0) (r¡r)

"r.p(vrñereü(t).1- l+ oo

tCrZ"Ya ¿ (""J' (,ro(aÇl,r,, (tørr))t- r
(xur)

or, þirrg the n&root, real arrd. positive, of the eo^ua.tion

Jo(aÇr, ("ctJ = ro("Ç,r' (ra,r) (vrrr)

111 solubiLities a.re er+)æssed. as a gas/Iiqu:.d. volur¡e ratio ¡nr rm. llg

partial pressure.

In equation )Lt(¡ gt curr be siniLe¡þ neduced. to

f\¡¡¡da¡¡entar quantities for stages ?, at prt¡ssr;u€s P, at wtrich phase

separation has occr.rnecL,

zsDÐr,o( (r -x)rr+ 3ae46xlI'^'ffi (xruv)

5.9 IECOTiEtEiSSIOii CHIII'ILSAIIOI{

5,91 9Þi9g!

[he u]-timate test of the thermoQman-ic tgrpothesis,

nt¡ose quarrtitatine syntlresis fr<lù fi¡nd.a¡r¡ental pala¡reters is su¡rnarised.

ín tlre foregoing section, lies in its abiLity to comelate practf.ca-L d.a.ta.

If 1t proves successfulr then the practical valr.¡e of such a ttreory shouLd.

líe ín facilitatingt-
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1 . llhe reclistribution of the total deaqnprpsslon tiÍE now

recqruner¡ded. to allorv a greater margin of safet¡r.

gÊ 2. The ¡er¡¿slon of ü¡e whole daooqmession fomat to ¡nnrit
ùivers to surface fn the nfnimr¡¡ tíre r¿tfr tÌ¡e sare margtn of safety.

$lnce the occurrenco qr non-occr.¡Í!€nce of syrptcns

is tln sfurplest test of argr cùecmp:nesslon, ttre s€oor¡d. aplroach w111 be

folLovecl lrere. Honever, an¡r optimisatLonmr¡st be based. upon Êoræ críterion

considened. most ¡nrtirpnt to the pararnter to be conserved - in tbís ca.se

dcoø¡r:ressj.on tl¡æ.

5.92 Oritenior¡ for opti¡rlsation

Equation )Qnll[I er$)¡¡esses the belief that it ie on\r

a vo1r¡e of gas present 1n the critiaal tissræ t¡6n tn excess of a certaln

¡ninimr¡n va-Iug vihich carr give rise to s¡rmptons. Sor a given èive, ttte

fastest overaLL docmpression shotrld. tÌ¡r¡s be obtairecl if¡-

1. Gas is ¡nrnitted. to separate frm solution such that, in

ttre worst possible oaser its fir¡aL volr.ue is Just beLot'¡ pain-provoking

propolrtions. For tt¡e practícaL case of a ilÍr¡er reù¡r"rÉrÀg to tÌ¡e sur:face

(f = fo), equation )0Oß giræs ttp conitition for safety as:-

s - sr - Sþo(r -Ð + 74 - r+6x) 
h.,r#o (po(I)

2. The gas initiaL\y present in excess of the total tisstÞ

guarrtity¡ frcr¡ r*rich this ni.ni.n¡¡ nolt¡p cot¡Ld. separate at pressune Por

j.s ræntecl r¡¡rder tt¡e naxlmun drivlng fæce for clesaturatíon. ltre latter is

t
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greatêst for tho ma:cim.rn h¡rdrostatic pæssuse rnrhen phase separatlon has

ooourred. êp in eguatíon l0ffi). Honever, tlre rerærse trend appli.es if tL¡€

pressure is increa,seê beyond. tJ:e ttrermod¡manic egrriJ.lbrir¡¡ conôition

(equation IV) such tlrat phase separation can¡lot occulr

lht¡s tJre fastest eIi¡Énatúon of tte e¡ccess gas stroul.d
be effectecL by continuousþ ad.Justing the pnossune such tÌ¡at thc critical
tissrp þp fs maint¿lrecL just on tlp brink of a phase chânge. By ttris
Eans ttte total excess gas stroulcl be remqved. nost rapitüy orrer tfn frfgrcst
pressr¡re rangg for wh:lch this conðition Ls follored..

lhese criteria aæ suf,fioient to enabLe an optimal.

clocompnessíon fo¡mat to be defirrcl. guarrtitativ€lü.

5.93 OotLna]. cùgcøpression fomat

Accorèi.ng to tl¡p foregolng reasoning, tb ttremrocl¡manic

approach wouldl predLct t]p s]rortest deocmBressLon ti¡e for a clLr¡er to ¡etu¡n

safeþ to tlre surface by adheríng to tùre follcnrlng seerrcncei-

l. Â ræ¡ï- rapid. tpullr from a bottø cÞpth $) to .rt
iequilibrJ.rntr clepth (¡le) ¡uyot¿ rvhLch ar¡¡r further rapLcl rise to t*¡e

surface oou1d. cause pha.se separatJ.on.

2. Â continuot¡s deoø¡rrcssion frqa dteptt¡ (U"), naJntatntng

tlre qystem just on tlp brfnk of phase æparatåon at tlp racllel tlfstanao

(rr ) rrfre¡e total tensLons a.æ a narJ¡n.a Sr¡ot¡ a cor¡ititlon l,s -tllr¡gtratedt

Ln flg. tz (gaph 5), t*rta gLw¡1ee oontd.nrrllg r¡ntd.l a reurfacing! dtcpth

(u") is :¡eaol¡cd,.

5. Baptdl. dloocu¡xesslon to thc sr¡¡faæ (absoluto pressure Po)

frcm Hrr vahæs of tÌÞ latter belr¡g set¡totcd, sr¡oh tbat ph¿Eo separation

oocu¡rs to the extpnt that ttp r/o1ræ of gas tlberatect at po f,s Just

Lnsufflcíent to Brovolo s¡mptcms.
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The pro¡1ell lrow beeo¡es oæ of ex-p:ressing

quantitatively He, H" and the ctepth (n) versus t reLatior¡strip for

H6 >H>H.
s

5,% Qua¡rtitatiræ exp¡¡esslon

Upon conpletion of the dr.¡ration (0) of a d:Lne at a

cùapth \r or absolute plessure "f (% + fi) feet ctf sa.lt water, tþ

mÐßin¡ìJn total- tension at argr point ca¡rnot exceed. that of the region

f-rurecliateþ- ad;iacent to the oapil.larry. HouÞver, this value vrill equal

tÌ¡e ¡naxi¡nr¡n attair¡able ïrlth tirre (ftg. 122 gcapin l) r*rfcf¡ ís ttre absolute

Ìgrdrostailc prressur",e Less the rirùorent ur¡saturationi. Thr¡s Ít shoulit be

theoreticaLþ possible to efTect a¡r instanta.reorx¡ decornp:ression egual to

tt¡e nirù¡erent r¡uaturatíonn r,'¡ithout causíng ar¡r phase separation for rvtrich

equation lCf,I givest-

I1 - H". Ap = ((r - *)(tlo + 7&) - 132 + l+6x) rm. Hg.

Reverting to pressuæ a¡rd tension rrnlts of feet of

saLt water gauge (s.w.g.), wtære 33 feet (s.w.g.) = 7æ rm. IIg, ttre aboræ

expression gives H" as:-

H, r :r\ - 27.5 + !.Ox feet (s.w.g.) (¿+g)

1Ìr tÞpttr for <li¡¡ect surfacing (n") fs cletemirscL by

¡esidual gas availabþ for soparatÍon¡ L€. rrriting eqr:ation l$l[I a^c¡-

(s - .r \ - S(¿6rt - "t .oxl _ =tÞ (fo¡36.1 - -r-g

rvhe¡¡e (g - gt) ls now Ér¡en, for tÌ¡e total decqq)¡îessLon tLre (f), Uy

eqnatlon 35 sínæ no Þha.se change has ocourred¡ ir€.l-
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(e - e') - É [q*,, +r) -(r1 -HJ v,", ]Tr-,*-04*] 6)
Ttp relattonstrlp botrcen II a¡¡at t ls cle¡nndent rryon

oontinuous locatlon (r . rt ) of the ¡na]< tota.l tens¿on rùich sù¡ol¡1"d.

coLncide with that of naxLnrn irprt gas tension pf¡ Loê.

prprforr-rrntrere*.O"r**.O $Z¡
òra

fhtb no anal¡rbf.oal solutlon cor¡Ld. be formd. to
equations 5È52, appro:dmations d.o not æen warrrantecl at this stage in
view of ttp ease r'¡ith vrt¡ich optimieatioru oar¡ be detemíæd. usi_ng a

tl¡ermal ana-Logræ (sectfon 6.5).

5.95 E:çær{,rental .ir¡stification

Frcm a semi-quantiitatiræ slr.vey of tl¡e foregoÍng

e:ç:nessionsr the the:modynanio a¡4noach wsr¡Ld. pnedlict arr optfunaL deccn-

pnession frqn a 2OO foot ðhn omprising:-

1. Bapicl decørpression to 157.5 feet ccu¡ra¡ed. with a maxi¡nn

of 83.5 feet suggestecl. by connenti.onal. theory,

2. oontinuous deaorrpæssion frø 157.5 teet to a creBth of 20-

JJ feet, cùe¡nnôing upon the ír¡¿iviictue"l.

3. Di¡¡ect surfaoing frø 20-35 f,eet cø¡raæd. witt¡ the conr¡en-

tional final 10 foot stagÈng (U.S. Narry, 19*).
ihll€ these represent clraetíc char¡ges frø connention¿l proced¡æs,
the the¡moqmenic qpproach wot¡l.d' appear to be ln fæ cloeer agrce-
ænt sith the pusþ enpJ.rical. ætl¡od.s clorrtæct by native pearl
d.iverg (þ¡nndix I).
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ihsæ æn fu¡vat¿aÞþ awfår¡e rärçEst\r f,rrrr tiæ

cleptlrs of 2544 feet. Ttp fapt that such dl.nes aæ ægt¡latly ¡¡erforeil
in tÌ¡e sea is the strongest elrldenæ ln favor¡r d tlÞ themo$raanio

a¡4rroach. Hæverr a¡r exact quantLtathn oorz¡l¿tion nigþt bo better

postpoætl ¡nnding consLdsratlon of scril" o¡qpcdJænts dtcsigrncl to tost tlp

moæ fi¡¡rd.a¡ænta1 astrnots of ttrc ÌgrpotheaLs.
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E¡cmIIIEI\IIII¡

6.1 EEnffEcrnln

$Þ llterature containe a realtt¡ of praotical. clata of t]e mogt

varied' natuæ upon which to prove or ûis¡rroræ a4r tSpothesis for deoc¡n-

pression siclæss. Orc of t'Ìre rnajor tasks of tlris ttresis has been the

colLection a¡rd. orgarrisatlon of tJris mass of ir¡fomation n¡trich is so

conflictj.r¡g in man¡r of its ¡xrblishotl interpretatíons. It Ís the:¡efo¡¡e felt
tl¡at the praotical q¡r¡rroacb 1s better èi:rected. towa¡cts tlevising cor¡clusir¡e

e:r¡erd.ænts to test tlr sallent featr.¡res of the tgpotlresis, f't¡e vÍta].
questions wq¡lcl seem to be¡-

1. Ig oalrLtatlon at liquid-Itquid. interfaces as rand.crn as

recorded, for tle ott¡er oases of suppressecl transf,ormation?

2. Xs a síngLe tissr¡e as heterogenous in its trarlsport

pro¡nrties ag lts histological. ap¡narance nigþt ir¡rLicate?

3. Dæs tl¡e ùtfïr¡sion cosfficient of irpr* tto¡-poIâr gases

f.n c¡rtopJ.as¡ dÍf,fer frcrn tùe va}.¡es for the corresponùing substances 1n

water by the same J.arge faotor recorded for ions and. polar ccurpourrd.s?

l+. Does the irihe:¡ent r.r¡rsatr¡ration Lnc¡¡ease lLnearþ wÍth bottr

absolute t¡rctrostatf-o pressr.rre a¡rd. r¡olo fraction of inhaled. orç¡ggn as tù¡Ê

¡itqrsioo-chemical. anaþsis wor¡.ltt pneèict?

llp otåer Bhase of tbe work ín nt¡ich e:qnriræntatLon

wor¡Ld. seem desírabLe is tlre builcting of arralogues fori-

1. h^eðictíng optimal deoønpnessions with t'Ì¡e obJect of testírrg

ary prectlctions upon arrirnals nitulch a¡e sím:lLar to man in tbeir susceptlbfüt

to tleccnopnession siolgtegs.
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,- -r-ne.lysing t!æ '¡eq.r+å of divlg d.e.t+ !d_+_]1 mi¡:!l¡q_l

mathematic al approrj¡nation.

The Latter is trEobabþ the more lmpqrtant for a

tgpothesÍs yùhose potentia-L vaIue lies in the quarrtitatirc natr¡re of

its e:çrossic¡n.

6.2

6.4 ÞÉIiminarv iru¡estisation and. orecautions

PreJ-i:ninary decompr"essíon of watær, in contact Trtth

eíther oLir¡e oi1 or tiquid. paraffín, Ínôicated that rùen cav:Ltation

occured. it ¿id. so at ttre J.ic¡¡id-liquid Ínterfaae. Hovpver, it was al¡¡ost

impossible to be certain ttrat no ¡uicro-bubhles fler€ present before

decøpnesslon.

To heþ ol¡€rcoæ ttris cÊfficuJ.ty tLre procedr:æ was

atloptetL of feeclS-ng the cler¡ser 1-iquicl in ttrroqgþ a tube to the bottø¡ of

the r¡esseL containing tþ Lfghbr liguitt, rvtroæ upwarcl. dispLaætænt cneateð

a f¡¡estr phase inte¡face. ÎÌrÍs precaution was lnter¡decL to give cli:¡eot

J.iquicl-liquuid contact. Àttenpts to rærÍfy that all gas occ}¡sioû¡s hacl

been eliminat€¿L took ttre foJ.J.oring fo¡ms¡-

1. Pairs of Liquids ret¡e talen of a"Lmost equa.l refuactine

indioes such that arr¡r micro-bubblo preeent befone decøp:ressior¡ stood.

out cloar3¡r. vr¡hen the interfaoe was strongS¡r iIlrrúnated ancl viered. fro

an arrgle obligue to the direction of Light tra¡¡slssion.
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2o [he extinction angLe of the interfaoe was ræasured anil

verifiecl. as tl¡at fø clÍ¡ect contact betreen tåe liqui¿L phases, a¡¡:l not

t'Ìtat for total interrnal ¡¡efraotion at an intervenír¡g gas ra¡rcr.

[he first æt]¡od is particuJ.a¡ty appticabls to

cùetecting nicro-bubbLes whi]e the seaond. is <lirectecl at fílns of gas,

ldan (1!lo) stattng that ttp reflective porÉrs of a Ligutd. swface a¡e

changecl by eræn a monøoLecular ta¡ær of gas.

6.22 lpparatus

-

l[Þ foaregoÍng opttcal reqrui:¡erænts effecti-veþ

dete¡mine the clispnsions of the oelr for tlp rtquicls as travirrgr-

1. lt Least o¡æ f,lat face for straigþt ir}¡¡inaü,on by

light trans¡nittect paraltel to tlp inter:face.

2. À oircul¿r æction such tÌ¡a't liqr.ritt-contaiær a¡rd,

contalre¡r.alr boundaries e:clst nt¡1cb are ¡nr¡nrdtcular to tl¡e pattr of

}lght trar¡smitted. frø tÌ¡e oente of the contairpr. [Lre walls wor¡Icl t]¡en

haræ no ir¡f}ænce rrpon tùn extinctLon a¡¡sl€ æasu¡ed at that paint.

À cyllndrf.ca,l fo¡:m is tlus suitott to both æqul.rsrents

prwiclecl t*¡e celL ls fillpd. such tt¡at tÞ Jiguitt-Iiqr¡lcL inter:8aco

coinoLcles wit'h tl¡e geætric a¡ú9. Â nachirp clrarring of the fiJ¡a1 clestgn

is gitren ín fig. 15. Ott¡er featu¡es of tù¡e cell aæ tt¡e use otr onJ¡r ors

gasket a¡rd. its aonst:ßrotfon frcn a ha¡Til. col,or¡rless copol¡lrer (ttttls, ,t965).

llbe equ5.trrent fsr pressu¡e conùro1 and. æasr¡¡¡eænt is
ræry sÍmpfe - as sttown in ff.g. 1lr. Varfor¡s cÞgrees of deccrr¡rresEion a¡e

r¡aintairpd. by balanofng the oontLnr¡aL bleecl lnto a 2-Lit¡¡e br¡fter ct¡ar¡ber

against its e¡chaust to a vaoutut ptürp.
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6,4 Ge1-oiL interfeces

Mar¡y substar¡ces r¡rB¡¡e tested. ín an attempt to fínl a

suitabLe system for lnvestigating cavitatlon at tl¡e ge1-oiJ, interfa@.

[he onþ bor.urclar¡r suffícientþ snooth to give a recognisab]e nlrror i¡nags

of simple objects was obt¿ired. by nrnning a 2ø solutLon of calf-skln

geLatiæ at 5O-6OoC into ltquicL paraffin. Upon cooling to rocn tem¡nratu¡¡e

t'he :requined. gel-olJ. l¡rterface was forned.. Using a teLescopic eyepiece

nourtecl in a fra¡æ to ensure its aLigrrent with the ceII anis, an

extinction angJ.e of lr5o to the nq¡mal ïyas recorttect for tle lnterfaae.

lhís cqrresponded. closeþ to val.¡es neasu¡e¿L for the in¿Lividua,l. phases by

a¡rÀbú :¡efractqreter of þor.l.Lù.65 arrit pg" z 1.5571 at 25oC., sLnae

.osec-f (1.¿rl+65/1.fi77) = t¡J.fo. &oa d þ"^ * tÌ¡e ¡¡efractive inilices

of, paraf,f,in oil to aj¡ añ 2Ø gelatirn solution to aLr respeotiveþ.

Every tÍ¡re this rpt'Ìrod. of fiJ.ttng was used. the selrÊ æsult was obtat¡pô

inÀicating a èi:¡eot g91-oiL ínterface.

tl¡en the rer¡erse procedure was used., i.e. por:ning tle
oil on to the gelatiræ solution, an extinction angLe æ 670 was :¡ecor€ed..

Tt¡.Ls corespond.s to an arrgle of cogec-' þo^¡ cosec{ 1.W5 = 61.1o

¡.ryI¡f¿ng a¡¡ ai^r fil¡n at t*re gel-oil interface.

Fl,acing the e¡repieoe at 55o to tt¡e no¡maL, ten

deoøtpnessions to minus 20 inohes Hg faiLed. to giræ ar5r ahar¡ge of intensÍt¡r

cletectabþ by e¡le. Hsïrever, re¡nating the e:<¡nrfuænt in an otrEn cl1sh, but

adding tlp oil l¿st ancl èistorting tÀe interface by alternato cmpæssions

in ¡nrgend.icr¡lar èireotiorrs, a ca:neftrl microscopLc exemÍJratLon of an area
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of too our.2 ærreale¿ io br¡bbLes. TlÞse reæ obserned. rithor¡t <þcoor

pressLon fnltcatf.ng that they rere forzed. by coalescence of tt¡c irritlal
fLLn. Dúaæters lre¡¡e of, tl¡e ozder of þ8 mLorons.

rutrich is nery oLear a¡rd. of cÞnsity 0.8 gn. c@.-t. &corrltng to tt¡e
extinctLon anglos tt¡is o11 pù¡a'se rvas fou¡rd. to gtve a dlí¡eat tnterface

tuith any aqrÞous Jiquict jf the J.atter, as tl¡e deneer, was adderl l¿st.

6.?h guitabLe sr¡Etems

-

No two prræ f.mrisalbb liquiðs couLd. be fourrd. oú

¡efractírp Lr¡illces sr¡ffioientJ¡r close to ensu¡e tlp cùctectfon of argr

bubbles foruptl at tl¡eir inte¡face. Horuever, tle :refractÍræ index of,

ltqtricl' pa¡affin could be rlatctpd quft€ etnply by b3erding ùro hydropl¡rti.o

sribsta,nces.

l. suitabLe ntxtu¡r€ prorrcd. to be flo g1yæroJ. + 1Ø
water vàich gave a nefractíw Lndex of 1.1it6,9 cmpared. $"ith 1 .l*65 for
the paraffin oil, usecl previous\r. lcetlc acld. jØ {w ín water ras also

satisfaptory, tbe interface w:ith paraffln oJ.l clisap¡nartr¡g at rocm

tem¡rratr:r.e.

À11 liquid.s rvere kept 1n o¡nn oontairprg to ensìtre

ttpir saturation rritÌ¡ air.

6.25 Îbe sta¡¡dard test

In ar¡y etatLstLca,l qpproach it ts esæntia.l to ad.opt

the sa¡e prooectr:re to ni.ní¡nisÊ tt¡e eff,eot of varÍables otlpr tha¡r tt¡oæ

under ínrrestigatíon. Ttre follorring etand.ardl. tegt ras adopted.l-
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llhe contairers ¡¡F)re cLeexed. and. driect with tcne].line

a¡rd. ttren polislrecl with soft paper tissr.æ. Àlttrough crudÊ, this proceôtrre

appeared. aiùequate si¡rce at no stagg dr.ring an¡r test was bubbLe fozmation

obserræcl at tlre walls of ttp cell; nor ÌFre arr¡r forrnd. 1n tlr bulk of

eittrer ltquid. or at the rrrbber gaslet which had. been prev:ious\r soaled.

in the paraffin oiI.

fhe ceLl was filled as prescribecl earlier witå the

denser Iíquict ðisplacing tie lightÆr frqn ttre bottqn upward.s.

I standlarct erq)osure ti¡re of 4 m:inutes was adopted.

since pretiminary n¡¡rs shovce¿f that most bubbLes fotrecl r¡ery soon af,ter

deconpression ar¡d. very seld.qr¡ after 2 minutes. Ttre nt¡nber of bubbþs

fo:ming '$ras recorded., and. the liquid samples discarded a.fter each run.

6.26 LÍqui¿t-liouicl cþcøp:pssion

The f,reqr.ænoy of bubbLe occuÍnence wa,s measu¡ed.

w:ith variation of¡- 1. Decørpr.ession i.e.r applied. vacuumi

2. Degree of liqu:itt-J.iquid. d:Ls¡nrsion.

3. Gas concentration.

¿|. Tem¡nratrrre.

For every ccrnbination of ttese variables 2O nx¡s

vrer"e perforned., this being ttre m¡nber regardeo as signifÍca¡¡t by Strasberg

(tgS6). Dis¡nrsion of the liqutd.s was obtairetl by shalcir¡g the cell wtren

required., whi1e satr¡ration with acetyþre was employed. to inc¡¡easê coric€rr-

tration wittrout var¡ring tension.

58O n:r¡s çere perforred., tbe results of nù-ich a¡e

recorded in table 11.



Nur¡ber of bubbLes fo¡ræd. within the first 4 mínutæs of decønpressíon

apetic acidtf

20 ir¡ches of rercury (lF)

æ 25 n t5 ¿ro 45 50

7 425 92114i6
13 11 ',9 715 21 I¿*22 4 r 7 72i
717 rl+212+ to 72151219161127
,1r 2 7 tO ¿+ l,l
6 925 tt 2516 I

17 1¿l 7 4 512 17
21 '14 12 1t I 16

5 r4lt 717 r4 6
15 6 I æ I r8 *
4 to 5 tt lt r¿r 29
714 Í41615 rl I

17 5 7 I 4 7 to
16-289t67Btrzt1219lt21
9 419 412 8tO'12 9 9 lO 7 ?h I
57¿+14 16rl+æ
8r1t9121115

l Bh 1 V5 Ðt 214 262 269 289

.95 .95 1.o 1.o 1.o i.O 1.o

acetic acidr

n25915tÐ4550
7 612
1-2

fbt+5
tt

426
251
213 6
I 611
54

61
57e
555
2
e 4 4
1¿+5655r-6

8B
5l+2
279

5l-
1o 5 10
84
266
6 Bi4

11 1

77t
3 521
I

Ir38
7 5lt
491
¿ù52
54

f¿l lO 2227
4 613
39-
978
4 6tt

2
4

22
I

11
6
t
7
I

lo
5
4

r8
7
6
2
7
2
2
B

76 97 læ 114 ilo 122 1r+1

.85 .Bo .9o .95 .90 .85 1.0

Dis¡nrsed. glyceroJ.r i
I

gl¡rcerol I

N 2J+ fr 35 ItO t+5

z
2

6
I
5

:

7
1

l+

.
3
7

6
I
1

6

;
9

2

9-
-6

11 2

¿:
I

8tl
:'!
- 11

15:
796

71
lri

¿$7
- 12 1

3
'll+ I
816 I

10 4
t-É5

129
I

10
16 1

85
11 t
-1

3
1-

'l

1

1

22
It
2

2
5
9

:,

6l l+ 87 93 97 115

.15 .5O .5O .65 .60 .75

5rO15202528
25 25 2' 25 25 25

-
-
-
4¿

'7
a

ÃJ

f-
I

-T a

44tl

-
2

7
9

5

2

:

1+

4

5

7
12

!
15
19

'lo
5

15
4

1t

;_

t
7

?h

11

15
It

5
14
I

lo
18

7
d+

6
12

7
12
11

2
12

11

o 16 zo 6z tt+6 tlS

O ,15 .25 .l+5 .7O .BO

Glycerolr

5 10 t52O+ æ 28

25 25 25 25 25 25

6

2

I

4
17

11

t;
17

5
20
14
I

15
11

10
12

zt
7It -
6¿$5

74
1 - 10

7
12 218

5

B

13
2
I
I

16

7

¿

1 r4 30 7[ 101+ 181

O.! .1 5 .5O .5O .7O .75

System

Deconpresslon

renlnratr.ue (oC)

I
2
5
4
5
6
7
B
9

10
1rl
12
13
1¿+

15
16
17
18
19
20

Tota]- nrmber
of bubbLes (N)

Fraction of
nr¡cl€ated. n:rrs (p)

Rr¡¡r

Ntuber

for

each

series

IIBIE 11

rtsott¡ phases satr;ratecl. v¡ith air. f*Both phases satrrated. vrith acetyler¡e. +The same lesults.
N.B. The oil phase is J.íguict pa¡affin in e'vezy n:n. Shell trOnùina Oj'J- 3jn.
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9emi-log pLots of ttre nunber of bubbles forned. a.re

given for (f) Decønpressfon as tlp varj-abb (fig. t5).
(ri) nemperatu¡e variatÍon (rie. î6),

In tlp Latter oase the o¡ùinates are selected. to

give simple å¡zt¡ritr¡s plots, ttrene being sqre d.orubt about the justifÍaatíon

for drawing straight-lirs nelationstrips. ûhile more pointe¡ or mor€ r¡¡nst

¡nr point, dgbt har¿e ¡¡educed. this uncertainty, it rnrst be re¡æmbe¡¡ecl that

each acetic aciô liræ represents 1À0 n¡¡rs.

6.27 lna.lvsis of :¡esults

the folLo¡ning points would sÊem to enÊrge fron figs.

15 a¡rd t 6¡-

1 . Tlp:p wor¡ld. appear to be rrcry låttLe inc¡¡ease in tåe

probabiJ.Íty of fo:ming a bubbLe by more inti.nate ùis¡nrsi.on of ttp two

låquict phases'

2. The pJ.ot of log (x) rærsus decørpression (ÁF) wou1d. appear

remarkab\r lårear orrer the rar¡ge ind.icated.,

3. The foregoing plot would irrèi.cate qr¡ite app:reciable chances

of bubble formation for decolrpnessions exoeeding þ ins. (tZ7 t-.¡9. If
ar¡Jr ætastabþ ltmit exlsts it must be ve¡y s¡al.L by cør¡rarison uith the

nucLeation tt¡¡esl¡oLd.s conrÞntlonal-þ postuJ.atecl. in òivi¡g (see seotion

1.6), vùether talon upon a constånt differential or a pressu¡e ratÍo basis.

l+. Sor the sare decøpression arrcl temperature, ttere wor¡].d.

ssem to be a gneater probabiJ.it¡r of phase separation usÍng a more

soluble gas.
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5. hrre t!ç ðqr:bts st'or-!t &evf-ng s+-.r.Jght !!ne= +.Þo'gþ +-!æ

poJ.nts of the Anher¡lus plots (mg. t 6) would not justif! a¡ff gua¡¡titatiræ

anal¡rsJ.s¡ tt wor¡Icl seem fafu to say ttrat ttp graÀient of the g;EperoTr/

paraff,in oi1 system just exceed,s that fon acetic aclc/paraffLn oLl.

Hence frqn tl¡e slm¡tle Ma¡c¡æLl-Boltaann a¡proaah,

N . f' e¡rp (d/þ), re haræt-

Eg t 8", r*¡ere Eg and. E" are tÌ¡e activation ernrgies of

aavitatLon at the gl¡rcerolr/paraffin oil a¡rct aoetic act{,/paraffLn oil
fntezfacos res¡nctiræþ.

Enploying tlre drop *fght rethocl describecl. by Davlcs

and. Rtdeal Q*3¡, and. a¡p\ring the oo¡rectLon faotor cf Harkins a¡rd Brcry¡¡

(f gf g), t'l¡e following interfaciaL te¡¡sions uer€ ¡rÞaEr¡¡ed. at 35%r-

G\rcerofr/atr,

parafffn oLt/air,

g\rcerolr/paraff in oi1-,

T^- 61.6 agß/@

To - 29.8 aVrc/ø

Yo" = 35.7 dVe/q
55.7 \yrs/ø
(eqr¡s.tton 1J)

56.9 Nts/ø

E cT + T -f :aêooê

laetic acíd/air T^: l+2.2 ags/øt

paraffin oi-7/al;r To t 2).8 Lv¡r'/ø

acetic acLd/Børaffin ol.1 To". l5.l A{ß/@

i.e. E" ) E..

rtrtoÌ¡ ag¡"ees vrtft tho pneulous docluotlon fron tt¡e l¡rtrenius pIots. ghile

this does not prore eqrration 15, tþ result is cqrpatibte vrith ttre tlp¡mo-

d¡mamic argr.nent e:qxossetl Ln section 4.28.

E cT + Yaao oa
I.T
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Íhifß a more quantitative plgrsicaJ. ana\rsie has

proìred. most Lrrteresting, it 1s hardþ relevant to the problem of deoør-

pression sl.clæsg. Ibe simpla conclusion draun from ttpse ¡.esuLts ís

tù¡at aavitatLon at a lic¿rrtct-1iql¡id interface ís a ra¡¡ilom process arrd.,

if, releva¡:t to tte crítj.caL tissr¡e typer it v¡o:LcL seem unwise to nrLe

out thc possibllity of bubble forx¡atlon for argr clegree of su¡rrsaturation.

6.i rn^usFcns--

6.21 gÞi¡g

IÌ¡€ 'rrlta,l a¡d. contror¡ersial issue of wtrether cliffusion

or circuLatior¡ is the rate-Lûniting process in bloocl¡tissr:e exctrange may

lx¡ ¡"ecluced i;o the noue speciflo qr.restions of:-

1. Does tlssue rcrspond. as thorrgh r¡r¡j-fosn in tlæ tra¡¡sÍent caæ?

2. Do e:çoæntiaL tine cons'oa¡rts derj.r¡ecl. by the conr¡e¡¡tlor¡a,l

anaþ-sf.s of e:qnrirrpntaL clata (figs. 17 and 1 !) represent:-

(") blood. ¡nrfusion rates,

(t) a firnction of cLiffusíon cæf,ficients a¡¡d tissr¡e

rricro-geonetrio èi¡nensions, or

(o) a combination of, ttre above in v¡trich each malæs a

signíficant contribution?

In attenpting to verify the mo:e compnehensive r¡ode1

clerivecl in section l+.2 for an appraisal of these qræstions, praptical

nesults are required. frcn¡ e:qnri.rents desigrnd. to offer the most c¡itical

asæsgrÞnt.
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632 Desi-qn of e-'<peri¡ents

lp¡nrulix III outlir:es the argrrænts by rvhictr the

aclvocates of blood. perfusion¡ as the rali€-controJ.lång process, attempt

to e,xglar.in most of their cl¡evåatlons fr.omthe simpls }Lrear model (sectÍon

5.t ) in terms of paralJel arterio-venous pathways. Hovæver, argr compl.ex

postuS-ations æIated. to tlre pneferential chan¡ælIing of, blood. through

rlifferent sets of rressels, r¡nder ùiffer"ent cor¡ùltions, rust be ino¡nratiræ

uÈ¡en the circulation has ceased.. Thus, i-f funda¡nental paraneters deríved.

frq¡r ev-cised. tissÌ¡e a¡e in agreenent with ttrose for tåe same tÍssr..p

perfused. v¡lth bLood, tJren there i-s good. reason to beLieve that,t-

1. lhere has been no appr€oiebLe micro-georetric change

upon death of ttre anirnal, and.

2. If the sane mathematica-l nodel ca¡r interpret both sets of

d.ata, it 'wouId. seem to be reallstic.

This would. suggest tn¡yo sets of ex¡nrùrents upon

ore pari;icular tissr:e t¡r¡n:-

(") r*ren the inert tracer i-s adninistered. to the tissr.¡e

in the living a¡rimaLs by intra-arterial ir¡fus:Lon.

(t) vûren a section of the sa¡re tisstþ excised. frø¡ the

freshly-killed. a¡ri¡ral j-s exposed. to the irnrt gas.

Slæletal. mr.¡scle is ttre tissr.e t¡4n seLected. by

Fenichel ancl Horou¡ritz (19Ø), IaræIy on the grorrnd.s of r¡¡¡ifo¡rrity, for
their classícal diJferenti.ation betr,rcen bu].k itiffi¡sion a¡rd. su¡face

¡n:ræation as the o¡nrative mocþ of upta.lce of inert sorutes by rusoJe

fiblss. Howerrerr a muscle wittr mo¡r necha¡rical lcohesionl than t}¡e
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frogr s sartorÍus would. seem better suit¡d. for cutting into thick ur¡fiæd.

sections. In rrLew of these consicloratÍons, and. tlË gzeater ¡¡eleva¡ae to

decompresslon siclsþss of ar5¡ constarrts derir¡ed. frc¡n a rvarm-blooded.

arrirnal, the ir¡ner thigt¡ muscLe of a rabbit was selected.. This tíssr.p is

reaclily accessible for monitoríng raùioactiviþr 1n tùe f.iving ani.nal.,

a¡rd. 1s of snffÍcÍent siæ to provide tt¡e thick seotíons required for tbe

otlier case - í.e. uptal€ v¡lthout círculation.

Selectetl. gases must be not onl¡r irert but al,so non-

poLar in order to nrinj¡nise netard.ation by charged. groups fi:<ect to æmbra¡æs

or associatect wittr an¡r active transport ¡rpchanis¡. "l(r ^is thus j.¿ùealt

a good. ex¡nrÍrental rethod. for monitorlng ín the tivlrg animal. beíng

described. by thorburn et a-L (lg6Ð, whose apparatms was used.. IIouere,

its availablLity clicl. not ¡nrm:it tlp use of the salre gas for tlæ excÍsed.

sections.

On\y ctilatqretric ÍÞans vrene avaiLable to follow the

uptale of gas by exciæd. tissue *ctions. Arr irert ¡6¡-polat gas vrith a

high solr.rbÍlíty was thus ælecte¿L to prov:icÞ t'Ìre maxl¡n¡r¡ sensÍtivityt

aaetyLern provin¡g suitabLe sinoe its solubility in water 1s 1.,1+6 ml. at

S.T.P./nJ.. HaO atÍn. - Ferry (rg¡O). It is irert to bocl¡r tissìJes and.

presents a molocule with no ctipole mænt.

6.55 !fiettrod. for pezfusecl tísstB

Tho apparatus for monitorÍqg radioactitrlty, ancl

ncintaining urriform 1r¡firsion ratesrwas exactþ as desoribect by thorburn

et aI (lg6Ð ln their study of tl¡e nutrient bLoocl fLoriv to kid-rny. TIF
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nocessar¡¡ sìJrgety was perfo¡ÍÞd. by Dr. G.D. Íhorburn snd. t&e e4nrirents
cotr¡tletecl during a short vlsit by the writer to tlp Deparfuent of

Ptgrsiolory at the University of Nerv South lfal.es.

L fir¡e poJ¡rviryl ohLonicle catheter was introduaoct

into the aorta of a 5 Iþm. rabbit a¡aesthetisecr by the injection of

nembutaL fnto a prcrnf-rrnt ræín in the ear. lhis ¡n:rrritteat the continuous

intra-arterial lnfuslon of "tlt", at a¡¡ arbítrar¡r concentration in salirr,
the rate being naint¿i¡red. consta¡rt. [tre þ a¡-ta T emissiona vßre ¡¡ecoràed.

for eræry mlnute by a scintillation cou¡¡ter rvhose j[r atarnter ¡nobo was

rested. in fuII but pntle contact ï,¿th the e:çosed. left år¡¡ær thieh muscLe.

The probe and whole region of Íncision rer€ coræred. by a pad. of cotton

wool to pnerænt unrll¡e lpat loss frø¡ the e:qroæd. tissue.

the abnrpt te¡ruination of the i¡¡fusíon af,ter 10 mlns.

repnesented. a step in arterlal rr¡rpton tension, si¡¡ce the quanüity ¡e-

circuLatedl. past the lungs has been reported. to be ræry suralf (Olfasey et
al', '1959). âf,ter appJ¡¡Ing cortectlo¡rs for baoþror.¡nd. raùioactivity and.

the para-1.ysis ti.ue of tte cowrter, tlre subseqr:ent excharrge response of

tlre muscle could. be analyæil lnto threo ræLl-clefiræd. e:rpornntÍal te1rrg.

Enturerated. accorcling to tireir order of extraction, the nes¡nctiræ ti.re

consta¡rts (\r 
^. 

anð Àr) a.r¡e sho¡nr in fig. 17. 0r, 0"and. d, aæ tt¡e

respectíræ half-saturatlon tiles¡ irê. 0r - 0,693/À etc.

Sinoe oor.rnting was oontinr-ed for J hor.rrs folJ.oning

cessation of tùe i-nfuslon, the worst error is probably that of maintaining

ttp constar¡t bLood. fJ.ovr reqrrired. by ttre mat^hernatioal arral¡rsis describecl ín
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seotion 5.4. In tt¡e fl.rst run (I) tlre ilegnee of anapst}¡esia was

oontrollecl. as that for rrÉriah a sliglrt conreaL rofLex was Just attainabLe.

Ne¡nbutaL was ad¡nÍnÍsterecl at lntenrals of 5-t 5 nins. througþ ttre ea¡..

In ttre æcorul n¡¡¡ (ff) qpon the sare ani.ma.l¡ a nuch

clee¡nr cùegree of a¡apsthesia was maintairæd. througþout, no partlcular

featr¡¡e being folloæcl' for its control. Dr.uing a third' n¡n ttp ar¡'i'mg"l

ùied.

6.3)+ l[ett¡od, for excisecl. tisstæ

The :response anal¡rsis tlsscribecl in secti.on 5.1+8 is.

gneatþ cÞ¡nndent upon the geætnic aocuraoy of ttp sectíons e:r¡rosed. to

the inert gas. In marpr preliminar¡r tríals usíng varÍous oov, sheep and.

rabbit nruscLes, it was for¡nd. that sections of thiclæss 1-, Í!n. cot¡ld be

cut with a variation of no more tha¡ O.05 tm. over t'Ìre area of 7.5 >1 2.5

crns. roquir¡ecL to cqv€r a m:icrosco¡n sLÍcle. The technique cùanelo¡ncl was

ore of guenching ttre excised. musolos in solid. COz errdt lplarr:ing! them d.ovm

to various thiclmesses as they gractual.ly thavect on a f¡¡eezing nicrotoæ.

Eagh was then tri¡¡red. square with tåe microsco¡n sllcþ upon which it was

mor¡nted. T¡e abor¡e clirensions of t'he section peñn:itte¿t side effeots to

be regLectect in t*re nattrematÍcaL arral¡rsis.

Excisecl wittrLn minutes of ttÞ cl¡eath of rabbits of

sjmilar age, rr'æigþt a¡d breed. to that infusetl with ts¡Etonr the irrær

thigþ muscles uere j¡rûFcliateþ quenchetl J-n sol:ld. CO.. This action was

inten¿ed. to rentler tlp nucLeation of loe fo¡rnatíon so profuse that no

irrcLivÍctr¡aL crystaL cou1ð grorv to a siæ sr¡fficient to oause u¡¡cltæ
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æcÌ¡enica"l damage to celLs or other disarangement of tt¡e nricro-geaætry,

lverage t*riclæsses (L) of tlp seotions ue:¡e tþte¡mirpd. by r,ïeieþt

ètffe:¡errce betv'æen the mor¡¡rted. section ancl the pne-rrre1gtæd. microsco¡n

sli¿le. lll sections l¡¡ere i¡racl.Latod. w'ith U.V. light to delay tlp onsot

of putrefaction, a¡¡tt aLL ru¡¡s rere startedl r¡rithLn I Ut, of the cþatlr of

t¡¡e afiimaL to mirri¡rlse the effects of an¡r auto\rsis. :

Tlp mow¡ted. section was sl1d. into tt¡e cl-ilatonetor

shovsn in fig. 18 ancl the end. replaced.. The air was then raplcll¡r fluslæd.

out by acetyLern¡ and the r¡ent p}rg neplaoed.. lrl screw joints wene

¡er¡dered. ¡nrfectly gas-tÍgþt by previousþ birrcting aLl ttr:rcad.s w:itl¡

F.T.F.E. ta¡n. Removing the aceþr'Leræ conreotion, the o¡nn end. of the

r¡rriform-bore capilLary tube was rapid.\r sealed. by a smaLL pllet (3-5 *,
in Length) of nrercur¡r inserted. by a cLearr dry tg¡¡roderrnic q1æinge. llp
ôista¡ae (f¡) of ore end. of this peL1et from sqre arbitrar¡r mark on the

òilatonæter was :recorded. against tiJF. Reaôings ne:¡e talen e.rret'¡r ni.nute

for l+ hor.rrs¡ h- was calculatedl frqr¡ solublltty d.ata.

It was four¡d, that ræry sooth plots of h vs. tiæ
(t) couü be obt¡,iædl if ttre follor1ng precautions rrrere taþn¡-

(f) lhe glass capÍtlar¡r was thorougþþ cJ.earncl by chrøio

aoid., ttpn alcohoL a¡¡d f,inally drLed. with clust-free air.
(fr) Or¡fy euadruplo-tliEti1.ted. ærcrr¡r was usecl as ttre ¡n13.et.

(fff) îÌ¡e dllatæter was mounted, horizonta.$r on a vibratflg
table.

Mqrentarlþ snrltohlng off tl¡e vibratLon at an exaot

tirp, the nerclry was pe:mitted to tstlckr just long enor¡gþ to enabls t¡¡e



l.O5'*1.9¡ mm9ó "'Thickncss (L)
=0693/ $ minrnrn¡.mtns.

$ mins.88 min¡.! mire=C.693/ Xz

40'óri..$l mins.o. 9ó 3/ t
unyRun ERun III

Holf+oturot¡on timesExponcntiol
comPoncnt s

AN ALYSES OF RESPONSES

ACETYLENE UPTAKE WITHOUT C IRCULATION

(h - h-) - A, . øxp (-[t) + A,cxp(-[Ð .{.øxpÇ\t)

log

tog (

gl lo

o TllvlE (t)

\t
\t \ì \\t¡r- \\\\

\\\
\\

\

ì
\o.

\È"
\2.

t."3o

\'¿-
\'r ^r{'

Fig.l9



199,

posiülon of the pellet to be rreasured. accr:rateþ. Bocn¡ temperature

ïras controLled. at 90 Ë t h.

Ttre rsecL to rü.nir¿ise I stickingl of tlie rercw¡r in
the capillary was the feattrre underlyir¡g both the selection of a rrery

soluble Írært €,as arld the design of' the cli-latcrneter. In the la.tterril'eacl

spaae Ís lept to a urini¡nr¡n to gÍve the greatest ¡ercentage voJ.uræ charrge

with uptaler'a.nd hence the grr:a'i;est 1:ressure d.ifferentiaL forcíng the

peJ.Let to register the chenge. Capillaries of ùj-a¡:eter less tJrar¡ { nrrr.

pronecl u¡rsucce ssfrü.

The pJ-ots of (h - hJ vs. t shor{ that tÌre response

of each tissue section to acetylene ca¡ be anaþsed. into thr"ee v¡e1l-

defíred. e:çornntial corr¡rorer¡ts (fig. 1 9). îhe uncertainties in tlre

exact ti¡:e of Ínsertion of the nercury pe1Iet detract from argr v¡orthv¿i:íle

ir¡formation to be gairnd. froni extracting intercepts. Iloværrer, tl:e great

advarrtagg of thís t¡1e of ar¡alðr-sis is that such incmrplete respor¡se d.ata

a.r'e perfectþ adequa'oe fol deterririirúr€ tlxe exporential tfur¡e consta¡rts

ô1, À: alrrt It. the corresporxling half-ti¡es are designated. Ui, UL *
0t in fig. 1 9.

lnal¿"ses of threse r"esults a¡rd. those for lc6ptorf, are

contained. irr sectiorr J.4.

/ ¡eo.15 Futui:e lvork

The zesults recorded. in thi.s section âre regarcþd as

the ba¡e nÍuin¡¡ r"equired. to establislt that the mathematical modeL

clescribed. in section 5.lr ís feasible. This conclusion is faciLitated. by

the fact that one is trying to dffferentiate between values of ceL}¡Iar

cl-iffusion coefficÍen'us ûiffering by a factor of the oriþr of 1Ol.
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the work r4ron excísed tiserls Wta¡€ learæs littl€

<toubt tt¡at tlssue ca¡not be regar.cled as a hcrnogoræous èiffusion neðium.

Sr¡ch a conclusion ca¡not be dlisregarded. on ttre gror.rrd.s of autoþsis, or

d.amage callseil 'l¡Jt cuttíng t]¡e sections, since eitlrer process could. onþ

se¡rle to render tissr¡e nore r¡nif<¡¡nr in íts transmission properties.

4 more ríg,orous e:qnrÍrnentaL progran¡¡r¡ is sch€c1ul€d'

vuhich vrill incorl:orete the follovir¡g refinenrcnts3-

1 . Using "tlt", a.nd. ¡nrhaps tr¡¡o isotopes, si:nuLtaneousJ¡¡ in

bot!¡ cases, i.e. with a¡rd. vrithout circulation.

2. Talcing far mo:¡e rÍgorous p:recautione to minimíse autoþsÍ-s

i¡: e>;cised. sectLons.

6.)+ IIIE INHErultr UN9[flJR.trION

6.1+1 Object

îhe featr¡re of the l¡¡potJresis derivecl in tt¡-is thesis

is the determinatlon of' proxLmity to narginal s¡mptoms basecl upon a

¡rarticular tissr.¡e region v¡trose phases are ahvays in {*rernod¡manio

equilibrf.wr. Itris is &irectþ opposed. to the conr¡entional postuLation

that tù¡e cond.itlon cf the critieal zors ís ore of suSnrsatr:ration foLlovring

dÞcøpression.

Âlt*rougþ there uoul-d appear to be a strong case i¡:

favou¡ of ra¡rômr nucleation, and such a fi:nd.anrcntaL change of thínking,

it is felt that tbe success or fai}:re of the thermod¡mainic tgrpothesis

lies in its abtlity to e:rgLain the bereficiaL effect of stqging a ùir¡er.

Tl¡-is rever.ts to the basio qr.estion of proving t'he existence of a motir¡e
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poï,er for tlre eü¡rination of gas fron tisgr.¡e regions follovrir¡g plrase

sepalatlon. 'Xhe theo:retic¿rl inr¡estigatíon of this alterr¡ative to

su¡nrsatr:ratLon (sectÍon 5.6 to 5.8) shot's horv grch a driuing force fo¡r

the inert gas cBJr be provÍded. by the j-nlrerent u¡¡satrration arísfng frm

retaboLisn.

rlher"e v¡ould seern little cloubt froni the published.

v¡ork ¡.i¡corded. ín section 5.6 that a tc¡ta-1, tensÍon ùifferentia.l for gases

of at least 50-60 mm. IIg exísts beùneen tissr:e a¡rJ. a sumoundtr¡g atmosphere

of alr at 760 rur. Hg. å,J.tlrougþ t'l¡is is gnaller than any Ìchich oor¡ld

accou¡rt for stogirrg, ttre írt¡e¡ent r.lr¡satr:ration could. reach a :¡easonable

nagnítude jJ it va¡'ies as pneèictecl theoretioaLly by equation 48.

fhus t"tre s¡ncific points to be proven ar"e tbat the

irrt¡erent unsafi¡ration

, (i) Ír¡c:¡eases Iíæar1y with pressure for íúraLe¿l. gas of

consta¡rt conposítÍonr anil

(ii) decreases }lnearly r¡cith noLe fraction of the ínert gas

for constartt pne ssu:re.

6.1+2 Desim of experj¡nent

The pninciBle ad.opted. for reasurírrg tt¡e ur¡saturation

in vivo was that of measuríng the total tension of all volatilo and gaseous

substar¡ces as the stu of the partia-l p:ressunes of those substa¡rces in a

cavity equillbratecl with tÌ¡e tissr:e ' Tluis cavity rred.s to be non-

colLapsibLe, the walls beirg oapable cf passing all volatile substâ.rr@s¡
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Or¡e suah ¡rethod. clescribed. 1n the literatr¡æ is that

of Lategola (1 96¿+) v,jt¡o usÊd. a cyliridrical capsuì.e with sil-icorp n¡bber

¡rembrarcs heJ.ci rigid. across the encls. Houærær, his neasured. r¡nsaturation

of 4t -¿+8 nrn. Hg is o¡nn to aLternatirrc ínterpnetation in view of hÍe

statement that the ne¡rrbra¡es had nrelativeþ negligibl€ ¡nrneability to
water vapourt. Tlr-is irnPlÍes that he could. har¡e been simpry reasr.rlng

the vapour pressure of water at body tem¡nratr:re - 46 nrn. IIg (equatÍon

x\Ær).

To ar¡oiê tù¡is u¡rcerteinty, the rvríter used. a pol¡nrirgrL

chloride menbra¡e in tlæ fr¡rrn of a non-coLlapsibLe tube rvhose ¡rerneabíIíty

to nitrogen, orygen, carbon ùioxide a¡rd. water vapour was proven, in v:itro,

befo¡re impJ.anting in the ariimal.

[hi].e letegola waitecl. scme 5-14 aa¡rs for t]p gas in
h:is capsule to reach steaðr-state, a period. of 1-lr monttrs was for.¡¡rd.

necessarãr by Grlyton (tg6¡a) nrho tu¡rlanteè pír{g-pong baAls v:ith 2OO hoJ.es,

¡rct fui.J- of sa.liner in d.ogs. Horerrcr, his reaðings a¡e not neal.I¡r reLevant

to tle unsaturation problem since Ìe was reasuring a Ïqrctrostatd,o

prossu¡e in tissue a¡ril not a total gas tensÍon.

9ince both l¡ategola arrd. Gr¡rton took tù¡eir neaÀings

for air at atmospheric pressrr:re onJ¡r, tÌ¡e ti-re to ¡each stead¡r-s¡ate was

not a prlre conceTrt¡ Honerrer, a much faster reÉ¡por¡se tlæ is tþsirabLe

for unr¡att¡¡al envirorupnts in v,hict¡ the çæral hea"lth of tfr a¡rj.na1 is

Iíl@ly to cleteriorate.

Íhis car¡ be aùl'evecl by¡-
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(i) reducing ttre gas capacíty of ttp rq¡la¡rted. probe to a

mirrLrnm.

(if) offering thís volrln ttn largest suzface a¡ea for

exchange vritl¡ the surrorrr¡¿lng tiseæ, the ¡¡oLevant

paralrretÊr being (surfaoe ar.ea/vo}.ura).

lllp above reasonir¡g has led. to ttre selection of a

poþnriry3. chLonicl¡g tube 49 c¡¡9. ln length, O.8 *. O.D. a¡rd. O.,l+ rm. I.D.

this nembra¡p cavity is cloged. by rnans of a seaLetl d-iaphragrn urÉt (see

fig. 20) vehich ¡nrmtts the a¡rimal to ¡n¡n arou¡rd. f¡ee of arf¡r contrctions

cturing the priocl of eguílibration for a partioular 1r¡hal.ecL afuiospher.e.

Dead. space on the n¡embra¡e sícle is again reduced. to a r¡.ini¡¡rm for tle

fastæst response, tåe internal pressìl¡e :reachlng at Least 9lo oî t}rre

as¡rmptote within 12 hours of any step ctunge in ttp irihal.ecL pa¡tial

presgu¡es. lll readi.ngs nÞre æcqrdecl af,ter 2lr ho¡rs equilibration tire.

6.1+3 @
fhe ¿tiaf¡hragn r¡nit (fie. AO) fs a dev¿(þ fon cþte¡mtn-

iag the p¡¡essuæ clevelo¡ncl in the rembra¡:e (equsf to tlre total tissr¡Ê

tension &) Uy ræasuring tlre pnessure (Fr) æeaecl to be a¡r¡rlierl to t]re

otù¡er side of the ctiaphragm to efïect a bala¡ce.

then a reatLing ís requfured., the r¡efe¡:ence p¡ressu¡e

LeacL is attaotæct to ttp outsíde cønparhent of tfte ði.aphragm unit by

scnewíng tle ta¡tpecl. fLa¡ge on to the short ttt¡eade¿L tt&c errerging frør

the skin. the joint is seaJeè by tigbtening the flange sclows, thereby

autqnatica"l3¡r conæating the electricaL Lead.s - orÞ to a contact poirrt

and. tlre other to the diaphragm. 8or conrænience tl¡ese lead.s are lopt
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wlthtn tl¡e æference Bregaure lirp r¡r¡tiL relI or¡tslde tl¡e a¡¡i¡ralf e oå.g€.

$cy oam¡r a very low contact crlment (¡f.) su¡rplieô at a Lm potentd.al

(tZ5 nV.) to mirri¡nlse arclng betr¿pen the tLiaphrogn a¡d ad,Jr¡staþþ contact.

$mo ].lghts glve a simple iruli.catíon of v'¡?pther tåe eLectrLcal leaôs aæ

on tmalol or tb:¡ea.kr ¡ i.€r nÈret*¡er the itlq¡ùragn is ¡nesæð agd¡st t¡¡e
fi:ted. contact point otr not. It was for¡rrit rÞcesEar¡r to coat all contact

sudaæs wlth O.0OO2! inclæs of rhoèLr.m to avoid oxièatÍon reg:lstanoss.

lhe a¡prLied. pr.essure to efìfect ttris bal¡nce (pt) r"y
be readiþ ailjustecl by balancíng a higþer against a lower pressu:æ a1r

bleed. to a 2-llt¡e buffer ta¡¡lc as st¡orv¡¡ Ín tt¡e fJow ctiagram Ín fíg. 20.

Sr¡ch a dynanlo system nir¡Lmises tlp effect of arr¡r leal<s.

6.t+ ggssegt

fhil.e the foregoing systens rÉ¡e clesÍgræcl. by the

writerr the ex¡nrJ.æntaL testirìg of ttre postulated. i¡Ìrerent u¡rsaturatj.on

was undertalen as a joint projoot ui.th the lpræôLca-l Research U¡rlt

(¡aef¿ae). Ihe writer 1s therefone, Índebtetl to tt¡eir Officer-in{hargg¡

Dr. D.H¡ letrfiessuríer, f,or his sr.rrgical skiLL in J.nplarrtir¡g the capsule.

IÌrc po1¡ryir¡yL chloride rembrare¡ attached. to the

d.iaphragrn unlt, was j¡rsertecL r.¡:rcþr tbe sldn by rearrs of a trochar ccrrBrising

a 12 inch lO-gauge stainLess steel tube wlth a nemovable stainless steel

end, turned. to a very sharp point. Entering tf¡e anaesthetised. ar¡lmal at

the point frqn qhich t*le sc¡¡ew oor¡¡rection car¡ be seen in fíg. 22, the

trochar was brougþt out througþ ttre hind. guarters ler¡e1 v¡it&¡ tlæ ¡nJ.rirJ-c

gírd.Ie. This cleposited. the F.V.C. tube subcutaneousþ as the th¡ee loops
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in rvlúch it vius inftiallü pacted. into tire trochar. ô1l equipnt was

tÌ¡onowhþ sterilised. befo¡¡e the o¡nration, and. the rabbft n¡as girren 2

niJ-lion units of ¡nniclllln to aørbat arçr chance infectíon.

Â BathologicaL Ínr¡estigation of ore animaL v*rích

ùied. one month after ttre insertíon shorcd. that fibrous tissue ha¿l

gromtr¡ around. the rentbra¡e. In alJ. reaclings the nr¡nber of ôaye follo'rtng

t'he o¡nratlon has beon recorrded., a min5muur of, tnyo v'eeks belr¡g ¿}lsrfled.

for :recorrery.

6.1+5. Interpretation of p:ressu¡e rea¿lnæ

Tl¡e ôlfference betvæen the absolu'i:e pr.essune (f) of

the gas mj.:ctrr¡e i¡ù¡a1ed, by tJee anå-na-l and. the absolute pressure for
l¡aLa¡¡ce (f*) exceecls tlÞ tn:o íriherent ur¡satr¡ration (Ap) on ac-count of

the finíte voh¡æ displaoement of, the ùiaphr"gni (%)

i.ê. P-Pr)Ap.

$lnce a pressìl¡€ baLance couLd. be obtaii:ecl in a ti¡¡e

f,ar Less th,ar¡ the incluction pertod. for tra¡¡sn¡.isslon of ar¡¡r gas thror-igþ

the rísmbranc, ttre nunrber. of r¿ol-es of gas on the nembra¡re side of ttre

d.iaphragm riould. be the sa¡rp before and. after bala¡rce, tpr¡lyíng Boylers

Lavr thls gir¡es¡-

vo,. (¡p) = Ç+vu) Pr

V, io the reurbra¡e volr.æ u"tth the ðiaph:ragn pressed.

against tln base of the capsuJ.e by ttre tn¡e r¡r¡satr¡ration clerrelo¡nd. rvt¡iLe

ttre a¡1mal ig èisco¡upoteè. Ð i" tl¡e totaL tension of voLatiLe substa¡ces

1n the tísstæs and henae tÌ¡e flna"l absolute pressure cleveLo¡nd. ín tlre
æmbre.re cluring tl:e ¡rerÍocl. of èisco¡læction.



uratLon 6p) *r-
Ap=P-0"p)

æ6.

Tlp above eou.g-tLon rdves tt¡e tn-E :i¡leænt unsat-

(e-fr) -IxlloÆo,.E

åsstming rrniforrn curvatt¡¡e of tls cliaphr*gn, and,

a marci¡¡rsr cùgfleotion equal. to the th-iclsæss of the P.Î.F.E. gaslæt, tho

ârrner¡sÍons recorded. in flg. 20 give:-

V^ = 2,JBx 1O-t in.t
V, '. 11,30 x '10-5 in.l (inc1uÀing ct-iaphragm dead. space).

The Latter val¡re 1s obtaired. by integrating fø
circular segrents over ttre ma:cl¡¡um lfuear cllaphragm èisplacenent.

Iience Ap ! P - t.ã Pf (Sl)

Tle fo¡m of this eguation I'ras verifÍed. experiæntaL1¡r,

in rritror by trking rea<lings of Pr after leavin6 thc ¡¡rernbra.re erposed. to

lg¡oum pressures in a sealed. unit, Í.e. for Þ - P.

6.1+6 Unsatr:ration vs. sas co¡nÞosition

Âfunospheric was seiec'ued. as the a.bsol-ute ¡tr:ssrrre at

v¡hich to Ínræstiga';e the variatio¡: of the inlrex:n'c u¡rsetr.rration ($) witfi

moLe fraction of the irært gas (x). Thi.s perrrúttecl tlre a¡ÍmaIf s coge to

be placed. in a po\rthene bag ruhich was fl:¡shed r¡íth on oyyæry'air nrixtr.¡¡e

fron a cylincler pre-blerrcled. to the approri.raate cornposition desÍræd. for
that run. Ihis is shown Í.n fig' 2'l rrith the pressursr balancin¿ lerrcl

connected. to tlre d.taphragn Luli'r;.

Ånal¡rses rrcre perfonred. u;ron each bLenat uslng a r¡r'&in
rritrogen rûeter to obt¿;i¡r the moLe fr¿ic'r;ion of irert gas to Vitnirr !O.l/;.
Vo1ure fractions of o:qygen or¡er ttre range 2O-1Oú¡¿ r"ær'e uscd..
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[he particular bLend. was fed. to t]re cage at þI:e rate of

2 Litres/min. ur¡til ttre cliaphragrr unlt and acconpan¡Éng circuits û¡ilicateô

that a steaSr pressu¡e hbd. been obt¿irpcl rrçithin the ¡rembra.rp. The poJ¡rtJeeæ

was f,neeþ rænted, a¡¡tt tlp f¡ee end. of tt¡e ma¡rqreter was left o¡nn to

atnosphe:r. Its fir¡aL neadlng was talcn as an absolute pressu¡F (fr) frør
vrlrich tÌ¡e tntp¡¡ent r¡nsatr¡nationAp oa¡¡ be tleclucecl. by eguatf on jJ, IIre tLæ

al.lqrrc<l fo¡r ¡reachlng a stea{y readS.ng was alwayi tn ttre negÍon of Ð¡-3Þ houtrs.

Results fq five clifferent gas mirtr¡æs aæ given ån

table 12, arÀ. plottecl ln fig. 2J.

ar¡.i¡nal at atnos¡ùeric prressrrre (t = 7Ø rm. Hg)

Ti-ne fo1lowi4g
æmbra¡e insertLon

in cta¡rs

15
16
17
19
2g
57
68

Ir¡her^ent
unsah¡ration

(Ap) * ln rnn. Eg

6zg
322
n9
79
7e

507
9l+

Âbsolute Dressure
for trnalét (Pr)

Ln rm. Hg

1't 5
374
471
582
582
216
270

MoLe fraction
of fuært gas

(*)

o
O.l+2
o.62
o.80
o.80
o.i 85
0.80

[f,BlE 12

+ þ caLcuLatect accorðing to equation 55.

6J+7 Unsaturation vs. aÞo1ute pressuæ

.lir was the most aonr¡enient gas mlxtu:ne fon investigating

tle variation of ir¡lrer€nt wsaturation wÍtb tÌ¡o absolute ¡rressure of irùaLed.

$êSlo
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Negatiw p¡tessu¡es,. reLatir¡e to at¡noenhere, Fre obte-ined.

using a sta¡rdard. deconpressÍon charrber given to tùe åeræèical Unit by tùre

Royal å.ustralian &ir Force. [his c]¡a¡rber had. ar¡ internai. pc'rer suppþ and.

a¡rpLe space for the cage arrd. a].1 instn:nents. Moreone¡, t&re urriter a¡rd. his
assocÍates, cotrld. be ad¡¡uittect through a¡ outer atr lock to talæ reaèlngs at
arSr tfue without var¡ríng üre ¡rnessure upon the animal.

Follour:ing a run at a¡¡ absolute pnessure of h6O rm. Hg, it
nas found' ttrat necønpresslon to an ambient aùnospheric pressu:ne of 752 rm, Hg,

o\¡er a ¡nriod of 5 minutes, cause¿t tåe marrøpter to incr.ease its read.ing by

2p2 rm. Hg. Moneover, ttre nead.ing had. not charrgecl. after a firrtter 10 minutes.

ÎÌ¡is was talen to fnd.icate that tt¡e absolute pressure of gases in the ærnbrane

hacl not clrangecl over tÌ¡is ¡nriod.. Such a delay was consistent w:ith the

observation ttrat t'lre ru¡¡oneter neaðtng for d.iaphragm balance wa.s ¡æver for¡¡rd.

to change wiü¡in 90 ¡nínutes of an¡r clrar¡ge of Írùaled. gas compositÍon.

rt is this linductionr ¡nriocL rchích rer¡dered. it Bractícabre
to rpasu¡re the fuù¡erent r¡nsaùJration r¡¡¡der !54nrbarÍc corrd.itions.

No inr¡estígator could tre acl¡¡ritted. to tlre higþ-pr.essune

cha¡nber (described. in section 6.8e), and. tt¡e rabbit couLd. not be Left wíttr

the p:ressr'ræ a¡rd eLectrical lead.s conæcted. for the 24 hor¡r ¡nrlocl prev:lousJ¡r

fot¡¡td. to guararrtee a stead¡r neaèing. Horener, it was for¡¡rd. ttrat a reLL-

organised, team could tal¡e a reaùing w:ithin I mínutes d decøpræssing the

anl¡ul. This wa"s r¡plL rr1t't¡Ín the proven i¡åuction t1¡e of the nesponse of

the inpl.anted. æmbra¡p. lhÊ balancing pl¡essulîe (fr) was ttren positive with

:res¡nct to tlp o¡nn end. of t'l¡e ma¡rqeter shcmr¡ Ln ttre f tcm dJ.agran (tfg. ZO),

so a bottle of cqnpressed. air rras substltuted. f,æ tt¡e vacurn¡ pr.{pr
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lûanæter reaùings re¡¡e chpclecl after a fi¡rtl¡er I O

nuinutæs arrè, ln no instånoe, r/Íer€ they fourd. to haræ charrged.. In vj.ew of

tlre much shorter response tires recorded. for tt¡e sa¡rp r¡embra¡re 1n vitro, it

wot¡ld. appear that the lmplanted. ræmbraæ responso is goverrrct by tts gas

capacit¡r ar¡ct ttre resísta¡rce of the adJacent tisstn, æmbra.rp perreabilåt¡r

apparing to have lfttl-e lnf}.¡ence in thls GâÊtê¡

ResuLts for 6 clifferent pressuros are given in table 15r

and. plottecl in fig. 2J;

(Unarl¡1ga:irrx-0.8)

Ti¡re foLlouing
æmbra.rp

inærtion (¿".V")

',9
27
28
29
t5
¿{o

68
70

Irit¡erent *
unsaturation

(Ap) tn rn. Hg

79
79

236
79

166
t14
%
18

Âbsolute pr€ssu¡e
for tmalen (Pf)

in ñ[n. Hg

582
582
950
582
8u

1256
570
t95

Absolute pressu¡e
of irùal.etl gas
(P) in mn. Hg

7&
76

1*9
7&

11't6
1761
7&
l+8O

T¡FN 15

Ðia¡ihragm corr¡ectíon factor glr¡en by equation 55.

Àir at aùnosplæric pressure is talon as ttp control,.

6.¿{.8 ConcLusions

Tlre :¡esults, r'ecolràecl in tables 1 2 ancl 1l ånd plotted. in

fíg. 2J, wor¡ld seem to confi¡rr eguation 48 to ttp extent that tlp inherent

r¡nsaturation¡-

(t ) l¡oreases J;irnarþ n:ith absolute pressuæ for an int¡aLed.

gas ruixårre of co¡rstant cørposition
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(a) decreases ltrpa¡Iy rmith mole fractíon of tù¡e l-rcnt qas

in ttp irù¡al.eô ahosphene at corrstant pnessu:re.

îhc above :¡elatlonsÌ¡ips hold nt¡ater¡er volr¡re ratio is
used.l.n equation 5t to calibrate tts diaphra,gm unit.

Ttp conetatlon of absolute vah:es is not as good. as tt¡e

above trend.s. Horever, aLl va}¡ee recorded. in tabLe i2 LLe rrithin tle ll¡rits
of lætaþolic activÍty p:reclictecl. by equatÍon 48, a¡¡¿t ,]1 but tle valr¡e of Ae

for tle h-igþst pressure neaorded. in table 1j. It is felt tbat this cliscnep-

ancy malr be partialþ attributed. to tlre fact tt¡at a rabbit Ís a brmcming

anina]., viàtLe equation 48 ie baæct upon ooru¡tants cþriveö for ¡na¡r.

AI1 ¡nesults na¡r be nacùe to fÍt if arr empirÍcaI va}¡e is
assìæd' for VnrÎ, 1n equation 55t but tl¡e lrriter can see no justifllcation
for tl¡is.

À corparison of absolute valrps rra¡r be made for the

conilitions r¡nder nitrich other auttrors have quoted. values for ttp u¡rsatrgation.

lhese a¡et-

(1) For a-i.r at 7& um. Hg, eguatíon h8 pneclictsr-

97>4>l/nm. Ifg

E:c¡nr5-æntal va}æs for the control rr¡ns recor.ded. in
tables '12 anâ.1, shcflr a range of 7y% m. Hg, whi].e

Riíper Q%y¡ quotes 57 m. Hg for ðogs.

(z) For lWrt O, at fØ m. Hg, equation l¡8 pneèictsi-

668 > A¡¡ > 6Zg m. Hg

llr esIB¡{.¡rentaL va}¡e ú 628 m. Hg is recordecL Ln tablo

12, rùile Rahn (196î ) euotes a va}p of 60O m. Hg.
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Noma,lJy readir¡ge nere talon cturlng tlrs dåytLæ rlth tt¡e

rabbits nestÍng in tl¡eir oagos. Honener, it was foud, tl¡at val¡¡es of Ap

obtalrccl at nigþt cor¡ld. be sqrÞ 2O-3O mn. Hg lor¡er tÌ¡a¡r tl¡ose reoordecl, by

d^qy r*itÌ¡ the a¡¡i¡na,l lcpt aotive.

It wor¡l.d. thrrs a¡4nar tirat equation lÉ repnosents a

rea'}lstic matlematioal. fo¡m¡ of accor.rntfng for tl¡e r.¡ncertalntíes Írposecl.

by rntaboLign.

6.5

6.5t @9g
TÞ rosponse anal¡rsis to gag r¡¡¡talc of the gpq¡etrlo

¡node1 considerecl most ¡¡eLevant to cleöcrrprnession gÍclæss (ftg. 8) aeniræs

t'l¡e transient tension distributLon as tt¡s stm of the sr4nrposed. effects of

al.L the p¡essu¡e steps e:qnrienaoct by üre (Iiver. Dospi.te the mattær¡atlcal

cmplerity of ttp e:çresslon for a s5.nel€ step (equatíon VII), cørputation

fs stíI1 feasible for a dir¡e vchosê cþpth vs. ti-æ profilo f.e reota4guJ.ar.

Horener, most ¡xactical èir¡es Ln ttp oceanr a.¡¡e too

innegular to ¡¡eôuce to such a fo¡m rrithout grosE a¡rprori,natlon ot tæating

t't¡em as a ve¡V la¡gp nr.urber of stops. Thp corresponding n¡nber of, to¡ms

soon rerders tl¡e r€sporun e:çression so cunberscæ t'l¡at oal,cul.atLon Ls often

not feaslbLe. The teclious¡ress ctr sì¡ch an approach is greatþ fncreaædl, nt¡on

ttre stmation of the su¡nrpose¿ t€lrn nust b€ re¡natecl fæ each of sæ i O or

moæ ðiffenent raÈlaL Locations i:r onclpr to obtain tt¡e t¡sta¡¡ta¡Fous te¡rsiou

cllstributioru



7t2,

Or¡tLuisation of a deoø¡ræssj-on b¡r ttre mettrod. advocated.

in sectLon 5.9t and. e:ç:æssed. quarrtitatfræl¡r by equations 5i arrô.52, æqul^æ

the cltr¡err s position to be ar$ustedt contLnuous\y sr¡oh tt¡at hts absol¡¡to

pressu¡e coincides witl¡ the r¡eak total teneÍon, L.e. !r = tl . 
"" 

h fíg. 12.

Even if, the fl,egr:ency of such a{Justnent ne¡¡e æðuoed. to orp-nl,nrte tnterrrals¡

the br'¡rden of cæputation wor¡lct be too greatr slnae the clspth anil pea¡

tenslons a¡e mutuaLly dependent varíables.

Recq¡rse to r¡so cf a cligitaL cqruter ra"E eli.minated. for
l¡easo¡ut of the ccu¡rtexity d data, €rgr å{1es in lpr¡nnÀix I, arrat thê f¿tl¡r¡t
to find. a sr¡Ltable sub-routLne 1n Soutt¡ lustralta for geræratlng Ner.ua¡a

fi¡nctions. Iki.s letl to tùre alternative rneans of avoid.ing nathematical approx-

ination by buildJ.ng anal.ogr.es to sLuuLate tl¡e clistribution of gases accor.'iLlng

to t'Ìre model derívecl in sectÍon tr!. thf.s a¡proach has the incentive that an¡r

such urrit prorring successfu.l has the possibiLity of conr¡ersion to a ¡ractical
urrit for eventuaL use I on deckl as a cli:rect LrrÀicator of optS.na-l decø¡>nessio¡r.

lÍhlla this rnigþt sor¡¡¡d. exoessÍveþ optfnistic, ar¡¡r instn¡ænt acting as a

ct¡eck against the use of taþLes wor¡ld. sellte to ¡neduce the cha¡¡ces cf hr.ua¡r

error by the tender.

The first problem in clesígnirrg an arralogræ ig ttreref,ore

the seLecti.on of a gystem vihose r€sponse is exactþ arra-logous to that d ttæ

postu1atecl rnodel arrd. nechanign.

6.52 Rev:iev¡ of possible svstems

The featr¡æ of tùe nodel vchich, r,voulcl appear most cLtfficr¡Lt

to simulate, and. promirent ín deterrnining the proxlmlty to s¡nnptons, is the
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irert gas uptalæ a¡rd. d.Ístríbution. The fq¡m of such a trar¡síent nesponse

would. seem to be leproduced. most faithfu{y 5.fr-

I o exact si-mflarity of, t¡bo geætr{.c layout Ís ret¿trp¿¡., and.

2. tåe lntensive parareter (f) selectecl to slmulate lrert gas

tension is ¡e1atecl to the fLow of tfte oorresponðir4¡ exter¡gír¡e

quantity by a law exactþ sl¡ailar to !'j.okr s Lanr of, djffusion,

i.e. f'or Lirear trarrsient flux ín t}p z cLi:¡ectíon:-

(s-* (Ë) Gt+)

Possåble systems ttn¡s lncluale tboee listÆê in taþLe 1¿!.

DEIFUSrcN ÀND SNIIT4B EBæESSS

Flul.d.
FLorv

fhricl mass

flsw re-
sistanae

Þrressure- (tr)

Eleotrical-
cor¡ductíon

charge 
,

resÍstiv:ity

potential.

l}re¡maL
conduction

l¡eat
tt¡e¡maL èiff-

usivrty (r)

teaperatr:re (O)

Diffusion

solute
ùiffusic¡n co-

efÌPÍcíent (D)

tensÍon (p)

Rrocess

Intensiræ
pararoeter

llxter¡sive entíty
The constant (O)

IABIE i¿+

Íhile electríoal ana-logr.res a¡¡e tlp sJ-qrlest to constnrct,

it is very èiffioult to s:lmr¡late rad.ial trarrgnission. The si.uple reBresent¿-

tion of a tissue t¡pe by a :¡esístor ln seríes with a capacitor has been usecl.

by -l,ia¡rLeoton (t 9$). A grld. of resistors a¡cl capaoitors has been selected. b¡r

Evans and l{aylor (196¿}) to slmr¡].ate tissue in t}rcir stud¡r of its exchange

respoilÉ;e r.T5-'i;h res¡nct to blooê movlng in the capillar¡r. EoÍtpver, 5.t would.

appear rreqy üfficult to obtaln a ti.re-base of orrder sLroilar to that of the

critic¿l tíssr.F fn tbe èlver r¡nLess o¡e used. extrenel¡r large condþnsers, or

resistors of ¡"esistance so higþ as to be conparable with that of the insulatior
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A }Lquid flov'r s¡rstero wås ùisnrissed ns i-rmr¡rcticøbl-e

on the grounds ofi-

(") èifficulty of reproduolng the geouetry v¿tthout lnducÍrr^g

turbulence, ârd,

(¡) èifficuJ.ty of attaining a suitable tine base without usírrg

a r/ery' vliscous fl"i d,. 4r¡r thixotopy vrould. also cause

deviatior¡s from equation ll¡.
ifhil€ the foregoir¡g ùlfficulties may not be insu¡mowrtable,

the most srritabLe systæm ap¡nared. to be themul conductíon - temperatr¡re being

a pararcter vûrich is easiþ measured $lith the nÉni¡m¡m of d.isturbance, arrô

without consrning ttre extensÍ.ve guantity (heat).

6.53 À preli¡nina¡v ana.lor,ue

A BneUrnina::¡r ¡s¿.1 was maile of the ','¡orst possible case

concept of cyioplasn envelopirlg a ca¡xil_3.ary was interpretecl by an a¡mulus of

outside¡inside radÍi turrred. in the ratío b/a = D.z9 (section 8.6l¡). The

materie.l usecl ri'as one de'veLoped. by the .,'¡riter (U:-tts, 196il for transparency

e¡¡d. 1oç thermal conductivÍty, ttre ttrelnal. ilifÌSusivity (rc) being detenn¡irrd. as

/f = 4.1 3 x la-| 
"rn2 

*irr-l t¡síng a therrnocouple to detect the nesponse of üre

centre of a- cylinder of the material to a sudden step in external temperature.

Thc èireot dcterrn:ination of th.ernral d.iffusivity by such tra¡¡sient netho¿s is
discussed. by Tait and iliLLs (f g6¿r).

CÍrculation vras simuLated. by pr-unpir¡g water frcrn a

the¡mostat bath througlr the central core at a rate of 10 gaLs./rnin. The

arurulus had. a¡¡ internal clia:¡reter of 1 inch, 1f thennocouples placecl inl/16 íncÌ
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holes at òlfferent raðia^l locations appearing to har¡e no effect upon stead¡f-

state heat transmission. Maintair¡1ng thê ínslcle at 6000 ancl. the outsÍdÊ of

tÌ¡e a¡u¡¿1us at OoC (stirr.ecl. ico bath) for 2h hours, ft was fourul that the

temperatrrra recorded. by each thermocoupLe cLifferod. by no more than 0.5 OO

frqu tÌ¡e tl¡eo¡etical value f,or its ¡rerticular Location. X'luis was cøparabJs

wltÌ¡ the rpcon¿ll.ng errorr 81g. 2l+ sharwg t'lp n?rol.o of thts preli.ninar¡r

appåtatus wltÀ a quartor section of foar¡ lnsulation remor¡ed to erryose tlee

'tissne model. The ti¡re baso of the annulus a¡4na.æcl to l-ie vrithin ztl of

that for a cllrær (seotton 8.65). Howerær, no the:r¡al Lnsulation coulcl be

found. of conctuctivtty srr*flcientþ louer tha¡r ttrat of the pLastic to enable

the outer bounitar¡¡r condition to be a¡rpliecl effectiveþ l,e. &/ù = O at

r ¡ b (tB¡nnaf.:c ff). Even J inclps of pol¡n:rethaæ foan garæ a 1O Co

teu¡aratrrro clrop aoross t¡¡e ar¡rn¡¡¡¡e after nalntat¡¡ir¡g tbe tnsí¿¡e Ø Co abs\¡e

dLent fæ 2]+ ho:rs, aJ.1' tÌ¡ermoooupJes glvlr¡g a stoad¡r neaôinç¡ after 10 hours.

Ttp conoluslons ilraTm frm thie ¡melimi.na4r nodel na¡r be

listed. as follsfrB¡-

1¡ Hlaceô fn l/16 tnof¡ dia. hol¡s, the:øooot4rLes nadls frcn 0.001

fnoh ctrræ/a.lræL v¡l¡es qppear to oause rrgl-igible cü.Eturbanse

of thp Lsot¡lsroa.

2. A circrrl.attr¡g lfcfuid of boiJång point híelÞr tåan that of

water Ls dsslrabls to fno¡¡easo tho ten¡nrature rar¡ge, a¡d,

henoe sensltivíty cf ths analogtæ.

3. 4n arral.ogræ uhose responso is r¡B to ! tiræs faster tha¡t tl¡e

oritioal tlsslr vrqu.ld. enabLe cþtaiIs of a d.ive history to be

fed. ln wLth no signtfJ,carrt loss of faitåfulress to tÌæ original
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:¡ecordr lhås ',pul¿ ninfntse escæo'¿s !:eat Losæs si.ncc tÌìo

insulation v¡oulct be mo¡re effeoth¡e ¡elatiræ to a materiaL of

higþer tÌ¡e:mal èiffusivity.
l+. tr'or sù¡iulated, diræs of arlr apBreolabLe duratJ.on, a¡¡ alte¡.r¡atir¿e

to the¡rual Lnsulation ¡n¡st be found. for 5.m¡rosing the bor.urd.arSr

oonclitlon f,on the volr.æ recetving gas froir oræ a4plJ.lary (rr'.b).

6.* The final ¿t€sisr

One of the sfmplest rea¡rs of orærcor¡ing the Broblem of

side heat Losses is provided. by :rerærting to the less approxJ-mate lfuogþ modeI,

i.e. taking ore centra-l oapillar¡r sr¡rro¡.¡r¡ded. by six ot]rers sBaced. upon a

regu-lar trianguJ.ar pitch (fig. e). TÌÞ hexagonal fosr of the volwp Ínf}¡enced.

by tlre central pi¡e is thus isolatecl f,ror¡ the exterior by gix si¡úIar ægio¡ts

in cuttirrg tù¡e block to the sÌrape i¡ullcatecl in fig, 2!.

The block is cclrposect of I x 2 inch layers of a ætenio/

asbestos r¡¡aterial of r¡ntfo:rn cø¡losition, each la¡ìÍ¡¡ate cut fror¡ tbe sa¡¡re

tenrplate. This ¡nnrits holss of clia¡reter no grcater tha¡r t/10 to be drilLed.

to an effectiræ clepth of 5 lnches in the assembLed. b].ocl<. Tlese hoLes,

indlaatecl. by protruèing nri:res in flg. 2f ,]ocate the 11 cluøre/arr.uel

tlrermocoupJos. Differ"ent orientations v.rlth res¡rct to tlre central hexagon

¡nini¡nise the cunulatÍve effect of argr- cListurba¡¡ce to ttre Ìreat flov¡ pattern.

Rad.ial èistar¡ces from tl¡e centre are selectect to ¡nrrnit the tenrperatr.me èis-

tribution to be plotted. each ti¡e the recorder soans its tv,elrle cba¡¡neLs.

Eleræn points on the cufi/e pro.rre ârnple for estimating the ¡nalc tern¡nratr¡re to

v¿itlrin lta of fr¡lI-scale defLectior¡



Fig. 27 -tne AsBEsros BLocK sHowrNG THERI/ocouPLE
LOCAT IONS



T¡rE_ll_ssue uaaEt

PLATINUM FESTSIANCE
ÊLEMENT

RECORDING & INDICATING INSTRTJN4ENTS TEMPERATURE CONTROL

MERqJFI IN GLASS PROùE

300lt

t-he

Kw.

A.c.
MAINS

YAgtAcs

Tl-{ trTq, trlìÞiltrl trcTa tr-^r f-t

@@

Fis.28



?'17.

lhe capillaries a¡e simuLated. by brass tubes of thezrnal

conduotivity so much higþr tha¡r that of tt¡e asbestos (gtoevet, 1/+1), tirat

their outsi-<le dianeter (at ) is ttre rel-evant ðj¡ension for neJ.atíng to tle
oapillarXr raaius (a). The d.istance betr¡een centres (ZUt) fs rel-ated. to the

intercapilJ.a4¡ <Listance (ZU) sucfr that geonetric simiLarity is p:neserr¡ecl 1f¡-

(a'/^')=(a/a)=5.29
for the æsting conèltion (section 8.6à,).

gi.xing (u'/ur) = 5.8t6 as the basis of the ilesign of tlle hexagons. The

ovêraLl size lvas fivcd. by that of the availabLe asbestos cement plates. 10

inclres totel thiclcness is sufficj.ent to redr¡ce errl effects to J.ess than 1%

(.Àpinna* V) if a = 0.5 Lr¡ches.

Bl,ood. is si¡nulated by t¡eat transfer oÍ1 (Oastrol HT 1402)

vftich d.æs not fw'e appneciabþ until heated. abor¡e 15OoC. Ihe vlscosity is

J-oui enough that ttre oiL is reacliþ circulateê by a centrifugal punp'

In&ivièual oÍL ¡return U.nes to a¡¡ o¡nn trcugþ draj-nir¡g

into the themostat bath, afforil a èirect visual check upon the flow ín every

I capilJ.a:¡rr . Each Ís fittÆd. vcith its ovrnr va}¡e for marrual ad.justnrent in the

case of argr irr.egularíty in oiL èistribution (see fíg, 29). Ir[ercu:ry-in-g1ass

tlrermo¡reters at tile inlets provide a ft¡¡tùrer check, the or¡eraLl- flor¡¡ ùiagram

being shov¡n in fíg. 26.

6.55 lem-peratr¡re control,

In order to sl$ulate inert gas tension by tem¡nratr:rre,

orp ræed.s accr.lrate thermostatting alcL rapid. response of the rarterialr oiL to

a Íßw controL posi-tion. th:is control terperature (@) can lùen be varied.

accorù1ng to tlp absolutc pressure of the aiver (P).
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Oontrol to nrtthln ¿ Cr.,! Oo eþo,s! a¡¡" bn¡;erat¡¡¡o a-þcþå
by a cliar wittrln the rangc æ4?þoc has been obtalrecl usf¡g a Z-atagþ ar¡rli-f,ler
andL relay vrit'tr a platinru rosLstance senslng probo. tt¡is srltct¡ee an

Lrcrsion heater otr 5¡Ar¡ ratlng tn tt¡e oj.L batl¡ betr¡,een turo pmr lnpute

incùaSnndentþ ad.Jr.rstabls by ¡¡pans of, soparate varLacs (see *Lg. 2g). ryE

lor¡¡er t*re povær cllfferentiel the better ts the cont¡rol.

Then tt¡E Ìpat uptab by tlre asbestos block ts !r-tgþ ttrls
dltffe:¡ential rpecls to be lno¡¡eased., even to the extent of lnoluåtqg a ft¡rtÌ¡er

5I{ tæater in tt¡e t onr posltl.on. T}re rpe¿l to c}rar¡go t}¡e control Þn¡nrattræ

very rapldþ to slmulate nomal dlfiær degænt rates has bal to tlrc follorJ.ng

dee.igr¡ featr¡resl-

l. trr¡rttpr 2 x 5f¡r na¡¡r¡a[y o¡rratedl rboost beatersr to brlng
: tt¡e poterr input to a posslblc na:cimru of 1p.K¡r.

2. RecluctLon of the therna1 capaciþr of the circulatiag oi1 to

a uini^uiur by:-

(") Using a heat transfer otl (Gastrol FE ltdiz) of low

speci.fic neat (0.h5 cel.,/gm. Oo).

dåa. pro¡n1ler stfu"rers required. to m¿inta-tn r¡¡rtfomtty

on accor¡nt of the rapiil. external ctroulation (aræra,glng

l+ passes of the ofl througb üre bloak ¡nr nJ.:rute).

4 ga.ls. is not large in vLew of ttre siæ of ol.1

i¡rrærsion heaters rv?rose na¡dmr.æ sr¡¡face treat f}¡r is severeþ lJ-urited. by

the flairh point of ühe oil.
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Rapfcl ooollr¡g Ls ef,feoto<l by zunntng col.(l' oil Lnto ths

batÏ¡ frqr a 12 gaI. Ìnacler tank, tl¡e mi'€cL oil autøatioalþ orcrfl,owlng

throtrgh a p:Lpo set at the lÊwL for rnLr¡LnaL worH.ng oapaof.þr.

The Lnst¡rr.ænt, hcatÍng anif ernræncy cut-or¡t cfrcuits

aæ shown in fíg. 2&

6.56 {þg--tge,-base.

the respor¡so of a¡r a¡¡nr¡lr¡s to a step in ar¡¡r Íntensirn

parareter obeyirrg eqr.ration 54, ís giræn by oqrration Xr. [t¡Ls solutLon Ls

given as tù¡e st¡r¡ of an ir¡finíte serles of te:lms each d which can bo

rega¡decl. a"s cc¡tposil of two faotors¡-

(f) a geætnic f,acton, erynessed. ín tenrs of Bessel a¡¡d. Ner.ua¡rr

functLons, nhf.oh oa¡¡ be retlucect to a f\r¡rction of ¡Elatiw
geøntrio dl¡ænsions, (r/") o¡r (t/a), a¡rd a á{ær¡slonlcss

root tem (grr).

(ff) a respor¡se factor G:re({*}b)) t*rfcrr ca¡r be ex¡rressect as

e¡rp( - (grr)" (ffi/az)rr tl¡e parareter of tiue occr:m:l4g ln
no other fo:cm.

the dirænslonl.ess roqt te¡m (gn) is dlefirÞcl ae tt¡e n&

sol¡¡tion to eqrratlon'ìI'III r*rioh ca¡¡ be æ-¡rcltton as¡-

.ro(*rr) .r, ( ( co) (u/ a)) . ro(o,r) ..r, ( (oo) (u/") ) .

(go) is thus a fi¡nction of (t/a) onJ¡r, a¡rd. must be tl¡ê sare for al.l. goætrio-

a$r-si.nilar systems. [he secula¡ Desporule of dt!*Êe¡¡ent pararæters conformJ.ng

to equatíon 5h fs tt¡eæfo¡se Lnvarlabþ e:<¡ræssed. in terms of tÌ¡o â{Ínnsior¡lcss

gor¡p (Wâ. llw,o systems have reaol¡scl equívalent stagos rrit^Ìr res¡rct to ttæ
tt (lh+,/az) is tte sane f,sr botl¡. Henco¡-
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Itæ b-ase of, tlrerr¿t ana.lonr D(ef )a t--\-t@ r22t

rûæro rc fs tl¡€ tf¡c¡ma.L aliffrstvlty of the asbostos ( r ttsrma,l cotdrvatL:trlt,y/

ileruity x s¡ncJ.fic heat) nt¡ich hag tüË garp dLrcnsLoos as the ðlffi¡sion

cæf,fioient¡ J..ce bn$he tLær.

6.57 Responsc anå,LvsLs

rc/("t)' has bscn dct€mt-ædl by ¡eepon* anal¡rsis fæ a
stop f-n tho tem¡nratr¡re of ths ciror¡lating oiL. gtarting wtth thê asbcstog

blook cquiltbratcd. to roo tcn¡nrature (eo), tÌ¡o oLl batlr ras brougþt to a
control tem¡nratr.ræ og (êo + lOO)oC ntttr thÞ ci¡culatJ.on ¡nqp ttrrpcl of,f. Ttp

tem¡nraturcc (O) at eaoh cf t!¡e tt tho:mocor4rLcs F¡re ttpn recordocl cvery !2
second.a for 5 hor¡rs¡ Rc-plotttng thcæ suru€s as log (9o * {OO - O) vs. t¡
rttsPonso ana.J¡rees, euoh as tt¡oeô ¡nrføæcl fn flgs. 17 anit t 9 for gas uptab,
garre trtrc gradicnts (tcr) fe {¡ho sl'mst e:çoæntir,l oø¡roænt, lbr a¡c

Ilgtod ln tablo 15.

@ +l0O-@o
t00 r E \ "*p(-ht)

1¡thl]€ tbc intsræptr \ sbould. be a fr¡nctü.on of raòia.l

locatLon, kn shor¡ldL not sínoc ko . {lG (cquatd.on ff) 
"¡¿ 

ct,' vabs aæ

funatÍons ot (A/a) onl¡r.

ltn averagc valr¡e of O.Oi 85 fæ oFr gtrns (rc/"|) -
0.271 m¡.nî si¡ao (gr) t 0.26 fæ b/t - 5.29 (ffg. ¿sZ).

[t¡o va]¡¡c of (O/r1 f,æ t]p crÍtLoal tlE$,Þ of a rcrtlng
nar¡ La cþri,vett l¡¡ sectLon 8.65 a¡ D/a' - O.i29 mLn-t. Hcnæ fro cquatLon !!r-
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LrBIE 15

rte.rpr of hêegon.

tlæ ba.æ d oritåoa]' tissæ
tl,rc baæ of thcrr¡a,l analogtp 2.16

Hcnæ dllrrlng clata shoul.d' be f,ocl to t&c t'l¡s:lnaL analogræ 2.16 +,Lrcs fastcr

t¡ha¡¡ :¡ecordocl in practiao. Oonrærseþ, optd.ntsatLons shoul¿ be ¡nrfeæil

in rrlvo 2.16 tj-res sLær thar¡ i¡altcatod by the ana.l.ogr.

6.58 Inte¡:pr.etatLon of absolute prcssur€

ôoòorcling to Eeotd.on 5.%r tù¡o cssÊntj.¿L foatr¡rc d

optLnlaatá.on l¡ tlp ¡¡clatú.oa oú thÊ ntnL¡nn tenslon roqrf:eil to reaah tþ

brl.r¡k of phaæ æparatlon (B + æO llnr Eg¡ cquatLur fV) rcl¿tlne to tl¡c

totet raÀial nad.urn * *Þo - 116 + 1f - fo)(r¡t)) +'152 u. Eg (cqrratf,on

fUC) *rone rr 1s tÌ¡e raåtal' Iooati.on of tbo !ca}.

t

k .ûrctt
L¡¡ d,n.-l

o.o2l7
0.Ol6lr
o.ot 88

o.0257
o.ol 80
o.o1 50

o.oe.5
o.ot 88
o.o215

o.o129
O.ol16

o.ol 8,

Baèfal lqcatå.on
(r) tn oms.

1.91
2.26
2.62

5.Q5
5.¿+9
¿{.or

4.52
¿+.96

5.71

6.U+
7JûI

-

Pogltion

I
2
3
¿ù

5
6

7I
9

10
11

Allgrsge vaÏ.p
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1.s. 
"F. - t+6 + (P - Poþ(¡4t)) + r!2 rstatirn to p + ã{)

æ ¡n-roÞ(r!t) rehriw tot (n-po) + F. + 68-*(po-*), $e¡

Itre tcn¡:ratr¡:¡ç rar\ge of the elovcn tlæ:mocouples in
tl¡e hLock is set by thc roø ten¡nratr¡¡e (eo) to *l¡ioh ü¡e asbestoe b].ock

has equiribratect befo:¡e the nur, and. tt¡e eca.lo for si.Gurat¿on - say I rc.
Hg Ë ? tom¡nratrre units. ÍltÌ¡ g oorrospor¡Àlng to p, tùe <ttve ¡E.o4.ile oan

bc fccl fn to thc a¡alogtu via tt¡c ol.L bath as a si.up[Lo ]Læar csnr¡ergf.on

If Oo co:rrospond.s to Pot-

$t)(n-ro)=?(e-8o)

He¡rae thc ¡nak total t¿nsion wraur¡ phaso soparation

criterion, e¡$)¡ñrsædt in cqulvaLcnt tcm¡nratwus, mq)r be tnansposcè fro
cqrratlon (ff) to raad.r-

å (u - eo)r(rlt) ¡¡eratirp r" I ( (o - oo)./? * Fo + 68 - *(po - ¿-6)) 
)

iro. (O - OJt(rlt) reratiræ to | (O - @o) Ga¡

nhore O ¡@ -?((r -x)po+69+L6x) $g)C O ' !\! -, -O r '

Emrnr, t,lro tcnperatuæs frm ¡*r:icl¡ the ¡rak, O a

(O - eo)t("lt), is selcctêtt a¡e æasuæd. by 11 thc:mocoupJcs, cach bcir¡g

ultinateþ :recorded as an e..m.f. I:f all the:mocorplc J.rrnctions hava ¡
ænsltivity d p cJcctrtoal potcnttrl r¡¡¡lts ¡nr tcrpcrattrc urút, ü¡cn l¡¡e
pcak ¡ncad.i¡rg rcoordlc¿ on tÌ¡c ct¡art shotrld bc¡-

c.t(rlt) ælativp to a¡con.f¡ Gra, tu- ar. Ir thc ¡ntcntd.e.l fcd.

to tÌ¡c r 2ü or¡a¡¡pI oû tùp ¡sccædcr as r¡eIÌt¡cscntatlw of tùp corrlition for
Bhaso scparatÍon' ThiB ccm¡ra.clson becæs ¡çalrsfls if¡-
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(r) c=p(o-eo)
1oo. tbo ll thorrooouplcs 1n tho bLook h¿vc thofr oo@ot¡ eold, Jieotl.on

lcpt at roø tcn¡nratu¡ro (go), ana

(rr) .,.= $(o-eo)
ioc¡ tÌB coLd. JunctLon fon tåÊ { Z& tl,cmooouple fs tcpt et a tcqnratr¡¡ro

Oo Eiæn by cquatd.or-Sgt a¡nt Lts Gì¡Eof¡ lncrca"æcl 1n tbÊ ratfo lrl. 
gl,¡ræ

cract aupli;ficatlon ís d.lffioult arrð costl¡r, it was found to bc sfu¡rlor to

ctupllcate, in series¡ tùro tbcmoaoqrlcs betæon tt¡e ol.1 tanlc a¡d. tùp ooldL

Junotd,on box n¿intairpd. at €o. îb rtgrr1rcd rcfolc¡¡oc con¡f,¡ fc t¡c t etr
chan¡pl can tl¡en be obtaiæd. as e ta¡¡går¡g of h oû tho rosistanac to nhl.oh

tl¡e d.oubledl. ttp:moaor¡pls ouþut is fsd[. T]¡s circuit is Btrowr¡ in fig. 28

nlth resistance val.tpe inðicated. for the particuLar ca"sc of sJ.laulati-ag

nitrogen u¡ttalo fro air irù¡al.ett oa.

XfÞ t2ü oh¡næl EhouLd. tbus aut@attoally rcglstor

tt¡c co¡tðitíons for possibl.e phaso eeparation ¡¡elatiw to ttre ban¡Íent

tonsions sinulatect by t'læ readJ.ngs of t'tæ 1l chanrpls rocorèing diroctþ

frqn tlp asbestos bloclc, ÎLæ :¡eoordotr acans t?¡e ohanrpls oncc cnaqf ntmrte,

çhtch Ls otr tt¡c ordsr d tb dclåJf to bc ettrlbutcil to tb ol^rcr¡Letis¡¡ Ecnø

tl¡ig rvor¡Lc1. æom a conrnnfont lnton¡al for na.ldqg ad,Jusbnts fl dlotcruf.ning

an o¡úi.naf cleompnoesiort.

6'59

Itp clfip arbitrariþ *lcctccl for dooø¡ræceioa optimf.sa-

tLo¡r nr¡ tO ninutcs at {5O fcet of æa rator rrpon air. f,akiag 1Oo ¡¡
eqrdvalont to 2 fect of sea water, this giræs a røld.ng tcr¡nreturo rrago d
75Ao, f.o. na¡ci-uu tem¡nratur.cs rcuf.d. not sxooeil tt0o0 for an ¡dÊI.aiib
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tcn¡nrattrre r¡t¡ioh can dtcn ¡aach L5oO fæ €o. Fæ ¡ r O.8-. &t, = 5OOI80O,

so tba t 2& oba¡æl potontial ça"g obt¿tæct by tafctng a taplúr¡g frcn a 5OO

oùm :resistor fn scrics to JOO ohns rLth rcs¡nct to tbo <trrBllcatocl tb¡mo-

couples. Tald.ng Po r 76O m. Hg as cgrrLvalcut to 5l feet of æa lrtor,
eguation 59 giw¡¡-

@_ . (O- - 5.6) oo.
o . o - --.

Foar a ctay nhon tÌ¡s anblcat tcru¡nratr¡rc la gor tbo

optLniaatioa rloul.ð cor¡sist of tbe folJ.cnring stcpr!-

t. 8Íttohl,r¡g on tbe clroul¡tion IrrI, îrith tlÞ ol,L batå n¿tntatæ<t

at a constant tcm¡nratune of (9o + 75)oc (corzeapondf.ng to

t50 fcct).

2. üalntal.niag this ter¡nratr¡¡e tor lû/2.16 - 1! d.ns.¡

qlplyfng ttÞ ti-æ ba"s csr!çlatiion factqr of 2.'16 acrlrlo¿

for nítrogcn in sêatíon 6.57,

3. Bapldlly qËnohir¡g to (Oo + 58.5)oO tthLch J.s cquiveJcnt to

{, . tt 7 fþ. (a.w.g.) cbtotüLtËil by cquation l+9.

l+. oontinuous\y cool{ng thc batl¡ fro @o + 58.5oO to bcLcm

go + 1lr.5oc (comerponiltng to E" 1n æctl.oa 5.9) t ad,Jr¡sttng

tbe rato of tcu¡nratr¡¡e faIL cvery ¡ni¡rute such ths.t tbe plot

of ttp t2& cha¡æ1 (3t") oohctdbs ritb thc ¡nak of tbÊ

othell I cll¡eot ttro:moooupLe ¡otentLa.ls.

lhe o¡rtf.nal, dcompnossion sohcdu¡ê fe thc partloul^er

dise ælcct"¿ (æ mi¡sr at 15O fcet) f.e suggostocl as that glvên in fÍg. 57.

This is the average profilc glven by J n¡ns on the ttprual rnelogr, no

poiats va¡yl¡rg by norc t¡an lfi fro tbe Dllu
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6.6 EIE ENEUMrrrc .ÀuarfxflIE

6.61 Rcason

If thÊ lgrpothesis ie cæ¡oct, thc thÊlnel ana.logtæ

woulcl seem vrell sulted. to the derívatÍon of optÍrna.l decar¡r:ressiorr sínoe

these should. never causo gas to separatc fro golutlon unttl thc pofnt 1r

rsactpcl for tl¡e fir¡a.L rapicL ascent to ths su¡faoe. By ttrls t'Læ t'þ ur¡l,t

has fi¡lfiilect íts pr¡rposêo

Horæver, rpit'bsr tt¡e t}¡c¡ma-L arraLogræ, nor anJr ot&sr otr

rûrich tlp wrltcr 1s arare, carr account fæ a lha'æ charrggr

6.62 h"LncipLe

It is onJ¡r gas in t¡r.n pÌ¡rsioal. solution ¡rtrtctr oa¡r

contributp to tù¡e clriuirrg force fon gas trarrepont ln tLssrr. TIE problom

ls tts¡sefoæ orÉ of selecting a system in vrùriah tù¡e intensive pararæter,

símrrlatíng tota-l gag tcncÍonrcarnot orcooð tho valtp awespondJ.ng to tbe

absoLutc prcssure of gas eeparated. frø solutl-on Ín tisEtr. lÌ¡is wot¡ld, æo

fcasibLc iJ tho transit æclirn seLêcted for the anaLogts ls a copnessLblg

flt¡tcl oontalæd. ín a tra¡sport model rylroæ retatnJ.ng bot¡¡ilarlos naJr cxpa¡¡it.

If tt¡c ¡resista¡rce to tl¡"ie crpaasion ie tùc aotr¡al Ì¡ntrostatic ¡ressu:ne, thcn

mqpænt rlor¡ld' occur until tÌ¡e Lntern¿l gas p¡¡essÌ:¡o was roèuæ<t to t'ho

oxtornal va.lr¡c. lhi.s èisplaoenent would. :ncp:sesent tl¡e total gas rürtch could

separate fro aolution at thc cqzespondl.ng nogion ln tÌ¡o tisstÞ 1f total

tension rcene si.ruJ.atctt by tl¡c internal ¡æasuæ of tùs systcm. tøncoverr tlt

vo}æ tlisplacercnt of tbs nodeL woulcl be ctirectþ pro¡tetional to tbo vo}æ
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of scpa¡atedt gas ln tLgsr.þ tf tù¡c ccop¡pssfblc fluiil t¡scd. is ê gas-. f.ocr

BoryLsts lar ls autøatloa[y a¡pl.1crt Ln tb ana"logrr as it ie to br¡bb]cs

forut¡¡g in vlvo.

Itlæ çritor could flnd. no pthorl oû obtelntng r
oontlnuou¡ cxpr¡lion of tb nodcl rrJ.tJr nes¡not to loortlon, 1.c. oraot\r

cturrlatfqg f vE. r ln æotf.on 5.ã, vtùÌrout ohangtng tnenrport ¡csL¡taæc

rltl¡fa tù¡e nodlol. Eonrpr, thcno would. æcn LÍttlo a¡4nod.uatJ.on f.¡

¡cratttlng tlæ gas to o:rpand. at ths æ¡æct ú 27 æparatc ¡nlntr, cach

cquíva.lcnt to a clÍff,c¡ont raÀlal rlLEtanoc fr6 tb oeplllar¡r. Ât caph of

tüpæ pof.ate¡ tbc o:çansùon eaa bc rle¡:f sJ-upl¡r apc,-¡oil¿toè by oonrsctíng

tbc s¡rsten to a oylirrilcr in rcbich tha ÌgrrtrogtatLc prcsü¡¡rc la a¡ryLtcð to tl¡o

¡enotc sidc of tlo piston. StartS-qg rÍtå tåÊ 2/ pLstons f\¡lJy retnactcdl,

tbotr pntÉtnoc thould hrrp ¡o lnf,h¡noc upoa t&o ñrr¡)o¡s, d tb ¡odcl r¡¡td,l

aomðLtlons for p]u"æ æparation a¡ls oroccdpd.. Iæolcr, tåp r¡æ oû tn¡ll,vl.dr¡a'l

cylLrders æans thât thc cø¡ræssÍblc flrricl, fn sræss d cquiltbrÉrn f.s

:¡etairecl at the gare radial locatton, and. onan¡¡i{ra tJret l.t lt crnturll¡r
rsttrrrpdt to tb trana¡tet aystcn at {rbs seæ po:[nt. lfhl.s rou].af siurrlatc tùc

æccl for æperatcit gas to bE rs-rlissoh,ed. at itr aito d ibportttcr tro
solutton in orclor to bc clLnln¿torl frcn tlcüD vl.r thc oapLlJan¡ro

lbil€ tÌ¡ls qcraLl' noclcl ís abb to aocourt fæ r ph¡æ

ch"onge, tbo ¡nobLæ L¡ nor qr d ilcslgntng a bg!íc transpøt syatcm to co¡6r

raðiaL cliffi¡sion in rú¡-tch ths transit æôirn ir r gel.

6.6t 9'in¡lrtlon d raÀla.l ilttfl¡¡fq

Iho rcu¡rouæ obarapteristLo¡ d e.qr ryatcn oortrcd.r¡g to

eguatd.oa 5¿+ a¡e e fi¡natl,on of or¡ncf,ty a¡¡d. rcgl,gtance, tl¡oLr rplatd.vc nrngn{tq¡þ

and. dH.sffibutLott In tùc oe.o oû r¡ôtrl dll.:ff,t¡¡l,o¡¡ tbc rtrbrtrrte ray bc
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¡çga¡{Êct ar an lnff¡itc nrebêr otr a¡¡r¡E, caoh of rû¡oæ oapaaiqr a!¿

roslstanaa Lio 1n EorLcg uith cac.h otþr a¡¡it witt¡ t¡Ìroæ d tÌ¡c othcr raÀia],

segrents. If tlr ,rtr *g-nt h¡s ¡¡ l¡tc¡¡a.l r¡Åtr¡¡ rD rnal crüor¡rl 3¡dfi¡t

(f) irrt ga"s oapactty of t¡¡c n& ægænt . tt8(r;}r-¡il (O)
(ff) ðlffusior¡aL resista¡rcc cf tùÞ scgænt

. å6 rog (r&H,/rJ Gt)

A¡ü.aJ. dtffr¡sLon f,ro a oaptlJ.ar¡r na¡r tlrrrs bc sLm¡.latcd.

oxactl¡r by a¡r fnftnltc nr¡nbor of chånbora of vol¡æ pro¡ræEomal to Ç,
- d) soparatcct frø t'bc æxt by a tr¡bc rlroæ ¡csLatanoo to flor i¡
pro¡rontLonal to log ("*r/tJ. trcvortü¡g to f,i¡rttc nrabcra, tt m¡¡"il b
nost convcr¡lent Lf, cacl¡ of t'b 2J poLnts suggaatadl fæ etuulatilg phræ

æparaülon ttro a ohrubor. Xquivalcat to rsplroiDg the t¡r¡ trrnsient r¡ð1r.1

dÉstrlbutLon otu,rq by tb oloæat bf.stogro, tJetr oor¡ld lntaodr¡oc ll.ttb
orrqr çhcn toHng al -?¡y ú 27 atcpa.

In vlcr of tb unærtrlntLcs Ln cstf.natiag gaa flø Ln

tubcsr on aoco¡¡t of cd. cffcots oto.¡ ¡nf ôrqrs lhqul,d. þs n{nln{sþdt by usfqg,

lclentioa.l l€qgths o,f !¡rBoclcrmJ,o tr¡bl¡g e¡ ¡cprrrctau.ng cgr¡rl rcaLat¡næg.

&oø.cltr,rg to cgrrati.on 6l 'thls lruplics egue,l raü.os * ,orr/"ofæ ¡,LL vaf.rra

of ¡¡. Ehrl teH.ng ,nr/ro- pz (t oonatant), a,nð Yo - t¡b volræ d tbc ntr
cbanbcr, cguatå.m 60 indtoatcg tt¡at¡-

vrr* f* - {' {lo3 - r)

But r, - a (t¡o oe¡rx11a4¡ redj,ul), !¿ - 42 clr,., nroh

that ro - ¡pz(æ1), eirrirrg¡-
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v.-. * .t (pJ -.¡ ¡or 
(rr )

or vrf ,. pr(*r) . ""J"î Gz)

llt¡ aborp cguatÅon gÉvcs ths ælativo vollæs oû guoæss-

Lt¡o ohanbcrsr ðttparatccl by cqual. rçsL¡t¡n€!, ¡sÊgul¡ìccl to obtd.n tb cloæ¡t

ap¡nor5.netlor¡ to tbc fen d r t¡rr r¡d.trl Fq[rotcr. Ib ebrolute vohær,

honver, a¡e æt by tho t^l.n be¡.

6.64 Vohæ of ol¡¡¡¡bcrs

f,lhc greatcst a¡p-rod.natl.on Ln fftär¡g a hletogran to ttro
tcnslon t[stributLon oÌ¡ruê s]roul'd' oocur fon tb largor raðt¿l rtcpr, f.c. for
tbc grcatc¡t va"lrp d (t*, - rJ. Dor atcpa otr cgrral ¡csistanac, thia strould.

ocoì¡r fæ tlæ htgþr valr.pg d n. [o rcclr¡co t]¡s c¡ror in this æglon Lt rould.

thc¡sef,orc bc æccssartrr to rcðr¡oc t}r oapaoJ.V anit bnpc tb intoroøæotf.ng

rtsl,stanoc of thoæ cbembcrc.

nctìl''{qg türc pzC.nctpJc otr bcptng all ¡csistanoe tr¡bs

tcù¡nttoal, tl¡c tro i¡r p¡rallcl rquf¿ ha}p 'l¡lp æglctanac ¡nil {¡}n¡¡

en¿l¡lc tho volræE of tt¡a aüaccnt alunbo¡s to bc ha}æd.. For m cÌ¡anbors

rfth singb iuterco¡¡¡pcting tr¡beg J.n æz{.eg rrLt}r ur intercor¡rnoteit by tro

tubos (Uafic¿ rosist¡¡¡cce), ttre grcatest crror shorrJ.d. bc rcctr¡aod. to a nfnLm.u

f V, . Vm¡u, o Horcverr Eas reaching tb clumbera mqr€ æmotc frcn thc aot¡noc

uust pass through tb,oæ l¡¡ botvpcn. Ihc ohenbors a!¿ ¡cslgtancc tr¡bcs of

lorpr valtn otr ¡ ttl¡s c¡ært a grcater lr¡flr.pnoo upon tùc tra¡rsia¡l.on"  
sænhat arbitnar¡r cøErr.s'læ ras tìlrÊrlfore reaclpit in ha.lrring thê rosistencc

betrcen tùo t 5e rr¿ t 6û cfrantcrs, a,nò aIL strbscqrrnt rcsista¡¡aês¡ such that
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"r*r/to = p a,ccordlng to cquå,tl.on 6Z anð, tÌ¡e def,tnttfon of P. {y¡rodcrric

tubos corrnecting the 15tù to thp t6tr ar¿ all n¡bægtnnt c,Ì¡anbor¡ pæ

cluplicatecl. in para.llel - see flg. JJ. Henco, by a cÞrlvatlo¡r exactþ

parallet to that of equatiwr 62,

Yf ,, - ,"Jr?r- pa(r* r) G5)

for n ) 10.

For n - 27t ,"/rrr- Prz

EguatLon 6e stttt ho1.ìs for I ( n ( l5r glrrlngt-

'r/" ' P2a

Hcncc, ,"/r, . p'o - b/a - 5.29 (secu.on 8.67)

sLnce r = a a¡rd. 3^- r b. 81il¡s P : 1.435 fon tle resting conðttion.
t--2?

Harrir¡g aet¡nofrptt tlrte constant¡ tl¡e relative vofuæs of,

chambers I to 14 car¡ be cþtÆ:mlrecl fro equatf.on 62, wUtle ohambers l5 to 27

arre given by eguatton 65.

[be absolute vo]ræ is Bet by tho capacLþr d t]Þ

hypodernio spingea usect as the best source of transparent cyllrdcrs of

pnecÍsion bore, llhe Iarçst availabl€ tn Ar¡stralla has ¡ nclnir¡al ca¡taolty

of 50 ccco, or practical na¡ci.nn ú 62.1 c,c. ÂL¡.cmfqg 2.4 as tt¡c na¡d-un

.pressure ratio fsr bends painr tt¡e sa¡e e4ransion ratio on the analogtæ

woul-d. llmit tlp vo}æ cf ths l.argest (ZZt¡¡) ctrar¡ber tre l¡J¡.$l¡ c.c.

Ghanber capaclties a¡rd. cli.ænsior¡s calcr¡latetl upon this

basis are g:iven in tabLe 16.



Double tubes (tt"U resista.nce)

Ier¡gtùt

2"6U
2.gln
t.1f
3.H'
5.6f
l¡.00r
l+.iir
l+.6f
5.oT
5.4r
5.*'
6.¿l+r
6.gr

Chanber
interr¡aL

díam.

r
*.
*r
*r
!;
*r
*.
*â
år
*a
+f

Nqnina-l
lry¡to-

cle¡mio

JO c.c.
!O o.c.
t0 o.c.
!O o.o.
!0 c.c.
!O crc.
lO o.o.
!0 c.c.
!O c.o.
lO o.c.
l0 c.c.
JO e.a.
fi c.c.

Vo}.ûe
(c.c. )

,i7r28
18.73
æ.26
4.%
23.7+
25.73
27.8t
,o.15
32.62
55.*
58.23
141.\2
1+4.81+

5&.8

Ohar¡ber
No.

15
16
17
18
19
æ
21

22
23
2h
25
26
27

fotal

Ier¡eth

2.42â
2.
3.
2

2.
2,
2c
7

3.
l+.
5.

8¿ir

3f
90r
05r
,8r
7f
2T
g[r
50r
2T

3.lr8F
¿$.oir
¿+.78rr

Chanber
Ínte¡naL

ùiam.

r.
rf
IT
aIú¡

å
.gt
I:tl
&g
a
år
*t
*r

NsrÍna.]-
t¡r¡to'

clen¡io

2 c.c.
J cre..
0 c.o.

20 c.o.
2O c.c'
20 a.a.
20 c.c.
l0 c.c.
l0 c.o.
lO c.c.
!O c.c.
!0 c.o.
!O c.c.
!O c.c.

Vohue
(c. c. )

3.899
4.57CI
5,t57
6.279
7.359
8.626

lo.ll
11.85
1 J.89
16.28
I 9.08
22.36
26.21
30.73

Chamber
No.

I
2
t
¿f

5
6
7I
9

to
tt
'i.2
13
14

2Ð.

CTIÀMBM. VOII]MES .{: DTMEMITÔI{SI

IÀBIE 16

6.65 Ihe ¡¡esfsta¡¡ces

In cÞriving the above ùj.rensions d the gas chanbers

such t¡rat the systen h¿s a ¡¡esponse fo¡mat exactl¡r sjmil¿r to raèiaI clLffusLon

into an anr¡ulus of ,l{rær¡sions b/a e 5.29t it has been assr¡neti that aIL

interconrpcting tubes represent arr equal reslsta¡ce. However, in conf,olrri-r¡g

to equation !tr, this presu¡rps equaL nol"ar flor rates ¡nr urrit pressu¡e

gradXent rù¡ater¡er tle pressure rârger

lccording to sta¡ld.a¡rl textbook derlvatio¡rs¡ ergo OotrLson

arrtlBicharclcon (1917), tfte f,torr of a acqpnesslbLe fLr¡td in a sootl¡

horLzontel p-Íp" rry be e:rprcssed. as¡-

/Þ\a -F-. 4+t . r=¡2
(Ë)- *' ç? . 4* ¿* (r") å (Ð r o
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lr

il.o.

I. PISToÎ.¡ PRESSURE TRANSUJCER I'T,

2.THE TISSUE MODEL 8, VACU|'A,I G^UGE
3.TOTAL OIL DISPLACEMENT CTAIJGE 9. VACUUM Pt^,lP
4.BI,FFER TANK IO. PRESSURE TRANSDT'CER

S.PRESSURE GAUGE II. RECORDER CONTROLLER
6.AIR F¡LTER

la

AIR REGULATOR

A TYPICAL UNIT
SIMULATING ONE

FLOW DIAGRAM INCORPORATING ANCILLARY
EQIJIPMENT

2.

4 rods
tdr

in9

5ynn9c

tubing

grub
scn?w FNI¡.o

V stccl

Øptsgcx

Nlg¡ott
odjustoblc

Plus

F ig. 33
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r*¡cr€ E ts tl¡e ma¡s flor nor untt t,læ, I ls tbe tubc lcngth, tl tùc èLantcr,

", fu vollm ooctr$etf by untt masa rt pnassu¡Fc P,r arrd. (fr) fs e <tLæncL@.

l¡ss ff.otion faotor. falclng loag nærrcr tnrbca, t.c. t/A h¡gor the te¡m

(Vr)t rog(PrÆ.) "* bc f.gnorccl gi.vingr-

(Vr)t * (Pþl)/{n"),sinæ F{", . omgta¡t f,æ laot'hc¡oar cøilLtiom.

nl5.b (f") f" dtcn a¡armd. oomstaDt t¡r ¡Épcs, Lt L¡

f,etË tt¡¿t a4r rcaLata¡oc tubing r¡¡ciL fn the ana.logrr ur¡¡t be tcstcd.

ex¡:r{.æntallJr. Ibc zcqutæð rclatLonsld.p far-

Glr) * (Pr - P.) (6'|)

Va¡{.qrrs pæol¡s pJ.ugs ræ ffied. over tùc prtssurc rar¡89

o*1OO pogoi. anif f,qu¡rd to bo tot¡lly t¡¡lsattcf,aator¡r.

IÌç closest a¡4rodmeu.on to tle clc¡iztcl var:latú.q¡ of

na"ss flcm rate ryittr Imesst¡fi¡ dLf,tcr.erroe wag for¡nd. using f Û lô4gtt¡s Ùî 27-

gauge hg,odermfc ürbing. trl¡c tLæs (t") z,rq,.f¡cdl to ooIþct I lttûc d

tra¡¡sLttecl. aLr Ln a graclr¡atcct fLask aæ reoordÊcl ta table '17.

to-ten)ta

22.1
22.6
?)+.O
22.2

22.7
5.7ß

Coll¡otd.o¡l tLn
(t") rn scao

?22
N
t+55
8t7

lvcrege
Xa:d.uu <brrlatto¡

Êeoouro tlro¡t
(¿e) itt prsrlo

99.5
75,5
50.0
26.5

T¡BIE T 7



232.

gincc E e 1ltt.: tbc va}¡es d (&)t æ sr:ffl-eiantfw
ooneta¡¡t to cl'{n t}¡at t}¡. oonèttfon c:çncsscd. by cquatlon 6lr, a¡d. }p¡¡æ

equatJ.on 54, is gatisfietl a¡rd tÌ¡c trrblng r¡sodt fæ tùrc cx¡nrlænt srmarl.æd
in tabl¡ 17 is sr¡itabb for slmulètfng rosJ,stanoo.

6.66 Tlp overa.lll dcslm

In tù¡e fir¡al tlestgFr tt¡c resistanoc plescntcd. by ra¿tat
dlffr¡slon 1s stmulatoct by tbe 1Et ]ongths oú Ì¡Jrtr¡odrrmia tubLng dcscclboô

earilfcrr each conæoting ohanbcrg of tlp æt vol¡ns f'y{{catccl L¡x tablc { 6.

f,tpæ neprescnt thc sùûuIta¡æous ncgigtanac arrt capacf.þr effccts, thc ovarall
Ia¡rout belr¡g elrowrr Ln fi.gs. t3 snd" 3l+.

[lp rpt oh¡s¡bcr vo]¡æs arc t]rogc ava.tlabl¡ for gas

stø"€¡ê with tl¡s plstone ¡rreesing aga.inst tlp rOr r{qgg at tùp baæ oú t}¡e

cylJ.niÞrs. lfhLg fc'¡n of seal 1¡ foundl FaÊssar¡r to pævent d.I loatd,ng into
tho oÌ¡ambsrs $hÊn ttrlr intorna.l ga.s pæsst¡¡s is far bcloç tJrat o4: tlp oL1.

Fø an¡r otl¡er positim of tlp piatons, gas and, orll ¡ræsmrrcË aæ cgtrat e¡d.

otl secpage Ls no problcm.

Tl¡e chanbera arc nedo tr longcr tl¡an tù¡s leqgtt¡s glvan

i.n tabLe 16 a¡¡ð ttre errd. lr ie tap¡rct. [t¡e rpt vo]¡.æ is att¿iærl¡ befelr
driflhg tù¡c holee for ttp ¡sesistanæ tubes, by polrfng ttp csr¡esponèing

volræ of lt'qufdl lnto t'Ìp cha¡¡bor a¡¡cl adJustJ'ng the end-plrlg r¡ntil ttp
liquid. is just loveL rrlth the to¡r of tÌ¡Ê rOr rJ.ng.

rlre pl'gs a¡e tt¡en narl¡ect a¡rd. r¡emæecl. lfter withdrawtqg

the lJ.quiê t'hesê end-plrrgc ar¡e ¡tturrpcl to ttr aaræ markr aLL tl¡æacls befu¡g

æll bot¡¡¡dl wåth P.Î.F.t. ta¡r to avoid, gas Jcalcs.
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9overaL mtùrocls of o¡nratl¡g t¡¡e ana.logrr h¿lc bccn

tnlcd.. In the most sucoessf,Ll, gas is fecl to tùe o¡rcl chanber at a pæssuæ

reclucect Ln proportLon to tù¡e mole fractlon (x) of ttro ¡xeosune of tþ
ðlvetr. Thle feeaL pressu¡e 1s tl¡en ra.lseð by a factor d e, for e¡4üu.catlæ

:"

to t,}¡o o:lL dhich now conrsspord.: to thc clepth d tþ êiver. IhLe courersl.oo

is ¡rrfoæcL autæatical.þ by a pressu¡e transducer conslsting of tro o¡l¡oæcl

pistons of areas in ttp ratio O.8fl (for af.r) - rae îLg. J2. It Ls not

practicable to atlopt tùe alternatirrc æt'boct of, feedllng tt¡e tlirlerÈ prtessurre

èirsct to l¡rdraullc nafn and. obtair¡ir¡g a rech¡oed. pressu¡e sorJroe f,on tls end.

chamber. lhis arises fr@ tlp f,apt tt¡at tþ gas fotl to tlp chamborg n¡¡st far
exaeed. tlp total o1l d.l.aplaoeænt sr¡ch tl¡at thÊ latter a.lterzratiræ çor¡ld

neguire a fa¡ grtatær piston capacíþ fon tbe t¡ra¡¡s¿uær.

Info¡matlor¡ is fecl to tho analogrr rrLa thc ¡coo¡to¡r-

controller vrt¡ich varies tl¡c bal'axcÊ betrren a higþ¡tz,essu¡o ¿tr f,eecl for

tl¡e buffer ta¡¡k a¡td. a contl¡n¡aL bloed- ltp contnol systco Ls outlLnal Ltr

tt¡o flor cliagran strorvr¡ in f1g. J5. 8o ensuæ fittcllty to tlrs data anal¡ræè,

the prrssrrre in.tlre br¡ffer ta¡¡tc fs ¡¡ecædocl on a clrart upon rv?¡lch tbe dcpth-

tlæ profílc cf tÌ¡e clive Ì¡as been ¡rcvious\r tnaæô after oæctLon fæ tbc

ti-æ basc. If tl¡Ê two plots a¡e not closcþ su¡nr{.u¡loeÊit t}Þ :¡esr¡lt of t}Þ

anaþsia by the anaLogtæ 5.s èLs:ncgarrilcdl..

6.67 Allowa¡rce for nlnæ co:rrectd.ong

In analystng tlr extent otr phasc æparau.on oæ fg

nrd.narily conco¡æd. w.¿th tht to'ba"l aeparatetl ga"s pñssuse bofors coalcsae¡ce

(P + to) m. Hg (secttor 5.7ù relatfvÊ to tlp totaL g¡s tension (:æ - à6¡r

+ 152 ø. Eg) - taldng tÌ¡e rËnous llnit of cquatÍ.on lr8. OæotLons fsr
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sulfaæ tc¡¡{ e!!¡ aLe,stLe èef,oætlon a¡å th¡ ¡¡otaþolåsab]¡ g¡rÉ¡, rarly- t,6

app:lictl æry simply by acl¡irrsbent of the p¡essuæ F) a¡pËcd botrccn fil¡o

transducer pistone - via tt¡e oll ln tÌ¡s totaL clieplaceænt Lnctieator (ftan

J in flg. 3J).

Iror pj.s,*on ar€¿s in tÌ¡s ratio I rx, thc oor:çct tcr¡sLon¡

absolute pressure relatf.onshlp is ¡nroecrræd. If¡-*-ffi,ffi
j.¡c. Lr ¡I . t&f**fg m Eg

X'or al.r (x - O.B), II . t+j5 m Hg.

trt¡c vol¡æ f.¡rdloato'r tr¡bc rag thus lopt r¡ndor a

vacutm ú 325 m. Hg by æans otr tÌ¡c prr¡r elronrr.

l, featu¡o of thc analogrr fs thÊ autcmatlo J.ntcgratÍon

of tlË sLut¡letccl separatecL gas affordotl by æasur{.ng tota"l ¡É.ston dl.spl.aacænt

as tt¡c rpt cllgcharge frcm thc h¡rdrauJ.:Lc maia. ltrts l,s ma.eu¡od, indincetþ
Ln tùrc pJrstlc tt¡bc tÌ¡rough rhfoÌ¡ ttrc ¡ræssr.nc (4 f" a¡ryitlcct to tt¡c backe

of, tlp tranrèt¡aêr pistons.

lflp s.Írnôn ot l str¡pl¡r to a"11 b$rod.¡lgrf.c Bl.atons tns tfp
dlesl¡lod cffect of routtLng offr tÌ¡c tensi.on dH.stributforr curvc as Lllustratoô

in ff.g. 12. VLsual obsenration of thc glace cylLndcrs sÌ¡ors a pLstoa

clf.rplaccænt corrceporrdlng to a hÍgto¡tru oû tùÊ thcætioal- æparatctt gag

cU.etr¿but¿or¡ Lcr f vs' r 1n cquaùLou EII. |!he total ol'l clisplrpænt lg

tbt¡s tho tntcgral d thig curet rith Boylcr s l¿¡ autøatfcalJ¡r a¡pltcil suotr

tÌt&t ft Ehot¡ld bc d,Lnectly popøtl.onal to tÌ¡e tota.l vo}æ ctr gas acparatcè

in tÌ¡Ê ægion lnfh.pncecL by oæ capilla4¡r. It Ls thr¡s a clLr¡ct l¡dLcatl.on d
ttro ¡noxLntþr to narglr¡al s¡mptøs tf thô ÌqrpotùosLs L¡ funalaænta{y omct.



Fig. 34 - THE PNEUMATIC ANALOGUE
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6.æ ltrp td.æ ba.s

-

Al.ü¡ouih the td.@ ba¡o oot¡ld bc csttuatcdt tbæü.aal$r,
Lt ças consLd.æal moæ rrgall¡tic to dletc¡øl-æ ft ox¡rrf.untarJ¡r.

l' ¡mossture gaugp nas fitted to tt¡o 27t.}r chaúer ar¡il a

co¡rsta¡rt trEessu¡e of 90 prsrio apB}lc<l to tbp I gt olunbor. lttr o:LL rlas

Iapt at l0O p.s.Í. to o¡gr¡¡ç aLL pl,atons rcrc *ate¿ ff¡roly on t&o rOr rlngr,
si¡cc tÌ¡G ttæ base nequincd. n¡¡ that d tüp basic tnanaporü ayatcn oer:noa-

pondl4g to tisslr ¡vittrot¡t phå¡c aeparatLon. Va¡Lot¡s ba¡<.¡¡ ærc atop¡rdl rx¡tú.l

thc last chamber ¡cad. 9O p.Brf.r

lïeie garge nas thpn repJ.aooct by an onè-p}€r corzcatþ

locatccl., a¡¡dl tbo rùroLe systcm of oÌ¡anberg lcft fæ t 2 hor.us to rcach a stead¡r

90 p.s.f.. tihrougþotrt. lhe connectl.on to tl¡c ftrst chamber çae tl¡en srdtloal¡r

cut a¡rit tÌ¡o frse end, pl^accdL r¡¡rder tt¡o ¡æok d a large æastrr{,ng c¡rtrtnibr

Ínrprtecl f,n rater. |ft¡e orur¡lattve voltæ of gas (e) cvofræit frcm tho

analogræ n¡¡ thcn reoqrdocl. agaÍ:st tLm. 
^ 

final. valræ (eJ ras talen

after 12 hours. l, rcnl-log plot of (G-- G) vs. t cor¡f,fu¡c¿ t¡¡at (e-- e)

na¡r be ex¡neeæd. as t'Ì¡e $D of a ¡unber of e:rpornnttal terms - a.E Llt¡¡stratocl

in flgs. 17 ancl 1 9.

Thc ¡mcd.rrn{na+{ng ft¡st te:cm garr a tLc co¡rstant oûl-
À- r o.ol7þ mín.-lt-

In scotl,on 8.65, n/a" La <þrircdL &ø ùi.vo anal¡rria ast-

D/aa - 0.129 min.-1

lor b/a: 5.29t tLg. L& e equatd.on VILI glne¡r-

¡C t 0.26
I
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Itrcr¡co. accoaldll.ng to co_r¡ation lllt-. tùc fj-rst tl-m consta¡t

of tùê critioal tLsstþ t¡¡pc (rotir¡g) is given byr-

*r' f . (o/f) (.i) t r o.0oBZ2 ntn.-r

Itn baec of td.sstp

-_

ILæ bas of analogrl -
O.Or 7¿r

-

0.00872
ota

T
J
k
I

a t 1.99

lhta cqrr{.æntal valtr Ls ænarkabl¡r o1oæ to tþ
factor d 2 uæ<[ ln <lccf.gn.

Hs¡roo deta mt¡st bo fcd. to tbe analogrr 1.99 t,læs fa.ster

than tÌ¡e cllve raa ¡nrtroræd. in ¡nectLoe.

6.69 P¡ratinir¡arrr bials
Tbo ¡xnrnatlc analogræ ts rcall¡r an analytic¡l tool

¡nrmttting ertLnatio¡rg to bc obtatæif ín caær çlærp tbc transl.tlm pofntr

tnttod¡¡c€dl by pha.s aoparatlon ¡onder aonrpntlor¡¿l natlpnatlcat rctlrod¡

¡Jnost tn¡raaticabl¡. lcsr¡J.ts d gr¡oh anal¡ræs a¡a not æoordctl brs but

l-a tbÊ contoxt ¡.eLeva¡rt to tÌ¡c parbl.eular dlvr.

Eomner, a goæra,l qualLtatiræ clcsoråptlon of e ffptcal
ru¡, naJr serr¡e to llluatrate tt¡c adlpr.cnæ d tlþ f.r¡st¡ßænt to tlp Ìr¡rpotÌrord.r

pro¡roæd.. At narlnn Frsssu¡€, cqul to tb rbotto <lcptl¡t d thÊ diw to bc

enaly¡oð¡ alr cntcrc thÊ cr¡d. obanber r¡d. graduål.ly fJ.ows f\¡rtbr lnto tlp

s¡rstem. TÌ¡o oÍL is at a groater $rrtrst;EÊ, ae^trrpondlng to th¡t d tht dfuÊr,

co all pLatons arc lept ¡nccæð rgr{¡31 tbÊ rOr ringa. f¡ob oharbor i¡ t}n¡r

ædtt¡ocit to Ltg d.nLntu offcctLrp volræ Focssar¡r to sLn¡lå.tc radlal dlLtfu¡i.æ

aocæðtng to tablo 16.
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1Iæ gnoater tlp prìcstt¡¡c appttcd. to tÌ¡c br¡ffcr tar¡k,

the gneater tùo cl*ffcænti.a,l bctncn ttp ol.1 a¡it tlr ¡rcosunc of gas fect

to the end, ctra¡nber. Ihls ooræspond.s to tlr f¡ibænt r¡¡saturrt"ton lnoær¡1.¡g

nith depth (cquå.tlon t8).

U¡nn rlcoøpæsgLon tho gas trans¡rort proaosa ig ævsræd,

ur¡l¡ee it is so rapltl that tt¡e alalaJr in aLr Bassf.ng tf¡rowh tlre lSrpoibrmlc

tt¡bos ie $¡oh tù¡at the pæssllre d gas Ln oæ qr Dqnc olranberc crcccd.s tlrat

of tl¡e oLl. llr ¡xessr.rre d.lffe¡entta,l Ln caat¡ chanbcr ls ttþn rapLcLl¡r

clS.asipaterf by the pÍetons norlng ln tÏ¡e correeponðLng oylindorg,

If, lef,t at a oertaS.n prcesure tlu displaccrents arc

c1{rninate¿ Ín tr¡rn starting ritå tbe oyllndcrs oloært to t}c sol¡¡loo

s5-uufatfag the oapf.llarlr. Orn piston ur¡st bc oq¡letcþ Ftwæò bcfæ
tù¡e æxt starte to morle - Jt¡st as rogui-æd. by the Ìgrpottrosls anrl Llh¡¡tratcdt

J.n f,lg. f 2 (eraph 5).

6.1 $rErD fmr,

6.71 goomc

t¡e ultLnate test of ar¡r quntÉ.tative l¡rpotlccis d
deaoprossion siclsÞss is its abiltty to preclfct tbe outoæ of illrlcs

actuaLl¡r ¡nrfoæcL in thê oc€ên¡ l[ost scts of pt¡blishecl dlLws ¡pfer to

dlocou¡æssions styLe<l utr on a Hafdaæ-t¡1pe of a¡4noactr, thcl.r atmtlarilr of

foro ratho¡ 1{mit[¡¡g tt¡s advantages of uslng suc]¡ a t¡oltæ of <ùata in aooeptLn

or æjeatl¡¡g ar¡r b¡rPothesisr
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Hotnvert a startl:lng contrast to Nar¡al-st¡rlc dpeæ

pression is provittod. by enpfrioa,l tech:rtqr.us ægularly practf.æd. by ¡narJ,

diwrs o¡nrating oûe ftc coast oû Australla. Sortr¡¡¡ateþ, tlroæ tnc}¡dc the

two t¡6ns of ctfw most cliffioult to cor¡elate by conventlon¿l tlrorios, vlza-

I. Iong and tleep clfiæsr as lonfqrnn<l negularly Ln tÌ¡e To¡rz.ee

Streit - see lpnenÀ1x I, and

2. Ropctiüive dínes, as pcrfoærf ægu1arry fn t¡rc sl¡¿Ltor waters

arour¡d, Broæ, festo¡n lustralia.

A t¡lsit to Broq¡p rras arrafiged as a Jofnt ræntr¡re ryltl¡

the lprqpdic¿l Ur¡it (ldÊIaícto) for tlp purpoæ of plactr¡g tt¡e loca,l dtrrtqg

technique on record..

6.72 Instnæntation

The ætùrocls noma$r r¡seô for rÞasurlr¡g cþptl¡ on boa¡r:L d

the ¡narltng lrrggers, vlE. narks on ttp llfe-lJ.æ or tantc pt€ssr¡¡lts¡ FlÉ

consialereal far too 1r¡¿caurate. IÌÉ instnuÞnts seLected. rieræ ex-Nava-l tor¡ncLo

rdeptlr-anè-rollr reco¡råers (U.S. NaW, 1922), wtth tlÞ follwiag moôi.fícatíonsù

1 . Dup3.icatetl springs to extend fte tlopttr range to t 5O feet.

2n Moctifietl governors and. gearing to ¡n:luÉt tlp ohart to nu¡ fæ

I hor¡r upon 1 rvlrrôing of t'tre clock s¡rl¡gs.

The urÉt was tlrus coq¡leteþ slf-contai,rea ancL houseê

in a casing made to ¡¡esist salt water. TIE modifÍeê u¡¡it ís show¡¡ in figr

35. Its subrsett Eeigbt of 11 lbs enabl€cl it to replace t¡æ lsad. neigþt

normally strap¡nd to the back of tÌ¡e conventior¡aL ttivirrg srri.t.
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6.73 vislt to Broqp

Ome month was s¡nnt aboarcl tho rl(t¡ri Fear1r vrt¡-to]¡ Lc a

2rO ton motor ræssel. usêê to sorçloe a flset of 5-8 luggers o¡rstcr fi.sbing

on tù¡e Conti¡æntal gheü off tlrc Nortå-regt ooagt of Âr¡stralia. November-

Dece¡nber was sôLeated as ttp er¡d. of tt€ season r*ren S&. Ty¿r¡d.s noruuJJy tr.un

tF sf¡aLlolrer water g¡¡een, fonolng tl¡e I strongerl ðivers to rpntr¡¡p to deptås

of 20 fatÌ¡qns a¡¡il above. Houener, this hatt not occurrecl in Doaember 1 9& so

most of tlp va}.p oû tt¡.i.s visLt was lost.

lbo cltrærs in Broæ ¡ng¡se all awa¡e of Naval decø¡uscssion

tabLes but wor¡ld not use the¡n fæ econcnLo reasons, ttreir own erapirf.cal.

rethod.s returning tlp cliver to tl¡e er¡¡faae 1n far shorter tLres.

Desptte tbe ur¡fctw¡ate tfming of the vid.t, tryo ¡¡eco¡.rËls

of a cla¡rrs <llrrlng re¡¡c obtalmd. rvt¡tch ¡rrovett safe, yet rcre out¡f.iùs tlr
lLntts ¡nzmÍtted by Naval. tabLes. lhese a¡e shonr¡ f.n fig. 56, anÅ. analyæð

Ln section 8-56.

6.9

6.&t object

If tbÊ ÌSrpotbests is cc.¡!Eot, 1t nould prettiot an

appneciabLe reôuctlon fn tota"l decøpæssion td.æ, tln greatost unaert¿tnty

betng the clepth for dj-rsect surfacing. Â most ¡nrtÍrrnt test of, thc t5ryotåesle,

a¡rd. tts possibJ.e va}¡e to cltrrtqg, nould cor¡sLst of, |titrattngr thc tire of

clíæct suzfacing of a¡¡ a¡¡1nal r¡Lrich has undergorr tho optinal dlocopresaiæ

f,suat <le¡f.vedL by t'tre tlÊ:f,aL analogtn (æctton 6.52). IÌÊ wlrolc of tt¡o clive

arbitrarin¡r seJecte¿ (lrO ¡nlns. at 15O fect) and. clocøpreEsLon fo¡mat (ffg.
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57), ræedte to be relnated r4gon eaelr ¡¡çç8-¡lo1 +-Jrat q¡a raåræs tùa tot.-1

dlecørpresslon tiæ, l¡er aèva¡¡oês thc ttæ for rapicl dlooø¡ræssúon to

atnoapherfc ¡rcssure. 9uch trJ.afs m¡st be soparateil by tntcnrale of at

Least 2 cl^qys to avoid. retentLon of ar¡y effects fro the ¡nrcrriora nur.

Ifp a¡¡i.n¿tg solÊotoô útc goats sl.noc theæ are d
ocuparablc bod¡r rnass to æn a¡¡dl h¿ve Frqrên of Btnil^sr suscaptlblUty to

ctecøpncssLon siclæee (æotd.on t.l¡Z). Davideon qt d (f 95O) "¡it
Ileuplcman (t feo¡ (þsorÍbc tlp advar¡tagos of ueing thsæ a¡¡Lma].s.

6.82 Eor¡trent

Prnessr¡¡'l.eation Ls effcctcd ln tIÞ cÌ¡anber ehorn fn fige.

,8 anit 39 by cEXr waro al.r suppliecl frø tIæ ccm¡messor a¡d. anoillary c$¡iP-

rcnt shomr Ln fig. lr0. ftuuc bottlos d copnesæ<l alr aze uæct to booEt the

rate of ccnp:ression to ¡nrurit sfuuLatlon of a ètner tlesænètng at ttp co¡¡-

r¡entlor¡al rate of 6O feet ¡nr rnlnutc.

Ihê ta¡¡k oa¡r bc progr@cl f,or a¡¡r ztasonablo presstræ-

tLæ ¡clationshf.p by Dans of tbê progrån transtttêr a¡d. a.sgooiated. tna¡s-

dr¡oerg shown in fig. 4l . ltp tlssi¡lct ctocøpæslion ia plottedt tn radlal

oo-æclir¡,ates oür a bra"sg sheet a¡rcl tbcn out or¡t aa a oan - Just rrLstblt fn t]P

right-hanil lnsttlrcnt ca"se thm Ln fig. 59. ll1tis grrara¡rtocs ne¡rtLtLon d

tÌ¡e sare cloccu¡nression fø ar¡oac¡sivc n¡ns otf, a tti.tratloû¡|.

I r¡niføm f,Iw of frash alr fa su¡rpJJoct to t'tp anfnal.c Uy

rËdna of a nanual b¡r-pass fæ tùs autæatlc tnbt oontrol vahc. I <lecco-

p¡lcssion can bo tc¡minatoct at a4r tlæ blt venting tlp tank ¡fr t'f¡rouib tÌ¡Ê

na¡n¡al exhar¡st va}æs showr¡ Ln ærtcs ¡rlt'b tl¡Ê rotaptor J.n flg. lr{.
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Fig.3I GoATs n' a 'b'
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6.85 hoædr¡¡na

Orp or tro cf ü¡Ê tÌ¡rcc fcnalc goats m¡p r¡pè rt
a tLæ. Ît¡cæ pre dssLgn¿tod 

^, 
B and. O anil ha¿ tÌ¡c folLorlrg Ël'gþtal-

^ 
- 7lr Ibc.

B - 66 Ibs.

O r 5¿r lbs.

Tho goats Íoul,ð bc plaoe<t tn ttp ct¡anbcr on a tna¡r

oontalning <l4r carth, and. ¡nruittcif to sat a.s ut¡c'h hqy as tboy tutstrtL

lfter boltlng tlr d.oæ, p¡rtset¡æ wotrLd. bc a¡rplJ,ciL, tb tfntqg d ths cllæ

starttng frø tbc mænt of atteJ.ning half tbc nrd.ut¡t gaqgg ptlesut€, lo€r

af 75 fcot (a.r.g.). ûpon rcach.Lng tüc cquivalant of 1Ð teet, tùn Brcsstuo

ronLd. bc autmatl.ca.lJ¡r EaJ.ntaiæcl const¡nt by nans of thc rçcøds¡¡-

oontrollcr æt at tùp a¡proprlate cmtnol, Boaitlon åfter ìO d.ns. thÊ

lattcr r¡¡J.t wor¡td bo emitchodl to tho program goæretor oontatttLug tùc oam

for ttp partLcular dlccco¡x.esalon fqøat ¡obcttr¡l¡dl' f,on tù¡¿t n¡n.

\üÌpn thc total dooø¡zrcsgl,on ttæ had ex¡uLrc<l, all
cxhar¡st valvee wor¡-ldl be o¡nrrô f\¡¡^ly a¡¡if tþ gawg ptncsstul brotrgþt to æro

rttl¡Ln 1o-l5 soorrLg. [f¡¡ anl¡als çor¡]d then bc ratclrd., tttroqgb a4y of t;Ùtc

for¡r rLnd.olwc in tfis tank, for {¡}¡o æxt fLæ hqura to æc lf s¡rrytoc

rloræto¡nd. Oa.sa oû bcnrlc rc¡¡c casllðr reoogplæð W tfp ani.nal ltftf.ng e

hoof. ttt.}r üF ttoor boltc stLll ln plroo, the tritcr rrou]d na.tt a f,t¡rttpr

tço nLru¡tcs to so ff, tlr otùrcr goat dcræJ.o¡ndl qmptos ar¡d. ¡rsuld tbpn

rccq¡moss botlr anlma.ls to JO fcot (s.r.g.) r¡pq¡ tOS orygan. ltlhlr lnvar{.ebJ¡l

a¡.tevtrtcd al.l aymptms. [hLg ttçabnt rvor¡].dl bc oontinptl. fæ ærpral borrs

to ut¡lm:lÉ tt! cf,fcct d tùt rù¡D upon aubæqtænt !ü10!o
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6.ôiÞ Resrùis
':

Rrrns usJ.ng thÊ lthcmod¡manlor t¡pe of deccupæasion

deri\re¿L frm ttro tt¡elrna-l analogu (scctton 8.67) rcre lntersporæcl rrtttr
lcontroU n¡ns for nl¡ich sta¡rd¿rcl. Uó. Navy on Royal Naq¡ tabSes F¡îc üsð¡

1L1 tt¡¡ce ty¡ns of clcccrnpæssion ale plottecl f.n fLg. 37 fw f,Ì¡e såne oxtr oaurc

oû ,bO ni.ns¡ at 150 fcet. llbs results are gívon in tablc 18. À11 n¡ns exaopt

No. 2 rere ¡nrfoæê r¡nder resting condl.tl,ons.

slruù[rBg oF co¡[ mIAIS

fi *+n
s¡mptcos

(t oo
tfi
0

7#
o

)

Iota.l
ani.n¿L
deccm:

pressions

t
6
I
I
2

Nr.mber
of

s¡mptcns

1

2
o
6
0

Runs

lÁ safe

o
5ú

1ø
o

(t oo)

saf,e

o
2
4
o
t

totaL

t
¿+

¿+

¿+

1

Tota.1,
dêcc@-

pæssion
ti-æ

55 nins.
J/ nins.
59 ni¡s.
59 nins.
75 nír¡s.

Deqcmpreesion
fo¡uat

Themodynanic
Tttemocl¡marÉc
thermod¡manic
U.S. Nav¡r
Royal. Nariry

IABIE r 9

6.85 conolusior¡s

fþ follo¡uing featr.rrcs d tablss 18 and 19 sould. scen

to Justify coruent¡-

1. gyrrptans appear much soorpr ueing U.8. Navy tabl¡s.

2c Everxr run provtd. unsafe ustng tt¡e U.S. Navy' tabl.es.

3. .IlL ttr¡¡ee goats oxperiencccl bend.s, at sæ ti¡¡e using tù¡Ê

U.9. Nany tables.

lbpse f,acts wou-lcl indicatæ that tbÊ goats uæd. rere mole

susceptlbls to clocør¡nressr.on siclsæss tha¡¡ the pre-eeþctecl, U.8. Nari6r d.iver.
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lotal
decon¡pressio¡rs

1

2

2
2

2

2
2

I
1

2
2

2
2

2
2

Nunber of cases

total

o
1

o
2

1

o
1

o
1

o
1

o
2

o
o

nri1d.

o
1

o
1

1

o
o

o
1

o
o

o
1

0
o

seveæ

o
o

o
1

o

o
1

o
o

o
1

o
1

o
o

Total
decorpnession

ti¡rp

4O ruins.
Jþ mírus.

JJ rnins.
l! rnir:s.

Jj rruns.

/l rnins.
J'i míns.

Jl mins.
.57 ¡nins.

J9 ¡rins,
59 mins.

J! nrins.
59 rui-ns.

J! rÉns.
J9 rains.

lÞcompnession
forrnat usecl.

I'herrno{¡marnic
'IherrnrSmarnÍ.c

I'hermo$mamic
U.lÍ. Navy

U.S" Nar6¡

Roya1 N*v¡r
'Ihe:rnod¡mainic

Thermo$rnamíc
Thermorl¡mamic

I'herrnod¡maliric
U.S. Nav¡¡

lhezmocl,¡au¡nic
U.S. Nanr¡'

'Jherrnod¡mariic
'Iherno{¡marrúc

S¡n:ptoms neoorded.

Goat C

ltlo s¡rmptorns
Itlo s¡rrqrtoms

No s¡rmptonrs
Severe bencls in R"F.

(< t rnin.)
No syrr¡¡rtorrrs
No syuBtonis

Goat B

No s¡mr¡:tor,rs+

itlo s¡runptoms
Mii-d bends irr L.H.

(e mins.)
[4i1d. bend.s in L.H.

(2 r,ins. )
No s¡øq¡rtcrnrs
Fl¡rperpathias R.H.

(e9 rror:rs)

Goat 4

No s¡rmptoms
Mil-d. bernLs in L.T'Ï

(55 nrins. )
IVo s¡rmptoms
Severe bend.s in L.Il.

(t urin. )
No synrp'con:s

Itio syluptoms
No s¡nrptours

No s¡nnptoms
MiLd. bend.s in R.H.

(48 rnins. )
No s¡mr¡¡rtorns
Severe bend.s in R.F.

(t rnin. )
No s¡rraptons
Mild bend.s in ú.H.

(t urin. )
No s¡nnptons
$o s¡nnptoms

Date

7/6/t 66
e/6/t 66

14/6/t 66
16/6/t 66

21/6/t 66

66
t66

y/l/'66
7/7/'66

1v7/166
tg/l/,66

21/7/t 66
26/7/t 66

2B/7/t 66
4/8/'66

Run
No.

1

2

3
¿+

5

6

7

I
9

o
1

2
3

4
5

1

1

1

1

1

1

R.H. rigbt hinåLeg
LJI. J"eft hindJ-eg
,'R.ll. rigbt foreleg
L.F. left foreleg

r¡

+

ÎABIE 18

À pathological in¡estigation fa;i]-ecl to r.eveal wlrether the trouble
v-ras decompression or other injurSr - tÌ,e goats hacl" been climbing
tr"ees that d.a¡1..

Goats were figlrting at pnessrrre - exercise conditio¡rs.

Figures in parentheses inclicate the tinæ of onset of s¡rm¡:toms
folloruing return to sea-]-evel pressrüe.
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R

AIR DRIERS (SILICA GEL)
AIR HEATER (ELECTRICAL)
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IO. PROGRAMME TRANSMIÎTER
II, RECORDER CONTROLLER
12. 3-PEN RECORDER

9 PRESSURE TRANSDUCER

I. COMPRESSOR & BUFFER TANK 4. PRESSURE CHAMBER
5. ROTAMETER,
ó. AIR CYLINDERS

7 AIR SUPPLY REGULATOR
8. PRESSURE TRANSDIJCE R



d+5.

TLÞ rtlrenrodynanior decanpnession cquivalent to the 59 nlns. advocatecl

by thc U.9. Navy J.s probably in the region of 56 + 2 ¡¡¡Lne. for goats.

llhe very nuch longer or¡set tirp recorded. for caseE

follonring the tù¡ormodJmanic format woulcl support tþ tt¡eætlcaL postulatfons

that¡-

l. Gas has s€parated frq¡ soLutl.on long before ttË U.g. Narry

would netr.¡rn thei¡ clfi¡er to the su¡face¡

2. Sepa¡atect gas n"rst be given tLre to congregatc bof,o¡¡e :[t oa¡¡

becæ r¡anÍfest as s¡mptøns.

6.86 Sutr¡re work

*r* ** abq¡e resuLts ¡refer to goats on\r, tlrey hoLdL

the Ímplication that thc sare nattÊmaticaL erçrossf.ons malr al.eo proræ

rea.Listlo for dscroasing cÞccrrpnession ti.res for divers. 9Ínoe trials rrpon

rtÞn cannot be undertalcn by a Facul.ty of EngineerÍr€, tþ uríter has naclo

tentatir¡e arrangerÞnts to further such work cluring a vlsÍt to the R<ryal

Nava-1, Er¡rsiologicaL l¡aboratorie s.
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CHATÎER 7

lHE Httournsrs

Gereral,

Salient Featr¡æs
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CITAP|TER, 7

-
gIE IROFOSED ffiFOSXIE9IS

-

7.1 GENERâI¡

The foregoing e)æerjmentaL ïrolrk would not seen at variance w:itlt

argr featu:æs of the L¡rpotlresis ilerirre¿t frcr¡ firnd.a¡æntal pþsical and. pt{trsio-

logical para¡neters in chapta¡s 2-5. In fact, the ¡results support tt¡e tt¡¡ee

najor cþv:iations frør cornrcntiona.l tlreory trtrj-ch ar€!-

1. Ra¡rclcr¡ nuc]eation by deoøpressíon in vivo.

Z. Àn irùrerent wrsaturation in tissl¡e ritrich inc¡¡eases wittt cÞpt^?t.

3. Gellular ôiffusion coefficients several orders lower tharr

çrera.lly pres¡red. frcm etead¡r-state cþte:minations.

Ttre above featr¡¡es a¡e combineê w'ith others, which have been

describecl previou.sbr, to give a qì¡åntítatir¡e lSrpot'tresis rvh:ich na¡r be

sr¡rnarised qualltatirrely by tlre llst of salient poínts en¡rer¡¿ted. belov¡.

7.2 SÀI,IENT TEATT'R!:S

1 . euantitatir¡e analifses of decorrpr"essions shou-Ld. be based. upon

the rworst possiblet eonrbination of ptqrsical arrd ptgrsiological pararneters

ratlrer tha¡r the ar¡eragg 1il€}y to occr:r in ttre critical tissue t¡6n'

Zc Nucleation of tisste supersatr:ratecl by deconpression is a

ra¡¡d.q¡ processr'the lworst possiblel zonea beíng tlrose in their most stable

ttrermoqma¡ric state, i.êr rvtrore ttrere is complete phase equillbration at aLl

tj¡Fs. In suc¡ reglons, a.L1 gas in excess of satr¡ration nust be prestæcl to

haw EeBarateð frcn¡ solution.
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,. Tl¡a dj^ff'r¡sion cæfficie¡¡t¡s of gases in ceLlrrl.dr matÆrj.¿l a¡e

seræral o¡ders þss t"ha¡¡ tl¡e cornesponÀing va.lues in bLood. or Ínterstítia1
fluid.. These u¡ust be determ:rrpil by a truly transÍent rethoè.

l+. The lnorst possibJer nog:lons for bl,ood¡tlgsue oxahange

occur v'¡!¡ere tqro or more fr:negulerþ-shatrrd. ceJ.Is cmpLetol¡r enrrclop a

oapilJ-ary. lhe mather¡atÍcaL trarrsport modol f,or ttp worst possibl.e case ls
tJrus orp of radial gas dÍ-*fusion frqn a cylíndrícaI capíJ.Lar5r into c¡rtoplasn.

5. There Ls a drlvtng force for ¡re-cllseoluing a¡¡d. tra¡sporting

separatecL irprt gas to ttre aapltlary. ltÌris arises from retabollsr and. t^rr

c¡¡eases lirrearþ w:lth pressure, becoring appnecfabLe for a¡Ur deptt¡ frcn¡ ry&rlch

deccmpression ma¡r ¡rrovo}e s¡mptørs.

6. Gas separating frc¡r¡ solution is Ínitially deposíteil as ver-¡r

f,fuæ bubbl'es or fÍlns, preferentia.lly located at argr ùi¡¡ect lipid-agueous

phase bor:¡rd.aries vehich na¡r exist witt¡ín the critical tissue t¡4rc, TIE

coalescence of these fÍlms, qr oongregation of tt¡e bubbJes, ca¡¡ be acceLerated

by moveuent of the tissr¡e

7. Paln, or other s¡rmptours of decørp:resslon siokness, can beccre

nar¡ifest urhen the gas-tissr.æ pressure cLiffer"ential, is suffÍcient to cause a

ne:cr¡e en*ing to be bent or othernrise ili-stortæil beyond. a critÍcal thæstrol-d.

This car¡ occur wtpn a Iocal concentration of qpcharÉca1 st¡.ess arises by

virüre of the ra¡rd.cn congregation of bubbles describecl abo\¡e.

8. Ihe critærion for the threshold. to be exceeded ca¡r be

e:rpressed quantitatír¡ely by oæ cquation (mC) for argr conèltlor¡s.
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ctnÊER, I

-TSSESSIEI\IT CE' gTE IilFOtrfESIS

8.1 Qualltatí\¡e Assesgnent

8.11 Gerpral approach
8.12 Rar¡d.qr¡ ¡ùenorena
8.13 Stj¡m¡Lation
8.14 X-ray ctata
8.15 llhn ef,fects ctr inc¡¡oased. oxygen
8.16 ottpr ga.ses
8.17 ParasÞters of the irÈivlituaL
8.1 I l¡LisceLla¡por:s ¡ihcnwnna

8.2 Qr¡a¡rtitative Co:creLatior¡s Independent of !f,lre
8.21 Oonstants
8.22 Minimr.¡m clepth for s¡mptørs
8.25 Minjmrzn aLtitude for s¡nnptcrns
8.?h tr[ir¡l¡nur a].titude for a phaæ char¡þ
8.25 Mirrir¡r¡n r¡nsefe deptl¡ w:lth iucreaseil o:çygcn
8,-26 lÂir¡imr¡n r¡nsafe clepth rrlth belitm
8.27 The deconpression ratio

8.3 Q¡¡arrtftetiræ Âna-lvses Involvinq :IiJß

Deccropress¡lon to the sr.¡rface
No-stage d.ir¡es
y't relationship

Consta¡tts used. for èiræ anaþses
Values of constarrtE
Response of tÌ¡e system

8.4 Analvses of No-stage Dir¡es

8.¿d f$cubar &ir¡es breathing air
8.42 Títrated worldng clir¡es
8.1+3 Miscella¡reous unsaf,e ùÍr¿es
8..|+h HeHrm èir¡es
8J+5 rQqrgen bend.sr

8-51
9.32
8.33
8.*
8.35
8.t6
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8-6 Àno]rraaq trF Tl{r¡aq ul*h St-¿ç¡lnæ

8.tl Sta€tir€
8.52 Îitratecl stagr ¡¡g
8.5, torld.ng èLræs
8.5¿$ l¡H.sce1tareou!¡ nrîeck dfves
8,.55 fhe stagrng oonstant (À)
8.56 Oldnawar¡ ilLrres
8,57 Repetttive cllves

8.6 Fur¡dsrpntal Interp¡retatLon of Consta¡rts

8.61 The three groqps of oonsta¡rts
8,62 Relatíve e:ærcÍEe LerrcLs
8.63 Iho cll¡ær¡oLor¡less grot¡p (A/")
8.6[ Ihe oapillary Èiarpter
8,65 ftre group (o/"')
8.6,6 The dlneñsto;þis group (rolsro)
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TÍ¡TE8SüEII]I CE' TITE ITTPO$ItrIG¡

8.1 QUAI¡ITATTIJE AE¡sESS'IUE¡'¡I

-

8.1{ GerpraL approach

Decompression slckr¡ess is rentio¡reô a ¡nir¡lmr¡n nr¡mber of

tÍ¡es drrring tlre derivation of tjre tgrpothesis in chapters J, 4 a¡¡<l 5 in
o¡der to att¿in a more fi.¡nla¡rental approach. Having fir¡alísecl. tl¡ese

dectr¡ctíons (chapter 7), ttre task 5.s norv orp of testing the ccnpatlbillty

of thls postulated. theory vrittr the man¡r phenqrena recorrËleiL ín the llteratr¡æ

which are strncÍfic to deocrnpression siclæss.

Ilrts initíaJ. qualltatíræ assÊssment tales the forr¡ of, a

ccmparison of tttis Ìgpot'tresie with the publlstpd. theorles on tlæ broad

lgsues d¡-
(") ttre ¡æohar¡isn - phase equllibration or su¡nrsaturatLon,

or theoríes of bubbles wt¡ose grorth is ll¡niteil by inter-

phase gas transfer.

(U) transport - rad.ial d.Íffusion or blood. ¡crfuslon as

rate-Li¡niting.

The as¡nots s¡nciffc to ttre cùevelo¡ment of s¡mptouo

aie Usted. belcnv a¡rð cLass.lfied. wtp¡¡e feasible into the follovring æotions¡-

8.1 2 Ba¡rd.cr¡ ptre4sÊr¡a.

fb¡o of the most striklng featr¡æs of cleccnqrression

siolsress a¡e tl¡Ê varíabLe onset tjJne aJ¡d. tlp ra¡¡lm occunronce of s¡mrptcrns

rrytren tl¡e safeþr llmits for ar¡r clecm¡rrossion forr¡at have been excoecþd.

(soctlon 1.25). Most theories avoid. ttpse issues as i¡aeLeva¡¡t to ttp
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cai.cuLation of the saf,etJ¡ l'iuits. Hc-.Je1ær, it Le felt +åat a.r¡,' raiåæ

obsenration must be tl¡e ma¡rifestatíon of at least oræ rand.om pÌ¡yslca.l or

ptgrsiological proceos, and. that no tt¡eo¡retical approach is conpæhensivs

ur¡Less the motùeI or rechani.sn postuLatecl. has at Least oræ stage denanèing

statÍstical lntorpretation. lhe sgecífic points to bê correlateil na¡r thr.rs

be listecl. as foLlows¡,-

(f) Ranitq¡ occurrence ntr.tch is cørpatíbl€ vrlth the tlrerr¡o{ynanic

t¡pothesis on the grounds of ra¡rd.qn nucleatl.on (sectÍon ¿+.rl+), no rætastaþlß

ljirl¡it being postulated. as irnpLíed. by the theories base¿l upon a críticaL lttrlt
to su¡nrsatrrration. Thís effect is erùranceit by the ímeguJ.ar r¡atr¡:¡e of

tissr¡c gecætry postul,ateil (sectlon 5.4) in rrrtrich onJ¡r a few negions wou].¿t.

cor¡fo¡so to ttre worst possible transport case of tryo cells enrlelopÍng a

capiLLar¡r. The probability of anür one of ttrese zoms of ttre critical tis$¡e

t¡rpe beÍng sufficÍentþ nucJ.eatecl to acquire pha* equillbration strorrlê thus

be of the sane order as the fraction of cases recordecl in narginaLþ u'rsafe

deccrnpressions (tatfe Z6). A mor.e quantÍtatÍw correlation iE not possibLe

without lmowing tt¡e tissr¡e t¡4n respor¡sÍbLe.

(ff) Increasect íncidence oû s¡mptans with incrrasíng ilocoqnression

wttich ís notecL rù¡en the safet¡r lLnits haræ been exceeded.. Ihis is iAlustrateil

by Bateman (lgy) for aeria-L clecmpressions to altítudes Ín excess of a

tt¡restroLd in tl¡e negion of Z2rCoO feet (sectíon 1 .71), Tlp ino¡easecl

ir¡cidence of symptøns in ttp sarÞ ir¡¿ir¡ictt¡a-Ls rrittt greater altitucùe iE

ccrnpatlble w:ith the incneaslng probability of gas phase ìniti¿f,len oocumíng

for greater cÞcmpr"essions. thie aan hotd onl¡r lf the retastaþle zorr

impJ.ieil by su¡nrsatr¡ration ttreories rrcre ¡realþ oræ of ra¡rd.cr¡ nr¡cleation.
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(fii) Ra¡rd.q¡ onset tfuÞ of sgrmptans (section 1.25), rvtrfoh Ís

ccupatible with tt€ raxrd.ø¡ nature of, gas coaLescence æ ttre congnegation of

bubbles into a regÍon wtpre their integrateil læcha¡rioa-L stress rûalr causÊ

s¡nrptans (sectlon 4.1¡).

This trùenoænon would. seem more èifficult to co¡ælate

w:itùt supersaturati.on tÌ¡eorios, most of nhich j¡nply that tl¡e ¡rrre pre¡lence

of tù¡e ga.s tr¡ha.se provolies symptøts. [his o¡Éníon is en]rancect by t]¡e obser¡a-

tion tÌ¡at nucþation invarlab\r ocoulreil rrrit't¡.in a n:inute qr Eo of rrcry rqpfi¡.

decmpressionE in vitro (sectf on )+.2). fhis is a¡r o¡'riler or two itiffe¡¡ent

frqn tù¡e o¡rset ti¡re for s¡nnptms (tatfe t ).
If the rate of tra¡rsfer cf nitrogen frø¡ tissue f1rrtd.

to tÏ¡e gas phase r¡re¡¡e the cnitical rpchantsr orp would anticipate far lcss

scatter in ttre tj¡re during utrLch tt¡e bubbl€ would. ¡each a criticaL siæ

under iclentical external conèitíons. This wouJ.d. tend. to detraot frqn tlre

theories of Ni¡rs a¡rd. Bateman as interpreted. in secti-on 1.67.

*î sågnÌficant 1s ¡nrhaps tt¡e effect cf e¡ærcise

upon onset tiJæ.

8.13 $ti,nrrlation

The effects cf stimuLatíon upon tt¡e inciilence of

s¡rmptcrns èiffer accorùing to ttre form of the sti¡¡t¡l'ation a¡¡ct the stage

of applícation, í.e.
(i") E:<ercise foJ,low:ing decørpnessíon decreases the onsot tLrn

of s¡nmptcms (section 1.t+6). This obsorvatíon is cøpatÍble with t'tre

Ïgpothesis sirrce ttp recharricaL action of e:¡ercise shoulil hastæn the

oongregation of gas separated. frø solution
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Mechanica-L gtra-ín i¡gruted. b¡r eterclse is put forwa:rà

by nar¡¡r advocates of tlrÉted. su¡nrsaturation tl¡eories as a¡r add.itior¡al

source of decøpnession (section t+.42). Hov¡sver, orÞ wouliL tùren ex¡nct

phase separation to occr¡r rv'ith thÊ first strairriag mor¡e¡nent srrring
fnstantarpous nucleatlon a¡rd. henoo i.mæd.iate s¡mptæs.

rhrb the foregoing Ítens conoerîaing onset tires wor¡lil

favr¡ur tÌ¡e ttresro{ynam:ic tgpothosls, there wouLd. be noüring to prerrcnt ttre

concept of coa].escence being íncorporated. into oürer tùeories.

(") Exeraise at depth inc:¡eases tt¡e incicler¡ce of s¡m¡rtcns

(section 1.46). thÍs observation is neaèiþ e:çlaired by incneasod r4rta¡<e

of lrert gas a¡d ca¡¡ be thr¡s cLaL¡æô as ccrrpatibl¡ ryith alt theorles.

Mathenattcalþ¡ thís naSr be e:çnesæd. for the t*¡e:rro{ynanic }gpothesis as

a dscrease Ín the (A/") ratio in Eguation VII.
("i) Exercise dtrring ple-orcJrger¡ation tencls to ¡reduce ttp j.ncidence

of s¡rytorns (sectlon t.L6). This ís agai.n reaèlþ Ínterpretecr by aLJ.

theories on the basis of ir¡o:¡eased. rpntír¡g of írprt gas ¡rrior to ilecørF¡ression

(u¿f) Inc:reased. tem¡nratrrre follorving decørpression tend.s to

reduce tt¡e incidence of s¡mptcms. This na¡r be sinLlår\y ínterprebcf by a1L

ttreories in te¡ms of íncreasod. bLood.¡tissr¡e exchârlger

The effects listed. in items vr vÌ[ a¡¡cl vii might seøn

too sna,Ll to be interpnetæd. by the ooÍnesponâ{ng increase in blood. flow to
tt¡e overaLl r.egions contracti.ng s¡mptons. Jotæs hgn) èiscusses tt¡e

narginal effects of e:rerciso. Hmver, aðvocates of círaulatio¡::control1i4g

transport grocesses wottlil seem to har¡e a¡¡ o:çIanation consistent rr¡ittr t]¡ei^r
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nsdel Ln attributing suoh ql¡pa¡nent ùlscrepancíes to tæterogerous

¡nrfusJ.on producing a rurglnal inc¡ease ín blood. flow to the unicþnti-f,iecl

oritical tissue tJæe.

(vfff) E:ærcise ðrrring deoønprcsslon Lnc¡¡ea¡os tt¡B clrances of,

s¡nnptanrs ocorrrrf.ng (sectlon I .46). lhís wouLcL appea¡ contrarSr to a,Ll, tùeories

in vùich any <legr€e of su¡nrsatr¡ratLon is postulated, Ln estinating the

proximity to a¡mptøns; ercercise couLd. on\r acoelsrato tissr¡e desaturatlon

i^f, no phase chanç h¿s occur¡¡ed..

lcoorrling to tle thermod¡manlo lgpotJresÍs, however,

this increased. Ioss of, irert gas via the capilla¡y shoul.d' be ôirectJy opposed,

to tÏ¡e ottrer effect cf exercise ln stmulta¡leously pronoting coaLeEoer¡oe. lIþ

relatiw pred.ol,nance of tÌ¡ese proaesrrs should <lepenð upon the quarrtiþr d

æparatecl gas presont during decopnessÍon. Her¡ce the thennod¡mamic

hy¡lothesis preòicts tl¡at exeroise cturing decou¡ræssion wor¡ld. not be advocated.

by ttn U.S. NarlSr (f g6¿*). they nale a rrcry long first tpul.lr frqr¡ tt¡e bottcrn

ctrrrlrrg rnÈ¡ich ruuoh gas shor¡lct separate frm sol¡¡tion. lhlg cot¡fd. tl¡en

coa].esce dr.ring tl¡e re¡n¿irder of the decønpresslon to a fom lcss coûlusinÞ

to zç-sol¡¡tion ín later sf,qg{ngs. It ls NarraL cx¡nrience to avoiò e¡erci*

clurS.ng decønpæssion - Behn¡€ (t 95f ).
&r thÊ otù¡er har¡ð, adhc¡¡ense to the opti-ma.l condlitior¡s

proposecl in section 5.9t ln which no phase chango should occÌ¡r, woul.ð

indioate that e:<ercise ôrrring clecar¡nression should. redr¡oe tlte incicþ¡rce of

s¡rrptans. In ttriE lreslnct it is lnteresting to noto tù¡at c¿lsson wulers

appear€ð no mqre susceptiblc to be¡ylg by waLldng duning tte rdsept stagir¡igs

usccL by Japp (f 909).
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8.t l+ r-tsrr d.a.ts.

Ferrfs anô Engol (lg>l) state that tù¡e first X-ray

str¡Åies of decwrpresElon siclæss, uraile by Eveþn (t gh1) a¡¡a Boothby et al
(19tO), demonstrate tlp presence of bubbles or accumulations of gas 1n

Joint a¡rd. tendon sheath spå.@sr Subseqr.æntþ, lebb et al (r %:) a¡r¿

Bla¡rlcrùrorn a¡rd. Femis (t g+4) haræ found. ttrat gas occurs in ttr¡¡ee foms;-
(") In tÌ¡e Joint rvhere the¡¡e is no cor¡re1atíon vrlt*l pain.

(t) âs iliscreet ror¡nd. gas bubbl.es in the perÍartÍcular tieslþs

about t*¡e loæe joint, usually seen just betr.ir¡¿t or lateral

to the rpck of tle femt¡r in the popliteal f,at pad.

(.) Firn J.ongituilinal str.eaking in the popJ.itea.l fossa rvhich

aBpears to be èistributed. aLong tend.on or muscLe bur¡ðLes.

Stereoscopic stuùies of tÌ¡eæ Lesíons reræal them to be

rwide, flat ribbon-llb strad.owst presr.unabþ of fineþ
clispersed. gas particLes. Ttny can be seen onJ¡r when tho

angJ.e of the X-rays to the ¡ar¿ is obtuse.

Íebb et al found. that sbreaking coulcl preclict 7+ out of

85 cases of decønpr.ession siclcr¡ess correctþ. 6 cases rere found. èisplayÍng

st¿eakir¡g but no bubbles or pain. TLe occurænce of a ¡ñase cha.r¡ge uithotrt

pain has been confiznreè by lho+as and ftLli*" (t914). In view of ttre

observatlons of Ryiler et al (t g+¡), w?ro for:nd. ttre fÍrst inèications of

strealcing to occur at a¡¡ aLtitude of 1 2r00O feet, ít woulcl seem that the

rfLat ribbon-lile st¡adowsi a¡le a.n initiaL sta.ge in the fomratlon of bubbles

- possibþ the gas filns pretlictecl the:mo{ynarrically (section 7.2).
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Íhil€ a"lL tteonles wst¡ld. ag€e rfittr the corclaü.on

betvteen bencls ancl :reaognisable bubbJ.es, ttrc ¡ld,nts w?¡fch offer a more

oritioal omparison a¡e t-
(¡,) Stædring of X-ral B1atos, vjh-tch rna¡r be obsêrrecl nrit&r or

without the siu¡ulta¡pous occr¡rnence of s¡mptcns. ll¡-ts Ls o¡æ of ttp
strongest points in favor¡r of the thermodynanÍc t¡çrothesls sinoe it
¡troviclee clinect errlclence of tÌ¡e presence of separatect gas pr¿o¡. to its
coaJsscenoe or congregation into a bubbLe of EufficLent s1æ to provolc

pa,Ln. This practica.l obsa¡¡atíon is very d-tffLcult to interpret by ar¡y

theory o¡rposed. to tlre concept of isilent bubblesr.

(*) Mir¡i-n¡rl altLtr¡de for gt¡¡eaking, whioh LurpJies tlp ctecqþ

pæsrion æecþcL to initiate phase separatÍon. |[he a,l,titt¡iþ rar¡gg of I O,OOO-

l2rO0O feetr as tln point at wluich changes occur in X-ra¡r ¡ihotographs ancl

tÌÞ f1uid. volr¡e of ttre spfnal colunn etc. ¡ is clisoussecl quantitatirrcþ in

sectLon 8.24.

lllp above ilata is inccmpatÍbte urith gr¡¡r decøpression

ratio or fi¡reê lP of the orclÞr enulsageil by advooates of Liûriting sr4nr-

saturation tlreorÍes¡ Mo:reover, such a tt¡¡cshold is dffficuJ.t to envisago

frør tt¡e mathernatieal- e:çressÍons of Nirns, Batoman or llbano (æations t.66

a¡¡è 1.6/) ntrlch ímply ttrat gronüh of tt¡e gae ¡*rase shor¡Ld" start for argr

dooørprnession frqr¡ ambient.

8.15 flp effects of {nc¡reasecl otcrfen

Tlp effects of incæasing tlp mol.e f,raction of o:q¡gen

ln tl¡e ir¡haled gas nrlxture lnvaríab\y ¡reduces the tilollhoocl of s¡mrptms.
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Honnver, ttre relative extent of protactl-on ls not obrrious snd. þad.s

to tte foJ-loming as¡ncts nequiring corcl,ationi-

(r¿) O¡qygen wastr-out hefore docornpnessÍon, wt¡íoh ¡rectuces tl¡e

probability of s¡ørptans occuming later - wtpther applied prior to apria.l

ascent (seotion 1.5t+) or for a shcrt tÍ-ûE i-@ðiately before rising frqn

depth (section 1.r3). This phencnenon oan be read:iþ elçIahæd. by a.LI

theories orr the gereral- basis of rwashíng outr the ir:ort gas althougþ few,

if ar¡r, derir¡e quantitatiræ expressions strorring that o4yçn d'æs not

replace the irert gas in tl¡e crítica1 tissræ t¡4r. Quarrtitatir¡e account

of this phenænon oan be talæn by the therrnodyrrarric l6rpothesj-s in the fornt

of equation XII, rvtrere decneased. x (frigher Oa moLe fraction) decreases g

arul hence the proxirnity to s¡rmptoms (equatíon )m().

(*ii) trrcnee.se in the mini¡nr¡r¡ ttepth for s¡mptøns, whích is for¡nd.

w:ith breathÍng gas wÍth a Ìrigþer mole fraction of O, (secti on I .53). Accord-

J.ng to equation 48 increased. partial pressure of i¡rtral-ecl. orrygen sl¡oulcl

correspond. to tt¡e ír:crease in Í¡ùrer.ent r¡nsatr:ration, ¡errnitting ren to

sr¡rface di-nectly frcm greater clepth. Quantitatir¡e co¡relation is cont¿ired.

in section 8.2J.

(gif) Improved. t¡reab¡ent of s¡æptørs by using i¡roreasecl o:S/-gen

during recoclpression, w?rich is a tcchniqr¡e found. advantageous by Goodna¡t

arrd. [or]¡nÐ (t 966). Accorèing to the t]rrmod¡marric t5ryothesÍs t]::is again

cor.respo¡d.s to a greater vahe for tt¡e ilrivÍng force (Ap) for inert gas

r"e-sol¡.rtÍon (ec¡uation )Otf ).
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(r¿") Deoreasect aôvantago of pneo:ryçnation at altitucÞ (see

sêction 1.54). lccord.ir,g to the thermo{ynarric h¡rpothesis tl¡:is observation is

ompatiblc r'¿ith a lov¡er value of ¿p 1n eqr.ration JOLT, or drivi:¡g force for ínert'

gas elinination, for a sa,ll.er valtp of, P. Thís ¡ùronøenon is iliffícult to

e:çlain by ar6r su¡nrsatrration theory since ttre tension dlfferentiaL prov:icling

t}¡e drivÉng force for irsrt gas rwash-outt by 1Ø Oz sl¡ouLd. be the Ba¡rÞ for

an¡r absoluto pressuæ. åcco¡{ing to such ttponies no phase ohange shouL¿l ocor¡r

r.¡¡rtiL higher aLtftudes a¡e æactpd.

8.16 Other qases

-

ÍÌp variation of the proportíon of gases other than o:ryçn

loads to the fo1Low:irig points for cor¡¡elationt- .

(ot) The substÍtution of ott¡er irrert gases fæ nítrogen, particul.arþ

lplltm wt¡ich is less solublo in both agueous and Jåpíð phases. llp advar¡tages

of usf.ng IIe for dlves of lor¡g clt¡ration a.ro cørpatibLo urttl¡ aIL ttreo¡C.es

qualttativelür tlce reLevarrt erq>ression for tlp thenrcd¡marÉc tg4pothosis being

equatd.on XIf.
(r.ri) Ino¡reaseô Ír¡haJ€¿ ca¡bon clioxiclo, nit¡:lch has a rsgligibJ.e effect

upon bend,s ir'¡oidence (see section 1.À4). locorrllng to tåe thermod¡manío

tgrpothesis tle substitutíon of CO, for irært gas in the atmosphere shot¡lcl cause

a]nost tLæ sare change in the correspondLng ceIJ. tonsíons. Hoirerær, total ceLL

tensions would. hardly cha¡¡ggr a¡rd. since thÍs is tÌ:e ¡¡eLeva¡rt pararneter

dete¡minirìg tùF extent of phase sparation, ttcre shouL¿L be rrgJ.igÍbl.e effect

upon tho inciclenae of s¡m¡rtcns.
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This obsern'atåcn r,e'J:.å æen ånocaopatibl,e .,.,:ith üieories

of crj.tical sutrnrsaturation if ore accepts the exgerinental acetylern

results (tig. t 9). These inèicate that sr¡bstitution of a more solubLe for
a less soLubLe gas strould. gr"eatþ íno¡rease the probabififf of car¡itation f,or

tt¡e sarp tissue tensions ancl extent of deconpresslon.

lccorôing to theories in vrhich gas transfer across the

bubble-fLuid. Lnterface is rate-ll¡niting, ore would agdin ex¡nct the bigtrer

so}:bility of CO- to incnease ber¡d.s incidenoe.I

8.17 Para¡¡pt¡rs of tlp inû1vidr¡a1

llte factors which na¡r ir:flrrerrce ir¡div:idual susceptibllity

to cleccnpression siclmess are listed. as follows¡-

(o¿f) Obesit¡r, j.n n¡trich susceptibifif inc:¡eases vrlth the moæ

corpulent indiviôuals (section 1.5). This obsen¡ation wouLd. seen equalþ

welL Ínterlpreted by al.J. theonies or¡ the basis of a hj-gher fat content of tl¡e
overall bod¡r beíng reflected. as a higher lípid. content in tlp critical
tissue tïpe, i.e. increased. S in equations XII anè þCf,.

(:rviff) Ûater balence, in rù-lch a ÌÉgt¡ natr¡ral fluid. tr¡rnover has

proved. a¡¡ inèlcator of inèiv:idua,L susceptibÍfit¡r (section 1.53). ThÊ urÍter
couLd. fj¡¡d. no fi¡ncla¡nental interpretation of this ptenøænon Ínttre Llteratur,e,

Jorps (t gfi ) describing it as tpuzzling!.

Holrerrcr, Macfarla¡e (196ù has shotrn a definite incæase

j¡r watær turnoner rate w:ith the water content of cattLe grazing in ùif,feænt

parts of Australia. Moreorrer, mar{r referenoes are quotecL by lÞys and

Brozek (lyEl) illustratÍng the neciprocal r"t*rt of water a¡rd. fat contents
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of, tt¡Ê hr¡r¡a¡¡ boq¡. Without goir¡g møe doep\y into tluls aspect ít wouLd

seem that h-igher natural water tu¡norrer is an inèication of a loner

ir¡lærent lipid. content, a¡¡d. trence lover susceptÍbility to decompression

siclæss. Tt¡^is would. again be equal\r acceptable accorùing to alL tteories.

Possible justifiaatÍon for the assumption tl¡at tlte

overall fat contænt of tte boily is a ¡ref,Lection of tt¡e J.Ípíd. content of t*¡e

critical tLssræ ty¡n is prwiilecl by Gersh et al (1 94). lhey fi¡d. a definite

co¡relatj.on betr¡reen arrerage f,at a¡rd. the llpid. cont¡nt of tenilon ín guirea

pigs.

(r¿r,) Age, where a.dvancing yea¡s írrcreases susceptibÍtity (sectÍon

1.52). This wouLcl corr.espond, to ir¡c¡¡easíng elastic rnoclu]i aocorrli.ng to

equation II. Moneorrer, the ùi¡rect proportionality e:qlressocl in this

equatÍon transposos a llrnar ir¡crease of tissìæ norlul,us vrrlth qge to oæ of,

susceptibility nÉth aeg (section 4.16).

8.18 Miscellarpous plpncfiPna

Miscel,lanoous aspects of decørprsssion siclg¡ess n?¡ioh

f,r¡rther Íllustra{æ the clir¡erse r¡ature of phencnnna to be cornelatecl inchide¡-

(ror) lhe ùirrnal ber¡ds effect. Tbis is onl¡r r''ecorilodfor rægative

gauge pressures ard. is far mo:ne pronoìxlceð at græater altitudes (sectíon

1.1+2). It is reaèi]y interpneted. by the t*rermodynanic tr¡pothesÍs on the

basis of the èir¡rnal shift in ¡ætaboli.c rate. ThLs is cor¡fi¡ned" by Steræns

et aL (f gl+Z) on t,k¡e basís of orygen oonsrnption rÊasured. durirrg cleconpressiør

trials ín rvtrict¡. there was f,or¡nd. to be no change in the eli¡:ination rate of

irnrt gas. Qrlarrtítatirnujy, eqr.ution 58 would pretllct that in the afternoons¡

tle rptabollc rate (U) woufa be g€ater a¡rd. her¡ce (no * P") wouJa be saller
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than 1n tùn monrings. Hence the total tensio-n of al-l- v-e'Ig.!!þ sall

conporsnts st¡ould. be s:¡aLl.er and. so tÌæ¡re shoul,¿L be a lovrer íncidenoe of

s¡mptcrns in afternoon trials. Ítre extent of tl¡is tcnsion cha¡ge cou1d. not

exceed. thÊ àO nrn. IIg marimr.ur differential set by netabol.ism (equatton,t+8).

Moneorrer, tttis iLifference betrreen the li¡nitÍng va}:es on\r beccnes appreciatik

¡reLative to absolute pressure at high altitucþs. Her¡ce the íncrease Ín the

iltr¡rna.I bend.s effect vrittr incneasing altitr¡de is off,eneð as ore of the

major points supportÍng ttre more pronounced. roLe of ttp ¡reactir¡e gas€sr In

the conr¡entionaL theories no reference could. be forr¡¡d. to a quantÍtative

assessnent of tte effects of rætabolisrn upon decønpression sicl<rËgs.

(to¿) TÌæ ctecreasing tolerance of pilots to sr¡ccessir¡e aeríe.l

decanpnessj.ons (ctescríbect in section t .51¡). It wouLd. seen ínconsistent

Yritù¡ a.11. su¡nrsatr.raüion theories that a !úlot shot¡LcL be æstricted. to

suceæssir¡eþ Lcmer aLtitucles iÞspite br.eathing 10úÁ Oz frm the start of

the fírst deconpression. If no phase separation h¿d. occunned in the

earlier safe rfligþtsr orp could. onJ¡r pnesræ that le must har¡e Lost irprt
gas and. so be capable of none, and not less decørp¡pssion the next ti.rn.

lÍith grcrurth-tirniting ttreories one could onJ¡r visualíse bubbles neoe&lng

n:itt¡ f\¡rtåer fwastr-outt tirrp.

loconèirrg to tlp themodynan:lc lgrpotlresis, ttre driving

force for i¡ert gas clesaturatlon (¿g f" eguatf.on Xf,I) fs ræry snall f,or lonr

absol¡rtp pr€ssr¡res. litt¡ successiïe deccoçræssfo¡rs oræ should æt inc¡¡eased.

coalescer¡ce qr cong¡îegation of gas v*¡ose total qua¡tity is on\y decneasing

sLovl¡r. Hence it fs ccmpatible rfith tlr l6pothesis that a pilotr s toleranoe

s}¡oulô doc¡ease with successfite fJ.ígþts.
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(rurrf) Fost-deccmpression sÍclæss (æe section I .56). fhis
\rery ra¡e ptrenoenon of s¡mptcns f,Írst occurir¡g after ætr¡rn of a pllot to

grounrl Leæl vrrould. seem ir¡reco¡oílabLe v¡íth all tlreories incluiling the

therno{ynaruic tqrpot}rosis. Horerær, tt¡o Latter does pæclLct tù¿t a phase

change can occur v¡ithout s¡mptøs so that ¡recompr€ssecL bubble s oouLd.

congregate or coalesce following ltccnrpressfon. It ls rcry ctiffÍcuLt to

finif any c:çlanation on tlp basis of tl¡eories of ll¡nited. su¡nrsatr¡ratj.on

v¿trene no s¡rmptøns at altitucle tmp\y no phase separation. Ttpre would eJ,so

be no ilriving force for bubbLe grc,urüh to continr.p after recqpr¡esaion, ao

coalescence is again ínùicateô as ttæ fin.al process for the læchanis¡ of

inducing s¡rmptons.

(¡o¿ff) 9r¡rface cteccnrpnession, wtrich is ttp nale given to ttre

proceas vuhereby a èir¡er may be rapict\r broqgþt to tho surface, irured:iately

recornp¡¡essecl on deckrar¡cl t},cn decmpressed. a^s thongh stiIl at deptlt

(¡e¡nlæ , ,t951),

Tlp fact thåt tle sarc decørpnession fomat may be useè

is exactJ¡r contrarXr to a.LJ. theories postuLating a crltícaL deg¡ee of su¡nn-

eatl¡ration, since the system mr¡st harrc been nr.¡cLeated. duning thÊ initiaL
lpullr to the surface. On the other hand., adherence to the concept of

ttrerzrod¡¡nannic equiU.brÍr-un i.ur¡rlies that the larç initial phase separatÍon

wor¡Id. ¡peatþ :¡eèuce ttæ driuing force for i¡¡ert gas redistribution &ui.ng

ascent to the clumber on cleck. hor¡ided. the d.ivenrere recomtræssed. befo:se

apprcciabl.e coales cerße of tlre separatecl gas couJd. occt¡r, tlre irert gas

ctfstribution st¡or¡ld be littl€ <Ëfferent rvhen ma¡ci¡rn¡n pr€ssure ís :re-attaired.

(e.g. fig. 12, gràlth 4). IIence tåe sare subsequent deccmpnesslon procedur.e

should hoild - rY?¡aterær its theoretical baslg.
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The thesto{ænie !¡rpothes!.s'¡'.ould +åus in+.€rpæt the

tra¡rsfer ti¡æ fr<xn clepth to surface aha¡nber as Li¡n"itecl by ttre inductfon

period. fon tùe c¡reation of the critical loca,L tryres$tre djffeæntlal by

coaLescence of a nolt¡re of, separated. gas ín excess of the mínf¡nw¡ nequired

to provo}e er¡entual s¡mrptons. lhis would. ir¡f,er that the cLir¡er st¡ould talæ

ttre very mini¡nr¡r of exercÍse during tlre tra¡¡sf,er in o¡der to delay tlre

process of gas congregation. The latter Imecliction is in agreerrent w:ittr

the praotical flndings of Gouze (f gl+).

fhi1e ttre foregoing pofnts are qualitatine, 1t is feJ,t

tl¡at the tn¡e test of tt¡e tÌærmo{ynan:ic }gpottresis lles Ln its ability to

corre late e r¡n rirrentaL ilata quantitatiræ J,¡r.

8.2 OF

8.4 Oo¡rsta¡rts

;-o no nunerioal val'es have been gir¡en to ttre
constants in the quantitatÍve erçressions deríæcL to describe tlre proxÍrnít¡r

of tlp 1nðiuidr¡al to narginal. s¡rnptoms. Frqn the equations sw¡arised. ln
sectíon 5.f\, it may be seen that t'he ntmber of constants ¡nay be neèr¡ceit to

tl:¡ce groups. Ttlese are as foLlo¡¿s¡-

1. (f'o/Seo), nhich is èinensionLess a¡rd. characteristic of tåe

susceptlbility of the i¡¡clividu¡L for a given irnrt gas. Ihe çita.l

pdrsreter (f) n"" a critioal, va}¡e (f.) inaepndent of the j.¡rert gas, and.

l¡ence its solubiLity (9).

2. (U/"), whlch Ís a djrensíonless groqp deflning ttre ¡reLative

georætry of the transport model, a¡rd. trence ttre èi¡rensior¡less te)Íì (acJ
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accorèing to equation \IJII. It is eesentially a parareter characterÍsfng

the vascuJ.arity of tl¡e crÍtioal tissr¡e t¡4n.

3. Þ/"t), wåaich has tt¡e èturpnsfons or (ti¡re)-t, iu the factor
ccrnplimentary to (A/") in dete¡¡ruinÍrrg t*re tra¡¡sj.ent response of tlre system¡

since the time constants ctþ þnr"tion xr) nay be erqrnessed. as

(o/^")("o, ) 
t.

It is feLt that ttre reductLon of the effectíve nr.u¡ber

of constants to t}¡¡ee dpc¡reases thÊ nunber of rdegnees d freeôør, such

that tåe anaþsÍs of d.ata constítutes a more rigorous test of the tSpothesis.

Tllis nwùer neJr be recluced. to ore in tù¡ose as¡ncts of,

deccmpression sickrpss n?rere tÍ¡æ is no longer a reLeva¡lt variable a¡rd.

rvhe¡¡e (a/") ana (O/az) a¡e not lnvolved.. ttpse a¡e tle ca"ses ín rt¡ich the

bod¡r is brorrgþt to a stead¡r-Etate befoæ docønpresslon, a¡d. inclr¡de the

followingr-

8.22 !ûini¡lLû¡ depttr fæ sr¡nptcû¡s

In sectLon 1.31 the optnlon has been c:çresgoð tt¡at tl¡e

best quarrtitatir¡e assesslÞnt of suscoptibittty is affordect by the mLr¡Lur¡n

depth fron wirich tlre Índivi¿h¡aL can surface safe\r rrittrout st"dr¡g. IhLs

staterÞnt was based. upon tle bel:ief ttrat such a va-h.p 1s lndependent of

ar¡y anaþsís of tra¡sients a¡rd. tåe assr.rnptions associated. r,:ith argr transport

model.

Referrlng to tt¡e ilístribution of vah.¡es descrlbed. in
seotLon 1.31 ¡ it would. seem reasor¡abLe to base ca].culatLons upon two leræLe

of susceptibilåty:-
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'!. l_ rninl¡rr¡l Inc'-stgaf &pth for lpe-kl di',ers +trich hes

been æt by Duff,rnr et al QgEù at 3t f,eet for breathing a-ir.

2. A oorresponding valtæ fæ èirærs preseLeotecl for tÌ¡el,r natr¡nl

tol,era¡¡ce to deccnpæssÍon siclæss, for rvt¡icb 38 feet (nennrc, i 9!1 ) is
probab\r a cor¡serwatLne estjmate.

OønbirÉrrg equatf.ons XII a¡¡d )00(, s¡ørptqr¡s ca¡¡ occr.¡r lf¡-
.iP V(0)-(e'ls)+x(r (r+7tr) xlos-o

-
- (65)a

gP
o

+

Å mtni¡nu¡ bends dppth (tU, aor:nespond.s to tlp
particular case of,¡-

1. 
^n 

ir¡finite erqrosure¡ i.€. IL - Pt - Po for t = ær ntron

Û(0) - I accorÈir¡g to equation IIII.
2,

3.

4.

No staging¡ írê. gl = O.

Return of ttre d.iver to tln surface, nhen P = Po n 7Ø m. IIg.

Forairx=0.8.
Ualclng tùre fonegoing substitutions in equatlon 65,

bencts ca¡r occur ifi-
E- r 10t+2.5(F/geo) + jz9 mo Hg. (66)

For I{,o : JB feet (e76 ûm. Hd, @o/æj = 0.525

rehtLe for H-rr JJ feet (760 uur. Hg), (fo/æo) . O.lA3

Thus for prp-selectecl. ctl.r¡ers (f./Seo) - O.g2J (67)

vrhile for rreakt dirærs (fo/Seo) '. O.lr4 5 (68)

fhib ttre abor¡e calculat¿ions constitute no test of the

tryrpotlresis in tlremselves, they set tt¡e critica.L vaLræs (no/æo) to te

anticlpated. f,or the paralreter (r/Sej 
"rrri.r, 

ís tlp most rsensitiver in
ùiff,enentíating betqpen potentially safe arrd. w¡saf,e câ.sês¡
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' 8.23 lúinimr¡n a.ltitr¡de for av@tæs

Replè aprl,al clcoøpæssfor¡a uittrout pñt-or(fggnatl.on

oorrespond. to ttp partior:"l,ar oase dt-

I o l¡r effcctlrleþ tnflürfto soJourn at ground lctgL bcfo¡p

clocø¡læssion, Í.e. P5 r Po r J60 m. IIg.

2o No staging¡ lo€e gr . 0.

3. Havlng prerrlousl¡r inhal.ect aÍr, x - 0.8.

4. For doocmpæsEíon to ttp ni.nlmrrn bend.s ltrrs$¡rn (f"), P r P".

Ma.king tlr foregof.ng aubstltn¡tior¡s f.n oquation

6!, s¡mptøs cari occur i.ft-
(¿rg7 - P-)

(6e)(r/seo) = É76Í-> (nolæo)

fa¡dng ttrs va1r.p for pre-selected. clLrærs (egl¡åtíon 67)

of (fr/æo) ' O.525t +hE abow erçæssion girrcs!-

Pu - 5oo m. Hg.

It¡"is absolute pnessun€ coræspond.s to a¡r altiü¡de of

ZJ¡OOO-?J+.,OOO feet rÈ¡-tch 1s close to tts z5r|uuu- feet gernralþ recogniæcl

as tho lorrer ti-mlt of al,titude potentialXy clangerous to pæ-seLectecl p:lJ.ots.

(See section 1 ,r1). fald.ng thc val.r¡e fsr læalcr divers (eqrratton 68) of

(norßeo) . 0.415 eqr¡atÍon 69 gJ.vee¡-

PE = 55O mr Hg.

It is regarrcled. as moEt slgnJficant that th.ts va.Ltæ lies

velL rithin tt¡e }inítE ú 5Zl-555 w. Hg cmespond5.ng to tl¡e altittrale

rar\gg ú A rOOO-22ræO feet at ufÉoh ths Inealestt srrbJects rcæ for¡nd. to

cleræL.o¡r s¡mptme (sectlon'l .71).
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8.?h Mtr¡i-mr¡n altih¡de fqt a phaee oha¡.c€

-

In section 5.68 tt¡ree pieces of, er¡:idence frqn six groups

of wonlors har¡e been presentecl wtrich strongþ irr:Ltcate 1or5oo-l 2ræo feet as

the attått¡ds for the onset of, a phase cha¡¡gp for a nan cÞcørBrsssod. from gror.urd.

ler¡eI. This corresponds to a tù¡eshoId. pæssure rarr8e of ¿+gj-512 mu Hg.

fhe poínt of phase separation is that for which the volr¡rp

fractj.on of separated gas (f) æcores finite,
i.€o F>o or (rs¡Þo)>0.

Malcing this substitution in equation 6), since ttrís ex-

¡ressiorr refere to decmpression frq¡¡ t air equíIibrationr at gror.rnd. J.eræl, one

obtains tlæ critical prrcssure for phase cbange (p!) as:-
På - 497 mr. Hg

rt is regarded. ag most signif,icant that tl¡iE value lies Ln

the middl€ of the ex¡rrÍrrental range of tßl'-D1ltlr.. Hg inåicatecl by techrriqr.ns

varying frcnn X-rals to fluicl r¡olr.ue rÞasuronnnts or¡ ttre spina1 coltur¡.

8.25 ¡[furlmm r¡nsafe dept]r rrl.ttr fno¡seaæd. oxr¡sen

lt¡e naxi¡r¡¡ depth frm rvtrÍch a èiver nay be decou¡ræssed.

safel¡r uitlr no stag:ing fo[orS-r¡g a very long erçost¡æ, correspond.s to tle
particuLar ca.se whsret-

l. tt¡e¡¡e is a¡r effectiverùr l¡f,inite ex¡rosrrre¡ Í.ê. 0 r ærglvir¡g

V(d) 3 t (cqr¡åtd.onlErI).

2- cÞccu¡ræssion to thc surface¡ Loor p a po t J! teet.
t. no stqging¡ f,oê. gt : 0.
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Oonncrtfng cqrratÅon 65 to prassure r¡r¡tts of feet of salt

wator, ancl J,ncæ¡ronatlng tþ above oonô1tl,ons, s¡rrptms oa¡r occrr l,ft-
xF¡-2) - 56.2

,T>
Ttre lúlco¡nrt Oør¡rar¡¡r (nof:¡grrÉr 1965) have cLaÍ¡pcl t'lrat

üFn can work for 7 hor.¡rs at 25 m. (82 feet), breatlrtng an increasêd. proportion

of o4¡çn, and surface directþ w:lthout s¡mptøs dernl.oplng.

For FO - 115 feet tt¡e abor¡e equatíon gives¡-

x : o.lr89 for pre-selectecl. èhærs for nitrcrr¡ s/æo t 0.525 (eqr¡aüon 6/)

x = 0,453 for rveakr d.Lverg fon rvt¡qr¡ F/æo . O.àt! (equatlon 68).

K.gr. co-z respectiræþ f,or a deptt¡ of 82 feet. Itrts is conslstent vfith tle

range of 1 .6-l .B tfg. cm-2 used by Fellegrinf ln praotice.

8.26 Mini¡m.u¡ r.u¡saf,e dept*r with telitur

For a prectørínantþ aqteous tíssue bper suoh as tbat

belíevecl, to be ttre sLte of bencLs pain, the so}¡bilfty of trelJr¡¡r ín rater (gt ll

CI.OOB7 cc, tle/a.cr If 
"O 

¿tmos.) "* be substituted. for ttrat o,f nítrogen Ln water

(9 = o.oi 2l c.c, N¿/c.c. H"o atrros.), rvhen (ro/Stro) .0.415>< tffi .
o.&5. For uea.lc clírms equatÍon 68 gitves (no/Stfj = O'4{ 5. Ttp aþove va.}¡es

of so}¡bilåti.es are quoted. by Behnke (lgX) for bo{y ten¡nratune.

lf,ter substltutilr.g (8/StPo) - 0.6, fæ I'o/9Por cgrratf.on

66 SLrree tÌ¡e maxi¡m.ur depth f,rm nhioh a uea'k dlfver ma¡r srrrf,ace saf,e\y rvithout

stagLng, f,oltoring a I saturationr erçosr¡re upon eS fnffunr as 960 m. Hg on

41.6 f,eet.
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flhis Ltes within the r.a¡roe o_f; JJJ4z feet quoteð by

Duffrcr et al QgSù as üre values ¡reco¡ded. ln practice for tt¡e uealest

clivers bneathfng $ne + M O.
2

8.27 [tp dsc@p¡asslon ratfo

No theory aould be acceptcct tr¡úcss f.t pæclJ,cts a rouglr]¡r

constant cboø¡ressfon ratio (frÆ.) f,or tùe on*t of narginal s¡mBtøe ü¡ tl¡o
saæ l.n¿1vièu41. If Pt is tt¡e abeolutê prcssure at nù¡"ich tùe subJect s¡rnd.e an

eflfectively fnfiniþ ti-re bofo¡¡e ctl¡æct decm¡rression to a Lorer absolute

pr€ssr¡¡fs (f.) at nhLch he is obscn¡ed. orær a ¡nriod. of several hours, (tr/e")
Ls tt¡c cùsompressLon ratfo. Desptte the orÍgfuial postulatlon by Hal.alare

(æctJ.on l.6z)r th^a.t tluls ratio shouL¿|. bo consta¡¡t, it is cmparatåræl¡r reæntL
tttat 1t has been cor¡fíæd ex¡nri.uentallü. lhJ.s very fi¡nd¿ænta.l LssË ha^e bee

cl¿rified by Îenplet* (t 957) ín a most painstalctng pieæ of ex¡nrf.æntal wq.k

using goats.

Eguation 65 
^ry bo rç-nritten rltt¡ f,eet of s¿Lt watcr

neplacing rrrr Hg as the r¡¡¡its expressing qua¡rtítd.es d tb sâE ¡r{rrr¡neions aJ¡

pressu¡e, ie€r slrtrptms ca¡¡ occur ift-

F
æo

.iP V0) -(st /s) +x (no-2¡ - (p+5. 2) ro
ÊF

o
(zo)

lt,e f,oægolng &fir¡ttl.ons of F, and. pa çould æfer to tt¡e
particrrlar ca^se nilpæ¡-

(") ttrc duratd.or¡ of, tùe cørprcssion is effccthrÊlJr i¡finttè,
ioe¡ d r ær n?nn ü(0) . 1 (cquatå.on XIII).
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(u) Pb . P, , a¡rd, tlæ pr'ersuu fæ qmpt@s (p) - pa.

(o) no stegf-r¡g¡ loêe gt r O.

Hcnce equation lO becæa¡-

*(p, -2)-(pã +5.2) - Fo

@'q
llhLs oan bo reanangecl. to girrc the crltioal valr¡o

ror (PrlP.) *r-

þ. ¡67ool+r) + 
G'e(nolsP')+¡'2) 

ot)?a
n.". þrÆ.) fs afærod.na.teþ constant for appneoÍabLe depths r¡hpæ pe >>

t.z(ßd/æo) + 5.2x 6.2 feet, tt¡o Latter vahp befr¡g obta-lnecl. by substiù¡tiry

fon (n'/æo) eo"onnclrqg to equatfon 68.

Ilorerrer, tù¡cæ çor¡ld be no a¡prori.natLon in etating ttrat

equatÍon fl vrourd pnedlict P, * a ü¡par f\¡nctd.on of P" a¡rd. tl¡at (Pr4)
st¡ould. decreaso slightly for greater va1tpE of P.. Ihis sall preclioted.

cþr¡iatiion frq¡ tåe ratLo nlle would. seem in goocl agreerent wtth tlæ fo3.J.oning

ex¡nr{-rentaL factsS-

â¡ llhe a¡rpreciabþ ]¡-igfer clocmpression ratios f,or El4ptms to be

insurre¿ by aeriaì. cùeoonpression (æctfon 8.23) nfrere tensíons

of tåe order of 6.2 f,eet becæ slgnifícarrt ¡elatír¡e to tt¡e
absolute pressure (%) - equation fi.

b. ftte sIíght$r Lorcr decøpressLon ratfo wittr hietrer P, or P. for
the partícular goat w?¡ic}¡ llenplenan titratpd. to as nan¡r as f,o.rr

bencLs polnta b lZ docø¡ræsgions. gl¡Ê wrltêr clisagrees ï:it¡Ê

tlre n¿¡rpr l¡¡ rúrich Hemplenan has drawr a straigþt lJ.rs tt¡rough

Fthoæ poínts asuntng it to be concur¡ent ¡rltlr P, .
2

sO. À
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cøDLete dlf&¡enti-ation btnpen lbeñdgt and. lno bênd.st ool.nts

oa¡r-bo aahieved, by a straigþt l1rp harrlng a positi\¡e frrt""*pt
of 5-l0t on tho F, a:cis. îÌrLs Ls pnedtlctect by equationfl.

Taking vahss frør Hempþmants graph for the tço te:rrina.l.

bends points of his Lire¡-

Foint 1¡ P, a 2JJt, P. o 1Ol+r, ,rfr"- 2o2)+t,¡¿ (l+(no/Seo)) -'1.7?)+

Point z¡ P, c 82r, p" = SitrptÞ"t Z&Bt r"¿ (f +(fo/Sej) -1,768

Equation 7,t , uittr a 1.fi variation ir, (t +(ro/Snj) tuæ tJ:e

IIEanr would. thus appear to oûfer a better correlation of ttp <Latr ttra¡r a

constant ratio for rù¡ich (nrft") has a 5.fr æulation frm tt¡e æan

Data reoozdecL by HeryLema¡¡ for tt¡e other goats a¡e 1n

gernraL agæerent with an a¡rproxJrnateþ constarrt ratLo but¡ rlth no møe tùra¡r

J tleocmpreseions, d.o not ¡nrmit such r{.gonotrs anal¡rses.

4.5

8.71 Decmpression to tlE sulface

Tlr fo:regoing oorclations haræ been efÌîectpdl. to test the

fi¡¡rd.arenta.J. atlequacy of the h¡rpottresis to ae¡ncts other tt¡an ttrose f.nvolviag

tiræ. lhe æxt step f.n tlp assessent is therefore ùirectecl at tåe transport

moctel and. the arraþsis of èives of fir¡itæ <h¡ratlon ntrich har¡e been ¡nrfolred. in

¡ractl.ce. fhcse al.most tnvariabl¡r rsef,er to tlp case nhone arry s¡rmptcms have

clevelo¡ncl after return to the tdeckr ¡ 1r€. rûpre¡-

âr symptoms derclop at P ¡. Po = JJ feet

br Wf furrrt gas has been iriha.lod.¡ i.o, 5 = 0.8

co bottom clepth (%) - Pb - Po
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Hence equatLon 70 p¡eètots tÀat s¡mptøs can occur r¡¡der

these co¡¡ilitíons ift-
t1$(o)-(st /o,e8)44.,
T

(rolseo)
-j Qz¡

8.32 No-stapp ¿llves

Or¡E d the naJor foatures of thp themod¡manlc tgpothesis

is phase equilåbratlon and. its effect upon transpont - as manifeste¿l by tt¡e

æry cliffe¡rent natr:æ of tl¡c quarrtitatíræ e:çræsslons clescrlbing irnrt gas

uptalc a¡rcl its etimínation by stndng (equattons XII and XXIV). laldng tlre

fo¡rrer al.ore, tl¡e most critical test Ís probabþ a.ffoEdÊ¿ by no-stago dscø¡

pæssions to tÌ¡s gt¡¡face. This is tùe partieul.ar caæ rû¡sre gf - 0, suah tü¡at

for x = 0.8¡ equatlon /2 f.upBes s¡m¡rtøs f,or¡-

ryþ) = L1.r(t/æo) + rh.t > LS.ilnrÆo) + rtr.I el)
Houever, the featuæs of no-stagg divfng ia tl¡s æ¡narkable

corælatd.on of, data att¿iræò by ttr r/Teffect fon clfu¡es d shorb ctr¡ratLon

(soc æotLon I .65).

8.35 6¡çbttonst¡1p

No thcor¡r of <bocmpæsclon sícL¡Bas çorild bo aoaoptabls

quantitatiæly r¡nLese Lt ¡uscticte<f tbÊ ,fr ctfcot for tslt vatr¡es of t nhtch

has becn clsmonstrateô by llenplsna¡¡ (lgSZ).

In l¡4nnttx lt, Ít Ls shcmr that t(t), as expras*<l by

equations XIII anl'{IlI.lr haæ nan¡r a¡rprøc5.ma,tc fø¡s ntroæ f,elthfuJ.æss to thâ

eigirral c:qrnessf.on all lnc¡¡eas wLt'Ì¡ iboareaatng valrrs d t. Ihe l¿gt ot

tlpæ a¡pro:rSmations ls glven by egue'tlon 220 ¡¡t-
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ü(t) . r

z(r 1æ¿

llence, f,or a cttrp d ch¡raü.on Cven by t r I cquttto¡t

75 would ¡neètct e¡mptøs lf:-
¿,q,fEÆD ._ _._

tOZîflf > tt5'5(ro/eeo) + t4'' soot (z¿")

ELnce (n/^2), (a/") a¡¡¿ (Fd/gpo) a¡o co¡rgtcnta, equau.on

7+ inplíes bentts if \ {ã-exceecl,s a oor¡sta¡rt, r,hio}¡Orooþr and, ta¡åor QSSZ,

har¡e talcn as l¡75 reet mtnt for safe cor¡èttio¡rs or 5oo rect ntnå fe nargtr¡¡L

q¡mptcms. These varrps ¡efer to realc dlvers working at dopür.

Henoe tlp tlp¡¡¡od¡manic rrwotncsra wouldl ¡x,ecLict thc ^lî
cffect as the final clcgree of ap¡ro:d.uatf.on, va.lld. fe ðLrps of sÌrqt
ôr¡ratLon only (0 < 25 nins.).

I¡¡ctr¡g (f¿/æj : O.lri J ooræs¡ronitt4g to the malor dtvera

(equatlon 68), equatton 7+ wouLd. gine f,or wwkir¡g â{16s¡r

*o165.m<o.or7h (zù

(foar a cor¡oLatior¡ sËc scotLon q65).

8.14 Oonsta¡¡ts r¡scl fø ttl.ræ a¡alvæo

llæ fact that ttæ arltica.l tLs$¡e t¡4n cannot be Bosf.ttvely

idlenti8ied. offere tbc greatc¡t obataslo to ar¡¡ s¡mttrtf.o cp¡noach nhen 1t cc6g

to attiÉbuti¡rg nr¡æ¡r:ica"l va-lr¡es to tt¡e basic oonsta¡rts. Ir¡ t]p cas of tho

¡l{np¡¡slenlsss group (f./æo)r oF set of praotd.cal clata has been saprÉffced. as

a rclegnee of deterni.nancyt in usLr¡g t'he "d.ni'ntn deptl¡ for s¡rmptcn'E f,or its

?+"

I ^fr¡
¡, $[af,t

(¡t+r1
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initial clete¡minatíon (sectåon 8.22). Honerær, tlpre a¡e suff,ícíent ott¡er

cases to verÍfy the vaLue seLected..

In the case of (a/") artd. (D/a1, tu ranges of posslblo

vaL¡es clprir¡ecl fron fundarental, paraneters a¡e too rrLdþ to wana¡¡t tlplr use

in ttre mora exact mathematical e:çressions eurplryett hô¡¡e. Honerrer, it was

for.¡¡rd. ttrat a correlatlon of s¡zmptrms coul-cl. onþ be obt¿trpd. for a vËry n¡xtron¡

range of valt¡es for each pararreter. The procedr:r.e has therefoæ been ad.opted. ofr

I . Quoting the constants clerived. empiríoal.3¡r,

2. Presentlr¡g the anaþses of d.iræs usfng those va}res,

3. Shoveing that ttre constants used. for the correlatÍons offerecL

lie r¡æLl vrltlcin the limits arrticípatecl by fi¡¡d.arental neasorrlng

for a tissue ty¡te 1åle\y to be rnesponsibLe for marginal

s¡rorptoms of cùeccmpnession slclæss.

8.35 Vah:es of cons$ants

lhe fol-Iorv:lng values sî (A/a) have been selecteê empirícalþ

accorrillng to thæe conr¡enient leveLs of plgrsica-l activit¡ru-

L Restingr (u/") - 5.29 Qe¡

2t gnirming easiþ (rscubar Aivfng) , b/a - 4.9l (n)

3. Íorldng: (a/") - 4.75 (ZA)

It is Lnte¡.estfng to notc that the above values are

conslstent to tt¡e extent that tåey l.laply Lnoreaædt vasculárj.ty (" Loret b/a

ratJ.o) fe ír¡c¡¡ea.sed. e:€rciso.

Tlr ott¡er transient pãra!Þter (O/"') ãhsuLd. be lrdependent

of ttp cÞgree of actiuity :if ít Le aoceptetl. that the capfllary radlus (a) fg

tleterrntrpct by tl:e dLænsions of ttp redl ceIL
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ÍÌ¡e va}¡e uædt throughor¡t ttr foltourlng anal¡ræs lst-
fon ni.trogenr (o/"') ¡ o.i 29 nln-l (lg)

Â¡plütng Gratrar¡l s law to obt¿Ln tt¡e cltffi¡slon aoefìf,icient

char¡ge dlirensions for tlLffe¡ent irprt gasest-

for hetLr¡nt (ot/& ) = o./¡o r¡.ina (8o)

Havtng fi:cecL the va}¡es of ttre two groups (U/a) a¡¿

(O/"2), it is ncm possible to tþte:rrire the overall response of the system

accorèing the gerrral. transport modeL ad.optecl.

8.36 Response of the svstem

The transient upta}e of iært gas, rrittrout phaso separatLon,

is cl¡efl.ætt by equation LTII. llaving fixett (V/") for cLifTerent clegrees of

activity, the conrespontling vah:es of (aÇ nay þ obtairætl. from eguation VIII.
The first tp¡n of Ure series in equation ILT ptsed.cnninates so ("i) is :nequired.

w:ith greater accuracy than higþer terr¡s, Vah¡es .f ("at) ale quotecl by Bogert

(lgSl). Values of the higþer rootg ("4" to 
"%) ",rV 

be obtal¡aE with

aclec¡uate accuracy, frqn the graph:ical plesentation of the solutiions to

equatÍon 1/"IIT published. by Jahnl€ et a]. (t fæ¡. Boçrtf s values have been

plotted 1n fig. l+2 as the tr¡vo èi¡renslonLêss quarrtitfes ({) rersus (A/u).

Frqn thís graph the reþva¡rt va,trrs "f 
("at) haræ been talen for tùe threo

e:¡eroLse Ler¡els arbitrarily æLectecl in tlp precedllng sectlon. Ttpse arre glrzen

in tabLe 2O togetber with the va,}¡es oC (actJ, ("oJ ana (aa*) talen dL¡ect

frør the sn¿1ler-scaLe graphs of Jah¡¡lc et al.



TFIE FIRST ROOT OF EOUATION UII

{þq)Y(bq) : Y#q) ¡(uq)

o.r5

o.

ð-g o3
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(Val

Fig.42
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Re-nrtttng eguatfonXllf fu the fora¡-
o

ü(t) . r - À "". 
e:çp ( - (srr)" (ot/*)) (&)

rvhcno R rn ((a/")"-t)("aj' (.ro(aÇâ, (rÇ)¿- t

the valr¡eu otr L ana (*j nelevant to each e:ærcLse Level aro quotecl. Ln

tabLe 20.

RESOMß OONST¡I{TS

For,æth root

B¡
o.0o5
0.006
0.006

("i)
2.*5
2.9+6
2,91f^

Thl.rrÊt root

Rt

0.o12
0.01,
o.ot 5

("%)

1.806
2.O55
2.1*

Saoo¡rcL root

Rt

o.oi't+
o.o35
o.056

(.%)

1.
1.
1.

06
274
355

Fl,rgt root

R
t

O.
O.
0.

e*
9rr
9n

("i)
o.26
o.289
0.jt0l+

Epraiæ
Leve]. (a/ù

5.29
4.9{
b.75

Reetlrrg
OrrlJ.etng
torldag

!ÀBIE 20

ltæ uptalæ æsponso of tt¡e critical tLssue t¡4n to changos

in arteria.L ter¡sÍon of the ir¡ert gas is conr¡enl,entþ expressed. as a plot otr

two clinensLonless groups¡ û(t) ærsus (ot/ae). Talrng D/at o 0.129 nún-l

(equation 79), M vahps clerivett fn table 2O for the nes¡nct¿ræ (Va) ratlos

nay þ substitutecl in equatlon & to give the basfo gas rrytalc fi¡¡rctLons for
each cf the th:¡ee e¡¡ercise leræls arbltrartþ selecteè. Tl¡pse are cþrfu¡edl Ln

table 2l ancl. plottecL f.n fig. l+1. They repnescnt tlp final product of tù¡e

matl¡enatl.ca1 ana\rsfa. lheEe graphs nay tlron be usecL for assêssing the

proxÍmít¡r of arSr cl.ir¡e to conèitlons for marginal s¡4>tonrs rylth no moæ tha¡¡

ari tt¡elæ tic sub stitutLon.
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IImAI(E AmSPOI\F¡tl rtõR ,ÌrçllÏF.ln TlrFlPnffsn! 1n\nnrR

(ÂppJ.icatton of equation Bl to ttre cl.ata in tablo 20)

b/a ¿ 4.75

ü(t)

o.185
O.?)18
o.t79
O,539
0.658
o,7gt
o.874
o.g?h
o.g*
0.985

(ot/"')

1.O82
2.1&
4.527
7.57t

10.82
'1.6.2t
n.91
27.ù
32.45
l+3.27

b/a - 4.%

v(r)

1.151
o.257
o.t76
o.539
o.657
o.792
o.874
o.g?h
o.g*
o.98,

(ot/a2)

1.197
2.595
l+.789
8.r78

11.97
17.96
23.95
29.95
t5.92
l+7.89

b/a. e i,l)

v(r)

o.1h8
o.2*
o.374
o.556
o.656
o.792
0.87¿+
o,925
O.355
o.gg5

@t/"")

1.479
2.959
5.917

1o.16
14.79
22.19
29.59
,6.99
Iù,38
59.17

("þr)

0.1
Q.2
O.¿$

o.7
1.O
115
2.O
2.5
3.O
h.O

Î.ABIE A

Ttre abor¡e figures a¡e usct to pJ.ot the respons€ cu¡rres

ilLustratect in fig. l+5.

8.1+ AIüAIIEES oF :NOISTASE' DIVES

8.¿+1 lscubar divers breat¡hins air

The most comprehensLræ set of ex¡rerinenta-L no-stage ctiræs

drich the uriter cotr].d. find. r¡ere those of Âlbano QSAZ¡. These ínclude over

1 1000 subnersions at an exercise leve1 ca¡efully controLlecl. as tt¡at neLevant to

a lscubal èir¡er cnrising at depth. They uere, in fact, ¡nrfornnd. J.n the ocean

by fnee-swi-unriing ùivers. Àlba¡o has títrated. tne e:q)osr¡æ tine for each of

nirr cùepths and. reco¡ded. botlr the saf,e and r¡nsef,e va}¡es.

Ie¡dng tho æsponæ cul¡ve æleva¡rt to a cnrisLng d.irær,

(i.e, b/a = 4.91 in fig. 45)r table 22 contaLns tt¡e ana\ysts of his results

according to equation FO(, qr its re.€x1æs¡lon ln equation 7t, for. tor¡sion

unit¡ of feet anct tle particul.ar oase of a,tr.



TISSUE EXCHANGE FUNCTIONS
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I

(Oata frm Àlba¡ro, 19&r.

(a/") - 4.?1 (equatíon r/).
TTBTE 22

The practLcaL æsuIts ca¡¡ be cqrrolated.
fe a oritiioaL valr¡e of (I,7So) ep*tt
¡v Gc/SFo) . o.4i I.

It osn be seen &on taþLo 22 l*rrat sêLeotion of (U/a) .
4.91 as characterístic of tho e¡ærcise r¡¡rdortalon by orulslng scuba d:Llorg

(eqr.utLon 77) gr¡gægts a cz{-ticaL J:tntt for (fft) facntfoaL to tbat fq¡rd. fon

reak òivers in t'Ì¡e ottrer oa"ss correLetetl in sect¿on 8.2¡ f.e. (nO/SFo) .
O.l+ij (equation 68).

ER¡O[IGlfr
re$Ilo

safo
r¡nsafe

safo
u¡safe
safe
r¡¡rssfe

gafo
unsafo

sûf,o
r¡¡gafc

eafe
unsafe

ss&
t¡¡safìc

safo
uns¡fc
safe
unsatro

(r/æ")
(eqn. 75)

0.¿{41
O.¿+rg

O.l+11
0.à¿8

o.tgg
0.¿+t 3

o.tgt
O.l+15

0.406
O.l+17

O.¿+O6

o.4ro
o.tgg
o.¿dt
O.¿{Ol
O"¿sf 5

0.åd,
o.432

l.n fect
\ll(d)

32.9
*.2
52.9
53.7

31.9
53.4

52.1
53.1

J2o7
35.2

32.7
35.8

11.9
33.Q

52.5
53.1

53.Q
53.9

ü(a)
(ere. ¿li)

o.755
o.l6t
o.167
o.17'l

o.1n
o.185

o.1%
o.n2
o.221
o.2?h

O.ùtß
o.2*
o.2n
o.287

o.rto
O.516

0.ùo2
O.l+.t,1+

Ú/""
- 0.12f

1.29
1.55
1 .lr8
'1.55

1.61
1.68

1.8/
1 .9lr
2.19
2.26

2.58
2.71

3.'lO
5.25
J+.oo
l+.13

5.1+2
5.55

D'uration of
arræ (A)
Ln rdns.

lo
10.5
1'|..5
12

12'5
.1,

t 4.5
15

17
17.5

20
21

?h
?-5

,1
32

4z
43

Ln f,ect

Bottqr
clopttl
(\)

213.4
213.4

197
197

t 80.5
t 8O.5

16)+
I 6¡+

1¿ù8

r,[8

't3t
153

115
115

98.6
98.6
82
82

No.
[l.

2

,

¿+

5

6

7

I

9

I



278.

8J+2 llltratedl çorld.nq d-lvgs

fho w¡'lter ras not abl.e to obtatn a cqpy of tbe erticlo

by Van iler Àr.E (t gA ) fn $hlsh hc Ls reportcdl. to har¡e tltratc<l d.lsera breathing

air a¡d. world.¡rg at cùopth. Ifærnr, sêLootcd. poLnta fræ tl¡is nill,tarXr report

are quoteè by Duffrer et al (lgSù. Bottr tbe safe a¡rd r¡¡¡safc conclitions guotccl

aru anålyæè 1n tabl¡ 2J accozråår¡g to equatfon 75r tald.r¡S the valæ ú b/a -
4.7, oor:nesponèlrrg to workLng oondLtd.ons (cqr¡ation 78).

(Oata frcm Dr.úfner et al, 1959),

XnfolITC¿Ir
MsIfItr

gafe
unsaflo

safo
unsafe

safe
unsafc

safe

(r/æo)
(cen 75)

o.3&
o.¿É,
o.u3
o.t41

o.4ggr
o.525

O.l+13

\ü(o)
Ln fcct

9.8
55.O

33.O
54.3

56.9
t8.1

35.O

Y(d)(rie. ¿+r)

o.æ5
o.220

o.5ro
o,h3
O.7r8
o,762

I .00O

ú/^"
= 0.'¡29

t .l¡2
1 -68

5.55
3.61

13.5
1l+.6

oo

û¡ration of
atrn (A)
Ln rnLns.

tt
1'

'26
28

105
11,
ql

Bottcn
dcptùr
(\)

Ln feet

r50
150

t00
100

ñ
50

5'

Titration
No.

1

2

t
¿¡.

Df,BIE 25 
''

û¡e où¡ly ¡¡eeuLt çhfch ðoee not cor¡fordf to tl¡e cr{.tlca.L

val¡¡e or (f'/Seo) . O.,lr15 for¡nd. prevÍousl¡r is tftratlon No. J. Hovrver, Ln

this c.ase, it is notpcl tl¡at tt¡e clLver is su¡rpoætl. to have naintaLnedl t't¡s sare

very higÈt e:¡ercise LerrcL fon 1O! mins. nhich noulit appeãr to be a very Largp

stfain {pon argr nano If, in f,aot, t}p rate of ror}J.rrg had. ctro¡4n<l s¡rt thLe

sasÊ rerrc nargina-l, tben SlgPo . O.H 5 ivår¡g ü(A) r 0.6&. Tt¡.Ls coræsponrls

t" ("þ) - 1.O2 accord.ing to cquation VIII. Hcnrver, (to¡o/"e) .13.55 el'¡rng
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(n ) - 0.275. Frm flg. t+Z tt can be seen thåt tlr5.s csæesponrte fo (A/a") =

5.06, or a vasculariüy ct¡aractcrised by a tissue r¡oltæ^Iood. vohup * (U/a)z

- 25,.6 cørpar,ed. wittr 22.4 for ha¡rl nort (b/a - 4.73) æ 27,9 for ¡eEt (A/t -

5.29).

lhíl€ tlpre rculd sêem to be adeguate grounils for ¿lis-

corxrting the orÞ d.f.sc:reparrcy tn tabLe 23 on the grour¡rns of r¡nsustairrcl effætt

it sl¡or¡Id. be notecl. that the Royal. Navy nccænd. st¡rgjng for thls particuLar

d.lve. (uiæe, 1g62).

8.43 l¡H.ecoL1arcous unsafc èirreg

ghiü.ing et al (lglù rscond. tlÞ cletails oî l+6 cases

arising frø 22143 no-stago aLr ctLves far 5 tlcpttrs ranging frm 100 to 2OO

feet. &p lorcst unsrìú'e e:q)ost¡¡e for each of tÌ¡eæ is girrcn in teble * ctú

the clir¡es anaþætt for worldng conlitions.

UllEt¡¡lE rI\iOrgIlGBr 
^IB 

DIWS

(oata fro thtltiqg et al,, 1955).

I¡BIE 2h (anatysed for b/a = )+.73)

It is intenestlng to note that aLl val¡es of (f/Sej fte

uæL1 ín e¡ccess of the critical valt¡ of (n'/Sno) - O.lr1J (equation 68).

(n/æo)
(eqn. 75)

o.529
o.550
o.617
o.567
o.566

\ü(a)
Ln f,cct

38.3
59.3
l+2.3
lr0.O
lrl¡.o

ü(0)
(rre. 4r)

o.t83
o.262
or25'
o.216
o.?n

ú/^2
= Orll2*

l+.39
2.39
2.26
'l .6'l
1.58

Duratlon of
aive (A)
in uins¡

h
rså
ffç
1à
15

Bottø¡
cÞptt¡
(%)

1n feet

r00
150
167
185
æo

No. of ùive
Shil.l5l€

et aL

{
1¿$

56
4z
45
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8'¿{4 Holirn dlnee

G":c¡E*.æntal clata rùrioh t]¡e writer could. f,lnd

for f no-stager Lrelirn dives re¡e tt¡oso of Duffr¡er ct al Qg¡g), [hegs auttrons

d.o not ¡record. t*¡e exact clepttr-ti.æ paramtors of oach set of ètves nrærlcalþ¡
but plot ttren using a¡es rehich a¡e not quíte ¡nr¡nrrðtcuJ.ar anð @tt the grid,,

[he best tr¡fomatlon to bo extractecl. f,or cqrarative pulposes is ¡nobabl¡r

Dr¡ffìrerr s r¡rrobablc safe Hotoa nfrrfn¿l decm¡mosslon cr¡Jfl,er slncê tfri" f"
ex¡nrJæntal in orÍgin a¡ll woúd tencl to ntni.uiæ the follcmlng obþotlons to

the tlata¡-

(") Ths fnt€rrrittent r¡atu¡e of ttre e:<ercise employecl,

(t) tù¡e gcattor of rberrdsr anè Ino bend,er cases, probabþ

arislng fran

(o) the uæ of ar¡¡r two of a gror¡p of 17 ôir¡ers for the cletæ:m-

inatlon of each point.

Ser¡en points have been ta.tcn frør the above cutÍre as rÉIL

as the æstrictetl. presentation ¡nrmits. Tlpse enI¡oar¡res are anaþsect ln tabLe

3!¡ taldng ttæ Ìplíur¡ va}¡e ot (Ot/az) - O.JlrO nia-l (equation eO) ana *re
fworldngt vaLr¡e of (U/a) - 4.75 (equation /8).

Íhib Duffrpr et aJ. ca3.L tt¡cir cr:rv€ ore of i¡robable

safe nlr¡l¡na.L docøn¡xessionr at leaet { O otrt otr the 42 poÍnte frcm r¡*ric}r it lE

constn¡cted., lepresent co¡rèitior¡s rchich ¡noræcl unsafe arrð ¡rct lie rylthin tbeÍr
tsafet zønê qr on t'l¡e bound.ar¡r. Thr¡s it ís r¡ot surprlsing that valrns oû

(f/Stfo) 11e reIl l.n excess of ar¡r valrp oA (r'tlgtPo) to bo arrtictpatetl fæ
b¡1Jr¡m or¡ ttp basis oe (n'/Sno) - O.H 5 for aJ.r - if, tÏ¡€ critical tlssrr t¡4n

fs ¡ræctmúnantly â,Çgreouae
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CCIIP¡RXIIIIE rNù8Itr(Er DWS8 O{ 8ø flot$ o
2

(Oata frcu DrÉîrpr ct al, 1909)

(¡ple.rpo)

(cqr¡. 75)

I r20
1.21
'i..22
1 .18
1.17
1.17
l.l8

\Ü(o)
in fect

69.2
69.6
7O.0
67.9
67.0
67,8
68.0

v(0)(fls. ¿r5)

0.865
o.696
o.5gt
0.1É5
O.l+21
o.t77
0.rllo

or0/¿.'
- O.,ffi

Ðrl+
11.9
8.50
6,1ú
5.1O
4.25
3.57

Dr.uatlon of
arrn (0)
Ln mins.

t\

6
t5
25
19
15
1tã
10å

Bottcm
dloptl¡

(rrb)

l.n feet

80
t00
1æ
r¿o
1æ
r80
N

No.

{
2
t
4
5
6
7

!l3rE 25

lhatever tÌÞ oqlFogltlon of tt¡ê tíssrr, Duff¡ærrs ot¡¡t¡r,€

probab\y ropreænts ¿LivÊs of, omparabLe safety, f.n wt¡1ch oasc it fs regardedl. as

sf.gnificarrt ttrat eguatlort 75 gives vah¡os of (t'/8rPo) wtrose dþr¡iatLons f,rcn tt¡p

ûear¡ do aot exceecL a na¡ci.ur.u of z.ilß.

8.45 roxnqen benlsr

O¡p of the facets of clocor¡xession sick¡æss u¡ost dLfficult
to cor:relate quantitativeþ rlth an¡r theory is the phenøænon nt¡ich Donald.

(lgS4) describes r:nder ths titte of ro:qygen bend.si. In practice, these r,rene

instances in n¡hieh :lnsutflcient lrert gas coulil have been ta]æn up to cause

s¡nnptoms accozr:Llng to arr¡r ¡reasonabLe netlrocL of caLculation. Honerær, the

pr€sence of a large extcrnal- partíaL pressu¡¡e of øçrgen sêems to harye con-

tríbuteil st¡ffÍcient Oa to the separated. gas to Lniluce pain Ln certaLn lnsta¡¡oes.

Jr¡stíflcatj-on for attributing t"trts cnitical Lnc¡nerent to orygen 1s lnovittocl. by

tlre tra¡síent natr¡¡æ of tlr s¡mptøas dloscrtbect, severe bend.s d.isap¡naring

witt¡-in JO míns. of tlreir onsot.
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Eaoh of tbe etgþt cxoosr¡¡es dcscribeè havp eo¡-sisted. of 6
rLttts. at 150 feet. Frqn tÌ¡e polnt of view of thc inof.clenoe of s¡rmptans, horærrer

trarrsj.ent, Donalðr s work na¡r bo regarded as a titration of r¡ole fractfon of

1rært gas. Tlre critical o:çrgen content nouLcl thus ap¡nar to lle betneer. 65.d$

ana 63.'1fr. Taldng x = 0ð69 as ttre critical valrr, tÌ¡e test of an¡r quantítatirr

lg¡pothesls lles ln tlre pædliction cf a reasonable va}¡ for Lncreasect tissr¡e

oxrygen tensions.

The derivation of equation l0O( ts ba"æct upon ttre presurrp-

tion that, v{-ith norrnal dirrcs, ttre decørpnesglon plus onset tl¡es a¡e sufflicientf

long to enable the celluLar o:rygen tensions to ¡¡each values conrrÊr¡surate vrLth

the finaL pæssujt€. Houerrer, fn tàis particuJar case, ttre¡e ís no stqgi¡g anif

the partíal pressure of o:rygen is relL abqre the lerrel regar",ilecl as safe frcn

the standpolnt of oonrnrlslons (sectíon t.¿r5). Sotr ttria case, cú¡ich is çell
outsicle the ¡xactÍcal, erçosr:re li¡nlts to r*¡ich orp would. subJect rÞn, qrÞ

can¡rot retaln the asstmption tl¡at ceLlt¡lar Oe a¡rd. CÍ)" tenslons ha\re an

a¡4rod.mateþ constarrt total, Her¡cc eguatd.on )g( should be nodif:iecl to read.¡

Po + P. * Pt' 126 + 4Po m' Hg'

ruhe¡ne Ap^ is tÌ¡e ait¿ttiona.l aeLlular o¡rygen tenslon Lntroôr¡cecl by virtue of ü¡o

large inoæa* in external o¡$rggn partial presaurre. &oæ¿tng to cquatf.on l8¡
this shor¡l.d' equal the rieo in r¿enous o¡çyggn tension for ttp sare ætaboll.c rate.

8e¡natirrg ttp tlerivation of equatl.on XXX rith tt¡p aboræ

modliffcation, s¡mptms can occur lft-

e - et + 0.8(Pr+6)E - (P+7r{-4,.)B f-
>
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f,or a¡r anLn¿l lt'¡tqg fn alr at gfo¡¡r¡i. l.evsl bcfore co¡læssf.on.

Donaldls goat cx¡rrLænta nofcr to tt¡e parttcrrlar

caæ ¡rÌre¡ret-

(") thp¡se Ls no stagtng, locr gt r Q

(t) thc goats a¡e ¡ratu¡æd to I atmos¡ihcne (absolute)¡ fooo

P=Po.7&u0rHgr
(") tt¡e t¡prt gas fs nLtrogon, r.c. (trO/Seo) . O.l+1J (equ¿tion 68)

(¿) the uptalo cornespondJ.r¡g to 60 ntns. at 15o feei" (*56 rm.

Hg) is girrcn by:-

g = rñtt(o) = 0ð69 x ,456sv(6o)

baldng the crÍtÍcaL va.h¡e frø Don¿ldr s ¡esults of x ¡¡ 0.569.-

Substitutíon of ttre aborre oonclLtions in equation 82 giræs

the criticaL conåition as¡-

WE ..¿{tt

Talctrrg (o/"") = o.129 accoædling to equation 79, tíe. 43

gives V(6O) = O.lr.5O for tlre currre b/a = 5.29t sLnae the ar¡lmal was probabþ

restfng in the ta¡rk at trlr€r¡aure, a¡d. thLg repnesentg tlp most cor¡sernative

estl¡nate of upta.ke ln arSr Gasê.

Ptacing V(60) . O.l+5Or &o . 2l¡ m. Hg.

t rise in venous oqirgen tenslon of ?h m. Ifg wouLd. seem

quite consistent rrlth a rlse ín art¡rfa,l o:(fgpn tcr¡slon frq¡¡ 10O rn. Hg

(bneattr-tr¡g a1r at 1 aùnospher.e) to (*Se + 76 + 4.6)Q - 0Õ69) - 2655 um. Hg

fsr a tissue rytroee blood. olryg9n content was ¡¡eduoed accorðLng to tùn atærago

for ttp rutrole bodJr. It is certainJy consistßnt rrith the lS4nrbarie tension

neasur€rrpnts of Larnbertsen et al (see sectíon 5.69).
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More s¡=clfic caloulatLons s,oena ha^-dJ$r- j-risiifíe,ì. d¡æn '*-re

netaboLic rate a¡ul circuLatÍon in the critical tissr¡e ty¡n rematn unl<norv,n for
lack of positlræ iclentification.

8.5 ÀT{AIüEES.CIF DItÞ TÍTET STAGTNG

8-51 Staeins

The most conprehensfr¡e test of argr theory of ciecønp¡rssion

sicloness lies in its abllity to co¡relate the trxacticaL results of èives

follo¡ed. by stagecL decompnessions.

lhe gas lost by stadng (gr) would. seem best estimatecl

usÍng ttre pner,uratic analogtæ describeti in section 6.6. Hmerrcr, for the

conræntional Naval- t¡4n of decorrp:ressíon, rryhsre ttre therrnod¡manrlc tgpottresis

wot¡Ld. pretlict a larç 1nítlaL separatfon of gas frø¡ solutÍon, an ap¡roxirnate

anaþtical rethocl rna¡r be emplo¡rc<t - as e¡qpr€ssecl by eguation fillf. $ris na¡r

be re-r'¡ritten as¡-

Ë"
2 (t -x) (o/aa) rrrFr-0 la#x) / (t q))

((a/")e-r ) rog G/")
for ttre usr¡ar case of dÞcøpressåon to the surfaoe (Po - /60 rm. IIg).

Defining tlre dopttr of üè rth 
"t"ge 

as H, - Fr-por and.

revertíng to pressure units of feet, tlr above equation for air (x n' O.B)

becc¡æsl-

s'/e = À{rr(n, + 12.6)) (85)

nùpre l\ is a constånt cÞfirscl. byt-
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,r ! , o.tP tt 
(B¿r)

((u/")'-t) rog G/')
assrælng i iu "otttant. this rouLd. sêem to tntrodr¡oe no gr.eator approxirnatíon

than al.reacl¡r contalrpcl in thls approaoh, a¡rd. sÌ¡ould be reasonable foæ <LirÊs

other tharr ttrose involving exfu¡ere e:qposu¡e.

SÍnce stegìr¡g Ls ínvariably rrrdertalen in ttre restíng stat¡e¡

(A/") shouLd. be ttre sa¡rie for aIJ. cÞccrnp:ressions upon air. Hence a singl.e valr.¡e

of Â shouLct apply to aLL air deccnrpnessions, the va.}¡e selectetL empÍricalJ.y

beingl-

/\ = o.o2lrl feet/rntn. (95)

Incor.corating equation 8J into equation /O, the ggneral

conùition for s¡rmptcrns to occur after return to tbo surface frør an alr clir¡e

is given by;-

\V(o)J(&;1r* 2.6ùo^, B 45ð(E/æo) + r L.i > t*5.5(r/æo) + rh.J (86)

lltrÍs erqrassion Ís a form of equation l0O( conr¡enient foor

anaþsíng stagecl èlves by the a¡rpro:ei.nate nethod..

8.52 Titrateit stasins

Dr¡ffrer et a-L (lgSù, describe th¡ee ct-ives upon air in
w?tich the 10 foot stage has been titratecl., a¡¿L tvuo others vtrích inc}rde a 20

foot stage. Tl¡ese authors har¡e clismíssed. the miSd symptcms ossuJrring Ín the

series designated.f in tabLe 25 ín carr¡ring out their titration. Fitft no

specÍfic note of tle exercise ler¡el, it is pæsr.metl. that the d.ir¡ers nere

resting at clepth, in which case equation /6 gíæs (A/") = J.2). Using the

corr:esponùtng curr¡e in fig. 43, tß arraþses a¡e contaired in tabJ.e 2!. Irrqr¡
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this it ca¡ be seen that the a_oprorìmate ang-I¡rtical method gir¡es a goôê

correLation of s¡mptoms if ore tates the critioa.l va}.¡e of (f,lFo) as that

vhlch has proven critLcal in prevJ.ous cases¡ f..€. (ro/seo) ¡ o.h1j.

8.53 torklns. ùir¡es

O¡æ of the most conprehensir¡e eets of clata for testing arÐ¡

theory is provicleiL by the ocoan trials of the tables pubS.ished. by Orocler

(lgSù. thether o¡re is Ln agreerent witl¡ hLs m€thocL of fo:mulatlon or not,

the practicaL :¡esults cover orær 20O clLves ¡nrforrect r.¡nder carefuLþ su¡nrrrised.

conditions of contínuous hearry s¡¡croise. Xror worldng conÅttlons equation 78

girres (U/") = 4.73. Ttre cqræaponcting cufi¡e in fig. ¿+, ts tt¡en r:sed. for the

con¡eLatÍon of practical res'¿Lts ftr tabLe Z6 Ay the a¡lproxlmate anaþttcal-

æthod.. It is consiclered. most stgnificant that tho safet¡r of each eeries ca¡r

be correlate¿!, lrith a critical value of (ft/Seo) r*rfcfr is ttre sa¡æ as that

clete¡miætl for all pnevious qtrarrtitative as¡ncts of cùoccupr,eEsl.on siclcæss,

r.e. (no/æo) o o.ùd 5.

OnJ¡r orr ðíræ (No. 1f) doos not conforurard. tJris f.s e

case d itching. Suoh grnptcn¡s ruhlah art otrpn to auto-suggoEtion ale :nogarded.

by Orocker as d.lfficul"t to ascertaln.

8.54 Miscol.larrous w.eak ùives

f}Él€ tlre pæcecling section f.s ::egardùecl by tl¡o wrLtcr es

a cn¡cial test of tte ttp¡r¡ocl¡nunic þrpothesia¡ a few none dives a¡e recorräecl

by Orocliet (lg1l) in ¡rl¡ich the e¡crcise le\,ÞI has not boen controllod.. gtnce

ttpse np¡¡e èir¡es to aotu¿L rv¡ecks it na¡r be assræiL that tt¡e æn rcno rvorld.ng

at ilepth. In tt¡1s oase all constantg are tt¡e saræ ¿g tt¡osê uæd. 1n tho
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¡nsvious scotLon, an¿ ttË oomel¿tton acoordllng to tlr a¡prorLnrtc analytioal

ætt¡ocl 1g oontai¡pè J.n tablc 2/. ttpæ f,lndtnga Ehtrr tl¡åt all ca"æs cxcept

o¡e conf,o¡m to tÌ¡e ¿rLtfcal valrr of (F/sPo) eÍ*r, uy (no/spo) - oJ+11.

Tbc oasc whLah ðæg not fit (No. i ) fu a long exlrosurc

(6O nfne.). lLtt¡ no cæroLse routlæ fe a¡¡ aotr¡al Job, tln absânas oû arSr

symptcoe cquld reLL be rttrd.butccl to t'Ì¡a mn not world.ng a.s hå¡d, as fmpltodl

by thc ratio of (¡/r) - 4.73 cnpJ.oye<t fn ttp anal¡rsÍe. If tù¡ig dlve had bocn

narglnal, i.e. (F/SP.) o O4aJ, cquatton 86 woul¿ Lruliaatc \Y(60) .55.2 fcet,

i.o. Ü(60) - O.5Or. looæèLr¡g to oquetl.ons '9"flt, tÌ¡Ls ootr¡ccporrdl's to (aa ) '
0.282. Aooorèi;r¡g to fig. 42 tnfs lmpllea þ/") .5.@. fhLs l.g atü.LL closor

to ttæ mH.ng va].rr of (U/a) .4.73 tha¡r tù¡s rcstlng va.Lrr of (t/a) e 5.29.

8.55 lhe stad¡s consta¡¡t (/\ì

In tù¡s ¡¡rçccdlng anal¡raea of stagc<l ðhæe, tt¡e eaæ

enpd.rica.l vaÏæ of /L: O.OZH fcøt/nl-n (oqrratLon 85) !ræ bccn talon fon ¿11

cleccø¡ræsgLong. gJ.nce a.LL ilooøpncsalon¡ nqy bo cor¡sL(þrçd to oocr¡r r¡¡rdor

restÍng cmill.tLor¡s (a/") - 5,29 (equation Z6) rnffe D/az . 0.129 (c$¡¡td.on /!)
f,or +11 aomil,ftlons, tlp substfü¡tl^on of ttpæ valtpa fn tlp clefl¡¡LtLon of Â for

aJ-r (equatd.m 8L) gÈvee¡-

i .'t .55 ¿

lhts va-hæ of î rcrrf¿ auggest a ¡nrfeotl¡r æasonablo

locatLon d tr¡e eeparatcdL gas rcLative to the capf.Alar¡r fon t]p preceèlrrg clLves

of moderate €{poaurtr It La a,lso Ln gerrral agneorent Trith tt¡s piston of tt¡Ê

prnwratic ana-logræ <ü.spl.aying tÌ¡e nad.utu illsplaoeænt af,ter ttp ftrst la¡eg

rleccm¡ne sslon employecf by conventl.or¡aL æ thodg.
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Hcßve:r, F:s.:et lne¡eaæ a¡pæcf.abJ¡l for r.ich greatar

erq)osunesr or clines in rctÉch tln frÉtlal creation of a J.arge rosenrofr orf

separatecl gas has been avoicÞcl by rruah cÞe¡nr staglng. I]p stead¡r-stato

a¡proæì-rnatlon uuulcl be va.Lid. no longor, so tl:e onJ¡r æthocL left fe anal¡rsis of

tl¡e ext:¡erp diws ¡nrforccL by ttre Okinarans (lp¡onafx f) fs that enbocl{ed. Ln

the prnwratLc ana"logue.

8.56 Oklr¡awan clives

Ttß tÌ¡irteen Okinara¡r ðives æcorded. ln Â¡4nnd.Í:c I rp:¡e

fot¡¡td. to give a satisf,actory correLation of beryls a¡rd. no bend.s cases onþ ff
tkre last chamber (taU:o t 6) of ttro prærnatlc anal.ogue was bloclccl off. tr æ

th:is oa* the ¡¡esults are giræn in table 28.

(Oata frcm Âp¡nnðix I - fig. l¡4).

lR.lC[ICAI¡
IESIIIITEI

Bend.s
Bend.s
BencLs
No bencLs
No bend.s
No bend.s
Bentls
Bend.s
Bencls
No benils
No bentLs
No bentls
No bend.s

A'
((t/")" - r)

¿+.¿{O

4.55
4.87
3.92
l+ú8
4.26
5.28
1+ú8
4.35
3.98
3.51
3.98
4.t6

Mæcimt¡n voIure
clisplace¡ænt
(Ar) in c.c,

1 08.9
112,3
120.3

g6.g
108"3
105'2
130.4
1 08.2
107,4

98.¿+
96"7
98,5

102.8

Dive nmber
(Àp¡nnaix I)

2æ
2$
d$
zfi
4iJ
27F
2N
27ñ
zfi
2æ
25N
28F'
26N

Diver

Fr¡h¡nr.rra
Nohara
Fuln¡nura
Fuk¡nura
lJezato
Fulilrnura
'tJezato
llohara
Fukr¡mr:ra
Fulcrmura
Nohara
Sulo¡n¡ra
Nohara

. !¡3IE 28 (a/") n 5.o7

A oritical value or (A¡)/((a/")'- {) . 4.58 a¡fre:rentiates

bet'¡reen saf,e and. r¡nsa.fe runse No such corelation could. be obtalrptl usÍng

arqr conventlor¡al rpttrod of ca.Lculation.
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8.57 BopotitirÞ ùivce

Ihe prnrnatfo analogue describoê l.n scotÍon 6.6 has bcen

used. to analyse the two repetltlve èlves ¡reco¡dscl f¡ f,lg. 56. trith the erd'

cl¡amber bLar¡l€¿l off, as nequinect for the correLatLon fn table 28, t}r- ¡nesults

a¡g as foLl,orrrst-

ELrst dår¡e: Av ¡ i07.9 o.o. , (dv)/((a/r)a - l) - ¿ri7

second. <ur¡er Av . io6.o o.o. , (N)/((a/r)" - l) - h.JO

lho fact tt¡at botÌ¡ dfi¡es provecl eafc in praotloo f.s

oonsistent,w:tth ttp abor¡e ¡reetrl,ts Ln so fa¡ as both va.lues of (el)/((U/a)z - tl
a¡e l.ess tha¡r the crttical valuo of, ¿+.58 ctote¡mt¡pct for pcarl dLr¡ers ln the

Iast sectiono

8.58 IatemretatLon of oonsta¡¡ts for pearl divens

fhe faot thåt tb6 encl ct¡amber (No. 27 ¡A table t 6) fraa to

be bloclecl of}f befo¡e dives 24¡J a¡it 27 N cor¡Itt bo cor¡elatedt Lg indioatirp of,

" (A/") ratio Less tha¡r that for ttre resting state. Tt¡e latte r ls 5.29 aooorr:l-

:ing to eguation J6' Hence the above anal,¡rses ¡refer to the case whÊæl-

h/a = J.29 8-tù.8)/50+.8 = 5.o7

si.nce the total vo}.æ of tire analoguo = 5q.8 coo¡ end. of ot¡anber No. 27 ls
U¡,9 s.s. (taure t6).

t (a/") value of 5.O7 lies betwÞen the valrre d (b/") .
4.91 for cnrisíng rscubat èivers (equation l7) and that f,or ¡¡est when (b/^) -
5.29 (equatl,on 76).

Tl¡-Ls ls consl-stent vinith thê fact that the pearL èlwrs a¡e

towedt or¡er tlæ beil of the ocear¡ and on\y exert tt¡ernselv€s when tÌ¡ey spy a shell.
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T!:e critical vd.'- of +.rg tor (Æl)/((-,rrr)" - tt Cæ

pesrl dlvers is higþr than that of t.l+t fon prcrrior¡s analJrsee basod. u¡nn
rvæa.kl ðtverso lhis wouLct ow.ospond, to tlp pcarl dfiære possessíRg a

arrrocptibirit¡r factor of s/æo , *Ë x 0.415 t 0.527 sinæ cquatf.on 6g

gibes S/So ¡ O.4.lJ fæ rçgalc d.l.ïers.

Ít¡e vaLuo of 0.527 for ¡rarl ùtwrs ia al.nost equa.l to

tÌ¡at for pne-seloctecl Nava-l divers f,or vyt¡ø a valr.p of, 0.525 t¡as been cþte¡mirpr

(equation 6/). Thus tt¡e psa¡l diver would. appoar no l¡ss susaeptibte to
&cøpressLon siclqpss t*¡åri tÌ¡c U.9. Nar4r &twr.

This e¡ùrances tbe potentfa-l va.Lr.p of tlþ ünnood¡marrio

þrpotùesís nt¡íoh oa¡¡ oorrelate both t¡4ns of dívi_r¡g whiLo oonr¡entioiul tt¡eortes

ca¡r offer no e:çlanatlon for OH.¡¡awa¡¡.styl€ deco¡nsessLon.

9.6

8.61 ths lfucqe sroupa of constants

ltn foregotng asæcænt of tl¡c ttremodynanic lgpotùesJ.e

wouLcl seem most encouragÍng i¡¡ view of ths f,act that tho sa¡æ enpirtoal valr¡ss

otr t'tE ttrree 8roups of constantB rp¡¡e r¡sedl fn a.11 sl¡rteen setE of cl¿ta

analysed quantitatiræþ. [}psê nåJr nof,' bc $marlsod. asl-
(") (A/") - t+.7j for ha¡rl wotrk,

(A/") .4.91 for crulsing scuba ôLvers, æ

(a/") = 5.29 at ¡¡est.

(¡) (o/^") - o.l29 ninî for air
(") (r/gPJ a, o.h'ti f,or ¿ir
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However, ttre signifioa¡roe of, t*ls preoeèlng co¡relations l.n
asseesùÀg the f\¡nda¡rental natr¡¡e of ttre approactr is feLt to
tlepond upon the varups precliotedL by the aþorp oonstar¡ts for
the baeic paremeters frm rgtaiah the ÌqypothesLs has been s¡mthesísed.

8.62 Relatir¡e e¡cercise Levels

t*t-s have been incluilecL to eetabLisÏ¡ a

goodl come].ation for v¡orld.ng oonctitions Lf (U/") - 4.71, on1y one set of nosting

e4posìr¡es could" be found. a¡rd for them a valr¡e of (U/a) = 5.29 provedL satisfact-
orllr lo substantiate ttrese reLatÍve v¿h:es a mono exactlng cøparison nay be

macte uslng Behnl€rs valt¡os (section 1.¿É) of 25 mins. as the safe wonking tùre

for no-stage cùecønpres$j.on frø 1OO feet as o¡lposecl to j4r5 mins for tt¡e sare

¡na¡¡ at regt.

looor",ilirrg to equatioî 7jt t(0) shoulð be tl¡e same for bott¡

dir¡es sinoe (f'/æo) otô I| a.re the eerro ft can be seen frø table 20 thât thÊ

first tem in the e:çressLon for V(t) (equation IXII) pnedrruinates, and. that

hlgher roots var¡r in a ¡¡¡aruÌer si¡riIar to the ffrst. Henae si-nitar va.}¡es of

V(t) ftt equation XIII wot¡Lcl require sl¡i]¡r argr.unents for the *[rst e:çoæntia.L

term, i¡ê. substfü$lt¡g Behr¡l€rs ¡¡elatÍve tl¡es¡-

(zEo/*)(*, )í,"*r,. . (fu.lo/az) (*, )lstins

$lvlr¡g¡-

("1)i""*¿tkar)isting - h.5/20 s 1.iB (86)

Àccorcling to tablc 20,

(d, )rro*r* r o.5olr for (u/a) = t+.73

(s, )*"trrre ¿ 0.260 for (¡/a) 3 5.29

This sÍrnt (dr)*,**rr/(*r)ï="*rtry- 1.i7 ïyhich is in
goocl. a,gree¡rent rdth cquation 86, oonfLrmfng ¡¡elatù¡e va}rss of (U/a) - Í,r29
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for rest ompartt v¿tt¡ (u/a) = 4.73 for work. tÌÉ]€ tho relative values of

(A/") may be cor¡related. sucoessf\r$r, tlre rpxt stqge ls to cùete¡ßtnê rvtretlrer

tte absolute va-}.¡es are neal.istic.

8.65 llre èi¡nensior¡lcsE Foup (b/aì

It 1s èifficult to con¡rare tÌ¡e ratio (U/a) otr hter-

capf.Llary distance (Zf) to capilJ.ar¡r cliarneter (2"), wt¡en ors cannot ldentlfy

the critical tissue t¡6r positive\r. Horrrever, it is lorown tha.t the partíouJ.ar

tissue is aLosely associated rvith the locomotor system (seotion 3.11).

laking muscle, frety (1951) euotes mÐ(imn åiffusion

dista¡rces in ffrIþ-vasoclilate¿t sleleta-l muscle given by

15 microns for horso, arrd.

11 uuicrons for clog,

Hence, for f\r11y'-vasodilatecl skelet¿L muscle in ma¡r ore

rvoulcl expect:-

11 < (b-a) < lg mic¡'ons

The closest state of stin¡Lation in the dir¡es analysecl ls

that for hard v,¡ork wtien equation 78 gives¡- b/a = 4.73

Elininating b from the above equatf.onst-

2.95 < a ( l+.O1 ¡ulorons (gZ)

8.6&- Tt¡e capillarrr ùia¡reter

the neason for selecting empirical- va}¡es for the thæe

basic groups, in preferenoe to ttectucing such quarrti.tÍes s¡mtheticallt¡ becones

eppa.:rent when ore talæs a basic tlirpnsion such as the ålaneter of a capíIlarXr.

Values cluoted. in the literatr.¡re range from ! microns, usecl by Nety (1951) on

the basis of meast¡red circr¡nfe¡entíal tListance, to I microns by Burton (f g¡¿+).
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Etren higher values can be for¡¡rcl Lf one searches ln the literatr¡re for long

enougþ. Honener, the abor¡e ra¡ge oouJ.d. neBnesent ar¡ error of owr $Ø fn

tt¡e effective capillary a¡€,a, rit¡ich 1s totally unaooeptable for an¡r qr.rantitatlw

anaþrsis.

Ilre'nost realístic a¡rprai.eal fs probabXy affordstl by

regarètrrg the capillar¡r as a¡¡ elastLo tube vr¡hose dLrensions a¡e ctete¡míredt by

ttrose of the passÍng recl cells. IfhiLe this q¡rproactr wot¡Lcl reduce the aþorre

rarge of J-8¡1, it sti]-l leaves soope for alte¡native interpretation. [bÊ

average dia¡neter of the erXrttrrocyte is quotecl by lGele ancl Neil (116ù aa 7.3

miorons, ïvhíLe Bazntt (t gl+t ) gives the ogulvaLent èta¡reter asr-

average 6.0 miorons

ft wouId. therefore seem reasonablo to reduce tt¡e aboræ

range of 5-g rnicrons lo 6,0-7., microns, otr

3.Q 1a<3.65 m:lcrons (88)

Ttris rarrge is in very goocl. agreement r,¡ith that cleterminedl.

from the b/a ratío clerir¡ecl. fron cttçlng cl,ata, and. expæssecl by equatlon 8/.

8.65 flbe qrorro (n/^2\
b
The enplniaal value usecl for the foregoir¡g q''aly"es of tt¡e

prlne tra¡¡sient group ísD/aa - 0.129 nin-t. Ooblrecl ïråth t't¡e va}¡e f¡l@

sectlon 8.61 of b/a = 4.73 for worldng conclltions, tJni.s glnoe¡-

Et¡tah Lies w.tt}¡1n ttre rar¡ge 0.0165 - O.O174 pre<lictcct frø tho {t
a¡proxi.nation Ín eqr.ratfon 75.- al;so for wæld-ng cørdltlons.

5.6 mi"crong on a vo}.æ basie

6.4 nícror¡s on a sr¡rface a¡ea basis

r 0.O168
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Ihe nost fr¡ndarcnte.l peramtcr to be dsê¡red fræ thfs
group ts thc cliffusfon oæffioicnt of nltrogca in o¡rtopras (o).

grrbetltrrtlng fon (a) aocording to cquation BB¡ eú, D/t .
0.129 nir¡-l (oqrratlon /!),

l.16xlo'r<D(1.72xtO{ø2d.f. (gg)

.lpBlvr¡¡g Gaahcnr c låw to tl¡c va.h.p dotêrmln dl, c:çnrtmentalt¡r

for aoctylc¡p Ln gcotLon 5.48¡

xfor ¡¡Ltrogcnr D ¡ 1.37 x lo{ x ^@ : 1.32 x lO"r ø2 nl,nn.

It {s zcgardcc[ ¿g most algntftoant tt¡at tùÍ.¡ valrr shouLd,

Ifc w:ithin the range predlctedt fno dtcomprcsÊlon anal¡rucs ln cquatton 89.

8.66 Ihc ,å+'ncnsior¡lcsg gror¡tr, (s"/æ")

sor a çealc dlfi¡or tt ha.s bocn cstabll.shcð (cgrratJ.on 68) that
(ro/æo) : o.l+15.

For a prodtøinarrtþ aqrrous td.ssrt, as L''¿ll.oatcd by
t satr¡ratlont hcllru èlves (s6otúon 8.26) , Bchn!É (lgSl) gf*" tù¡c solubtllty
d Na Ln tl,sst! * ffo - OoOl2Tl a.c. N¿laeoo tLss1þ.

In thLe oasc Fo = 0.415 x Oo0l27 : OIOO525

lh.ts f.upJ.tcs that O.52* volræ dlisplaocrcnt provtdos

st¡ffíoient gas utrich, J.f congncgatecl, oan glne rLsc to marginal s¡mpt.ngo

nÉb lt is not ¡rcessar¡r for proof of, the bypothosts¡ i.t
Ls Lntorestlng to s¡nculate u¡ron tlre posslbl,e sizc of the trc¡'ttLcaL bubbl¡r. If
Lt is poetulated tl¡åt a.11 gae separate<l fn a crogs-eectLon of, a fibre ¡nr¡st be

oongægatocl, lnto orp bubble to provolc paln, then the critical bubble raùlus is
glven byt

x
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u2 r O.OO525.
(ta - ae)

Talcfng b/a- 5.29 (restlnd and. a:3.65 niorons (roê oelt rad.tus), tlp above

erçressÍon gives y r l.lrl ¡'tlcrons.

l, iliarpter of, a¡proxJ.nate1y ] rnlorone wouJ.cl soem reasonaþIe

for the bubble causing s¡mptøs ln a t ttghtrltlssu€¡ Howerrer, ttre most

slgntficant quantitative a¡rpraisal of ttrls valu€ ls the adlÀitlonal. pressl¡ne

f-u¡rarbcf by surfaoe tensLon (seotion ¿+.6) an¿ lts eventr¡¿,l rol'e Ín predttatíng

l0r50O feet as the ¡¡Lnlnn altltuds at rvtrich phasc separation is initiated. Ln a

narr dÞcør¡r¡sessed. after ll.lrfr¡g in alr at gror.urdl level (section 5.68).

In concluslon, there woul-d. seem adeguate jr.¡stlfication for

claiming that the values of f\rndta¡nentaL pararneters iþrir¡edl firø clive ana\rses

lle weLL witt¡in tÌ¡e reasonable llnlts to be anticipatecl by mo:re dLirect a¡rd.

oonventional nethodls of dlete¡mfnation. Xt seems most un-lilæly that e\re4f va}¡e

clerír¡ecl of a fi¡nclamentaL para¡rpter wouÏd. lte wlttri.n praotical l-tmtts if the

s¡mthesis of the h¡pothesls were not :nealistloo
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CTTAHTER 9

-
gtrgEgEu

9.1 IIL¡e Contror¡ersiaL lssues

lhe orítlcal review of tùe publlshecl. theories of clocorpxesslon

sialsress (sectlon t.6) tea to a list of elerpn lssues (sectÍon z.r) wtrosê

covero€p was consj.derecl. vital Ín atterrpting to tlerive a ccur¡ræhensír¡e h¡pothods

Most quarrtitativo approactros tenËl to avoid, dlsst¡ssLon of nan¡r of ttrese vital
lssues a¡¡dl so deri\te t caLculatLon rethod.st rather than theotrfes.

llhe I thenrod¡manior lSrpothesis, derir¡ect i¡¡ tùris ttresis, has

attempted. to pr.oduce a more cøprehensive al4rroach by using mone rJ.gorous and

fr¡ntta¡nenta.l treat¡nents. This has led. oonaepts for ttn followingl-

l. The site of pain-pronoking bubbles uithin tÌ¡e critioa.l tisst¡o

a¡¡dt their probabJe òistribution - figs. 7 orrrd. 12.

2. fho plrysloaL rechanisr for tåe fo¡mation of a bubbLe follorrir¡g

phase separatíon (seotion ¿*¿t).

3. A pÌ¡ysioal- recha¡ris¡tr by rvhich a bubbLe ca¡r provob paLn, a¡td. a

quarrtítatine dlsscription of the proæsã (section 4.t). 
"à:r"-¡

lhiLe tt¡s t¡¡eabnt of t}¡sæ as¡rcts coultl, ba tncorporatedl into

nan¡r exlsting theoríes rrith lítt1e moclificatíon, tho íssues Ín ûhich tt¡e¡re Ís

cli¡ect contrast r,vith conr¡entLonal aalcr¡lation rethod.s ma¡r be ]Jstedl as fol],ors¡-

I o The nrmber of tissr¡e t¡6ne ínnoh¡eð.

2c lltre natr.¡re of gas phaso irritiation t4)on cloou¡messfon

5. [trÊ tlxivíng foroe for lært gas e]i.nlr¡atLon follorrtng

dccøpression

lr. lln tranaport moclel.
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ginoe ttp above list ooræ:.s åJ.rost errÊrx¡ Dåjor fs$.Þ-. tl¡s oontents

of this tlresis ca.st cloubt upon tt¡e f\¡ndarental basls of, a.tI prrbl.tshe¿ dsoo'
pressÍon taþlos. Ttre validlty of tÌ¡oso ctinergonoies Dq)r now be revierpd. for
tt¡e items ðtsputed..

9.2 flre Nr¡nbor of, llssË T¡¡pos Invo}rÊ¿l

The nnber of tiasue t¡Ens postul.ated. as being involvecL tn tlp
na¡¡if,estation of nargtnaL a¡m¡rtøs of <tecørpneesion sío!iless !êe¡l¡a to be tt¡e
l¡agt oertain as¡not in q]I qtrantitatiræ tl¡eorles. No positirle erridence l,s
glræn for tt¡c parùl.cipatton of, Þ6 tissues of a¡bÍtrar¡r half-6-nes (e.g. D¡ 10¡

Ð, lÐ atrd 75 nins.) pneeræcl by oonnentlona.l retJ¡ocLs oû oaLoul¡.ting clocæ.
pressLon tablos (seoü.ons 1.62 orú,1.6t).

Oo thê ot'l¡er hand'r tbe theo¡¡etioaL a¡rproaches of EeupJeman, Ra¡l¡bas¡

a¡rd. Àlbano (sectå.ons 1.6)+ - 1.66) oa¡¡ bc no morc csrt¿in ttrat onJ¡r orp ü.estr
t¡6n le iavolved, tbe onJ¡r oritcrion bcirr8 tl¡c rel^ativp abilities of tb fina.l
oal.cr¡lation æthods to oor¡elatc practícal d¿ta.

lbLs laok of positÍræ fclcntd.fícati.on stens f¡'c¡¡ thc ÌE4r ltnttcd,
valr¡c of, tÌ¡c rea.Ith of patJcogenic cvådcnæ stmêripè l¡¡ scotd.ons 5.,2 añ,3.t.
[]s f,act t]¡¿t oæ fínds a bubblo Ln a tisstþ is ¡¡o JrrsttfLcatl,on for oLatming

tl¡at tbêt bubbl'er or a¡¡Jr othcrs 1n tt¡at tissrr, oot¡ld. havc bccn æs¡nnsible for
rarginal s¡rrptøsr

In seleoting a sjrrglc-ü.satr nodol f,or the tfrcraod¡rnanfc b¡rpothosLs

(eeotlon 5.2h), thc argtænt that no transition pofnts cq¡ld. bc dletectect l¡¡ ttro
e:c¡nrJ'æntal- depth-ti.æ lLnit¡ for aaf,e no-etage rlJ.ves çor¡ld, æoro nop poa¡.t1vc

æaronfqg tharr sí-uplðr ae$ÐLr¡g e oor\r€nLent nrubcr o6. tisgrps. lorerÊr, it
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ooul¿ be ergr.ucl. t'h¿t oonwnu.onal oalaulatd,on uthod^g r¡c reel.lJr ooun€r¡icnt

qtr)prold-netions f,or the oasc of a conti¡n¡ous s¡noh.u of tiretp nÊ$ronsc tLæ9.

But, ft is di-*fior¡It to sc hfi a ^fT cffeot oa¡r arisc fnø mu1tÅ-tl.sctt psrt'

icLpation r¡nl¡ss ttrere iE a rcmarkalrl¡ coincidlsnæ fu tù¡s ¡elat¿vo va.llrs of

tdæ oonstants and. clcaøpnessLon ratl.os for cllff,cænt tfsgr¡Ês. Eorcu, tù¡¡g

a¡€ a.J.J. argtrentrb¡.æô u¡nn oalculatl.on nothotls.

ftrrougþout tùo lLtcratræ, tùc advocatcs of, mr].ti-tlssr¡e t]porfec do

not seee to have prorridlcrt an¡r errttlonco æL¿tdng tf¡c nåtutË or sltc of s¡m¡rtæe

obsc:flr€tl. to tÌ¡e particuJ.ar tr¡rpothottcal tlast.r rctloeê críüica.L tonsfon tLuit

shor¡ld. tralc beon excoeded.

In ptgrsioa.l tenrs, thore wouLd. appear to bo an eltsn wicþr yariatLon

ín tbe eLastic pro¡nrties of tissr¡es (UcOonafa, ß&) tt¡a¡¡ in trans¡nrt

ct¡aracteristics. If the concept of, a pressure ctif,fc¡nential, Lg rcallatia as a

æctranical f,orce clofoluing æ¡!"ye ondinga a¡¡at glvi¡lg a rdso to paJl (scotÍon 4.t8,

tlren equation l[ shor¡1d hold.. llrts c:çrcssLon Lrrilloatco tbat bt¡lk noù¡Lus Ëhot¡]¡

be equa-lly as i.rporta¡¡t as tbe r¡oltæ of ga.g scparatf:rg ln tlete¡mi¡¡ing tlF

proximity to s¡luptoms. Hsnce it æens t¡Dllbly that moæ tl¡a¡r ors tJ.sstæ t¡4n

wor¡Lt possêss cot'tparabl.e susoept^tbllLtles ba"æd, t4ton a ocmbi¡tati.on of noclulua

and. responæ ti.re. Even Lf ttris rere tÞ oasc, f.t ¡ot¡lè sccm most unfflÊry that

ttroy would have h¿lf-ttæs for uptab cllgtrlbutecl as ernnl¡r aa tb val.t¡es ì¡æð

f,or cøplliag <bcøpregsLon tabl¡s. Tlp oouvcntLo¡a,l ntr1tl-ti.sarp tbcorLeE

sould. thus a¡4nar to bo pb¡raiologtcal cx¡rtanatd.ons fon cour¡enicnt natbcnatf.oal

æthocle rathpr tharr a¡proaches s¡mttrcsíae<l f,rø f\¡nitaæntal palaætstrs.

Eb eupbaef.s r4ron ttp æcl¡a¡¡loal es¡nots of, tfcü! Tot¡¡.d æem reLL

for¡ncþô ln tþ llgþt o'f, the va.ltp of Toungr s mo&rlus oalcuLetcal f,r@ iltrrtng il¿te

(scctLon t+.1ù an¿ tþc co¡molatl.on of, surccptibfDty nlth agc (æotd.on ¿¡.f 6).
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9.3 Nwl¡=rt=ion

Eve¡y ¡rublXshetl tbcory of r¡hioh thÊ Eftcr ls aware r¡ses thr ¡are

nathcnatical. e:<pnession(s) to dlpsorfbo thc cll¡¡tnatLon of a gas f,oll.ortng

tlocorpnossion as a¡e used to dlsscribo tts uptalc. lhis Lu¡rtlee tl¡at no phasc

change has ocou¡rto<t r¡rtl.L tbo fniltrriilual oritlcal tcnsl.on valuoa a¡a cxoccdÊd.

Onl¡r gas in tnp ¡ù¡rstoal solutf.on oan oontrÉbutc to a dblv:ing feoc fe
transport - nrt¡ater¡er the mod¡l.

Ilence, for such mathcn¿tioal fms to be ¡[yetoa.lþ oor¡sistent, ttrerc

woul¿ havc to bc a gtate of ar4nrsatr¡raü.on f,oltonlag cÞoø¡rrosaÍon, thc

cniterion f,or s¡mptq¡s effectiveþ iloffuÉng e æta"stabLc lLn¿t. Eorcver, tbc

lattcr oørcopt ba'e boen long abandorptt Ln all of s@ tsn or mqt! as¡ncts of

su¡preseeê bansfo¡EatLon :Ln rrÍtro¡ 8bo co¡rcl¡¡sfon æachcð ln seotLon å..2 uas

tJut nuoleation ig a ra¡dm prooosô anf tfÞ onJ¡r effcctivc quantttatLrrc treat-
rent mr¡st be of a statLstlaal natr¡¡e. llhis includog carttatfon at 3.l.qulð-EolLil

bor¡¡d¿rlcs.

It¡e five ¡n¡m¡e¿ and. clgþty doccanp:nessLons desoribed. Ln scction 6.2

wor¡Lat prorritlc strong Ovic¡cncê tt¡at nr¡olsation at oil-aqr¡oous ¡rhase intcrfaoeg

is al.so a ra¡¡dø pro@asr Moreovcr, an¡r tlrreshold. tlooøpresglon for oarrLtatl,on

nust be far loc¡er than an¡r lLuåts Lnðtcatect by the tÞoøprcsalon ratf.os ø firc¿
pñissr¡¡c tlifferontla.ls aclvooatccl by publlshctt thcories of dccmprcssi.on sJ.obps¡

(æctLon 1.6).

Recordo for solLd-llqr¡ldt lntc¡faccs ln tiho tltcraturc (aoctLon t+), an¿

for l1quf.dt-lLguicl by d:irect ox¡Er{-ænt (sectf.on 6.2), all tnÀtoatc tt¡at tùs¡¡s

st¡ould bo ¡ro tn¡ ætastaþlo lLu:lt for a4¡r 1:lquidt-gcX, or ltquLô-Xlqt¡ldt bourilar¡r

l¿lolt to ocsur l,n v:ivor Íb ra¡¡<tco r¡atu¡o of, nr¡olcatLon wor¡lcl cortal.nl¡r æon
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to bo aonsistont rr¿th Lttoratr¡æ clata uBon tl¡o ocourrcnoo of br¡bbLcs Ln vivo

- a.s $¡manlæct ln sctLo¡¡ 4.5 a¡rð Lllustratcd by taþ].o 5.

Hsnce tþre wor¡tct gem to be a rærXr strong oase for abanôord.r¡g tho

oonoept of any ætastablo U.nit Ín dfdr¡g - Jt¡st a¡ bas occur¡¡ecl Ln tùre

tl¡oor,etÍca^l treahent oû aLL otl¡er forms of, su¡rpreõÉd. transf,o¡tåtf,on. Fon a

ra¡rdm prooess the wur¡t poasfblc oa!ê Ls tbrcforo that for nhlch tiÌ¡p¡¡o 1s

t'hornotlyaanic equtllbrilu sLnco t -
l. tJrÍs condH.tf.on rc¡rcscnts naxÍ,¡uro scparatLon of tho gas phaso.

2. æro Bupsrsaturati.on, and, hence tho ntr¡lmt'u drfvlrtg force for

clLnLr¡,atLon of tho acparatccl Lært gas vJ.a t'be capi.llar¡r

(æotton 5.74).

If orr acoopts the concept of, a pneasurc dll.*ferontX&1 rr¿t¡r ree¡not to

td.ssrr as a ¡sa.ligtia motlvating forco for pa.Ln, then tt çpr¡l.d' BeoD ¡casor¡âþlc

that tbLs worgt poaeible base shor¡l.t|. bs tùÊ reLova¡rt nodbl for oa,Lcu-1.at'tag

decøp:noesLons (soctd.on à-5¿+). 8or tJrie oas oæ ur¡st clf.a¡nnæ rrltb tbÊ concept

of 'li-ited, etr¡nrsatr.rration a¡rd. bcnae rftJ¡ ary tþo¡ttú.oel approach úioh t¡æs

t¡t¡o gare tLæ f,r¡¡¡atLor¡s for botl¡ Lprt gas cU-ulnatloa fo1.loning cloccttt¡uosaion

a¡rd. tnr-t gas r+rta.b. Íhis a¡rpJ.les irtos¡notirm of ttrc poatulatcdl æohanLs trr

of thÊ orltÍ.ca.L parareters ceLectecl. for PædtlctLng sSnnptcoa.

Itre t^trcruoit¡rnarric Ìgrpotbo¡1s wpuld tår¡s aplpar nore oonslEtcnt rltb

tJre literatr¡re a¡d ex¡nrJ.æntaL rork r4)on sugp¡rosætl trsnsf,o¡matlon tban prevloul

tl¡eorÉcs of, rvt¡"ich tlp rriter ls ara¡Ë' Jr¡stitlcatLon f,æ thLg rad.l'ca.l

dfvorgenoe frø conr¡sntfona,1 tbaorlea, adt tl¡eir guarrtf.tative e:çresclons¡ f.s

afforrdedt by aat evidlcnae of pharo aeparation rrtthout s¡mptms - rsil.ent br¡bbLesr

lhLs fncludes l-ray cl¿ta (s€ction 8.1b) a¡rd. errl<tonoe of a ¡ihase clrar¡ga at lqr

altitr¡des (seatton 5.68). Ihe themoclynanlc tqrpothcsis Ía also far mo¡e
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ocmpatibJc rritb surface deoq)¡ossion, oost-deccmolçsston nLoþ1¡=: eÈ, th3

<Ùsoreasirg toLora¡co of pllots to srloocssl.w ærfa.l <boøpr.caeÍon6 (æotl.on

8.18) than ar¡¡ thcor¡r basccl qpon 1{'m{tc<1. sr4nrsaturatú.on

9.4 Ih¡ Dæiyinq Forco fæ IErt Gæ Ellpfn¿tion

Xn dto¡nnctng rrtth tÌ¡. oonocpt of ru¡nra¡tr¡ratlo¡ foæ ttr rcrst
possibJ'e oaser orp is faocd. rttb thc probJ.on of a¡ocrtotnlng t63 t¡1¡Ê d¡'fÉng
forcc for t*¡c q1{m{tutlon of i.rprt gars ð¡rfng dlacø¡ncogLoa. Ttrc ¡ib¡rsioo-

olnuLoa.l æaotor (scctlons 5.6 an¿ 5.7), gt¡ors hcm a tbfrring forcc for tt¡o

trlrt 8aË can bê ptt'or,'fdodt by an tntp¡¡ont r¡nsaturatt on arisL¡g by rrirtrs otr

ætabolLo. [hlr rnsaturatlon ha"c beon hrclw¡¡ for ssp J,êarB for alr at gronnd.

leræI, but has probably bcen dlLs:LsæcL by rorlcrc f.a <bcøprcs$lon ¡ic]mca¡ a¡

tn¡ufffot¡nt to cffcot an¡r a¡prcoiablo transpæt.

Emerær, tÌrc pÌSrsico-otpntcal a¡ålysfe, brmtnatlng J.n equatd,on,l+8,

i¡¡èlcates that thc cbivlng forcc for l.¡ært gas e1{rn{natLon s}roul.d. lncrçasc r¡tt¡
abeolutê Pressw€ a¡rd. tt¡e moLe fractLon of, fuf¡aLedt orygcn. Evpn at connontÉ.ona.l

stagl.ng cbptJrs, tJrts b€aglps an apprcoLabLc quarrtit¡rr

tho ex¡nrf-æntaI work cþscrlbcdl Ín sctLon 6., ¡ot¡ld. :nepresont tp
stror¡gcst ¡nactlcal evictcnce tJ¡at tlp i¡¡bcrent r¡¡saturEtton cd.str and. t¡h¿t,

for tlp rabbit at loast, 1t varlos aooordlag to tt¡c tlrco¡¡etlcal. ¡necl5.otlons of
cquatl.on À8. Ilcrrcrnr, t4r to tbe poLnt of ao phaæ ol¡ånæ, tbla oquation

i¡rètcates a gzeatar driutng forao for tLssr! dcertruetton et greatcr dÊpt*¡,

ûtÉch 1s the eract conn€ræ of aLl aonvcntfor¡al æaaonlng bascct qpon n¡I,cr¡atrg-

atd'on In ¡xactLec this muldL nrggaat uuob dbo¡nr rt¡d"g for a noæ repldt

or¡erall asoont tLú d a <tirær (scction j.9).
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Ver¡r strong practlcal. sulrport for thig rad-toa.l ¡rcvorsal ln cttvl¡g

praotice is ¡rrovldÞtt by ttro eupirfoal Old.nawan tochnLqr.us ($pcn¿fx ¡), an¿

tho oøperatLw trtals of tl¡c optd-oLæð tùrcrnod¡rnarúo ilaocu¡rrc¡clon a¡d.

standsr¿l Naval tab].es (scctÅon 6.8).

gøc advooatos of oor¡rpntlonal t!¡conLea (U.9. NaWr f 960 Uatc

cx¡ræssocl ttn o¡tlnXon tÌ¡at tt¡Ê ilrtvfng f,oroc of 195-255 mr Hg¡ ¡redlfctcô by

eqrratLon ,l+8 f,or a dopth of JO fcct, wot¡lô ¡t111 bc tn¡r¡tftloÍcnt to apoor¡¡¡t fo¡

gas ollmtnation ù¡rC.ng ata,gLqg. ftrta ntgþt bc tru for tl¡ctr d.upto trenrporü

nodlcL rhicl¡ åsauûes a llrpar responsê for bl,oocl t1¡at,r cxoha4go. Eoreror¡ for

noat practtoal dLrpa sr¡oh as thoac dbsorúbedL ln tabxr 26, g¡cs ¡honld. æparate

æasonab\r cLose to tÏ¡e oapillar¡r (æctlon 8.55, tn rhtoh oaæ tl¡c lnl¡cront

r¡nsaturation bcoæe far morc cffectl,w in notlvatfng l-ært g¿s transfer i.n a

d.!f,ft¡sLonFttd.toal transport syaten

Itæ stnongost ovLdlonoe su¡port'Lng tùc adoquroy d sr¡oh e ðrtutng

forco l,a gbwtr by u* of, ths conoept l.n tt¡€ anal¡raca of ¡naetical clltcs i-n

tcble 26.

llbe ottpr as¡nct of eqrratíon l+8, 1..ê. lta ¡ædLotLons aþst¡t t¡bÊ

varlatíon of totaL gas tonaLor¡s rd.th tt¡c nolc fraptlon of ø6rgan rou.Lct sccm

ælL for¡ndcdL Sr4port is pronf.dlocl by ¡naoti.oal, oo¿=alstion of Ap rtth r
(scctlon 6.lr), ¡x.edticu.orra of ¡zcsaur.cs for phâ.æ otraagar (æctfon 5.68), a¡rd.

oxplanatl,ør for tl¡c effoatg of Lnanca¡cdl. oqrgon tn rcdtuofqg tl¡Ê l-nafibnø of

s¡rrpt^rno (scotton 8.15).

9-5 |lho Trsnapo¡t't UodÞI

|fte ctra¡Aes Ín deccu¡rroeglon tceåniqrs auggcstctl by acoepttr¡g a

cllffusLon-controllLng t¡l prefozenco to a ¡nrftrafonpcontnollLng tnansport nodeI,
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a.re no rcl¡ot€ tÞar as ra¿ical. s-s those adlvooated. b¡¡ acoeptt_ng t-!É 1#ænt
ur¡eaturation as tt¡e ¡elevant driving force follortng phaee separatå.on. llhLg

arisss fron tle sjntla¡ qr.rantitatirn roEults obtaLnodL frø oaloulatú.ng Lært
gas r{)ta¡e by conrrcntional r¡ean¡¡ or by ttro 5-6¡*nsfon¿1 approaoh cryourided.

in EectÍons 5.1+ anil 5.5.

Horæver, tùrls ie a most fund.arcntal L¡s¡¡ tn rft.toh tho conclr¡sLon

that dliffusion na¡r mal¡B a far mo¡e signffioant contribution to r{qlting bloodt-

tissr.þ exohange than gernra.lþ acceptod (seotion 5.2), casts itoubt r4ron tbc

popular æthodt of reasur:Lrrg regÍonal bloodL flows by isoto¡n cloa¡anoe tcohnfquer

In A¡rpenctix fII it Ls showr¡ tt¡at data popularþ guotecL as proof of a ¡nrûrsion-
controllfng mocleL na¡r be eql¡a.lþ ulell lnterpnetett upon a dj.*îuslon-1{m{tiy¡g

ba.sLs. lhe rena¡kable parallelås of argrænts lsadlE to tlp rscessf.t¡r of

eitÌ¡er

1¡ postulatlng cø¡rJex pttysiological æohaniss inr¡olC.ng shunting

botreen parallel a¡terLovenous pathwa¡o, but usír¡g .in¡pl.e

qtrarrtltatf.ræ e:çnessions for a pe¡fusLon-J.5-miteð exahange, or

2. ¡nrfoming a far none r{.goror:s guarrtitattrp anal¡rsLs of tlp
sJ.ut¡tJ.e }åi"çnsfonal hLstological nodel, tnvol''iag fa¡ mone

ooplex natrhematios.

lhe Latter q¡rproach has been attenpto<!, Ln sectlon 5¡4. lt¡e rrt¡olo

probSom of ¡nr{\rsLon r¡ereus cliffi¡slon êe€ns to hlnge tr¡)on üÞ valuog oæ Ls

prttpalecl to accept for tÌ¡s tliffusj.on ooeff,iclcnts of c¡rtoplasrl alrd. cxtra-

celluLar flt¡id.

If one aocepts ttp va.lues quotedl Ln æotion 5c5 f,or èiffusion oo-

efficients &termined. for varLot¡s solutes by Fentchel anif Horcmltz, a¡rd. fæ

tært gases Ln eection 5.1+ (,¡sing dl¿ta frm 6ð), tlpn dliff,usion m¡st naJra a
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f,ar larger contnlbutÅon to q]ta¡€ oontrol tlla¡¡ tr gprpra].$r æoognJ.ædL Fro
tl¡o clj.sousslon oû thts vlta.l lssrr Ln scctLon 5.3 +b oo¡¡ventÉ.ona.l argr.ænt

o:<pressed. by Forstorr lbtür Rorrgþton, lhows eto. wot¡]dl eppoar to hsve onc

farge enor arising frm tù¡eir usô of clÍffirsLon ooefTLcients aotomt¡pdl by

rpttrod.s in rùrich an¡r hotorogonotþr woulil c"u¡¡¡]ctoly lnvEltcl¿to ar[r valrrs

obtalnocl.

fhile no oræ oan ewr be oert¿1n thst the nodsl r¡æil, to ibtê¡miæ

dÉÊîusl,on oooffioients Ls reallgtLc, thonc oa¡r bo Lftt¡e ðot¡bt frú tb rrptaþ

resultg (seotÅon 6.51+ a¡¿ fig. I g), ü¡st tissuo is a hsterogerÞouf¡ clLtfi¡siou¡

lrdlLrn for irpr-t gå.eêer trtn¡s tù¡ore sgems to be a sound. oa¡c f,on a ohange of

en¡ihasfs ùr ttr rel,ative oontributl,or¡s oû ¡nzfirsLon andl, dlL:ffwLon ln U.n.itl4g

upta.lo by tisstu. If one acaepts thfs argænt thon, fr@ tt¡e iregrlår r¡atu¡e

of fnto¡na"l tissl¡o geætr¡r, tt wqrúô ssem !€s,sonabl¡ for <Lif,fr¡gLo¡r to be ths

rate-ll¡oùülng prooecs Ln tb partlcular instanco of tlæ worst possible oa.$f -
as envisa.gÊdl morphologfca,Uy Ln section 5.5.

9.6 Ottpr Klætic Sa¡¡torg

$æ probabfEty of the woret geqptl'fs oonÀLtions ooLnoJ.cling rrlttt

tÌ¡e worst nr¡cloation conðitLor¡s nor¡ltl seem verxr gna.lI. Henoe, iûos6tito +åe

rnry J.arge nr¡rber of possibLe nioro-tissln reglons :i.n Ìr?Éoh stfflclent gas

corrlct congnegate to give paln, tt¡eæ cor¡lcl gtfll bo a rsasonaþLe oha¡¡ce of,

s¡æptøs feilir¡g to ocor¡r after a potentía.lJ¡r unsaf,e tleoøpnessLon |[þ

ttrrmod¡manic t¡rpothøsls can thr¡s offer an orçlanatl.on for oæ of the naJor

featr¡¡ss of dÞcø¡ræssLon sJ.ohees¡ a¡til oæ vthtoh is avÞiclêil. by nost eryornnts

of cor¡ventlon¿l oa"lcul¿tLon ætJrod's.
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Âr¡othor ..ir"ilar sa.liont fcatr¡¡re is tÌ¡e ra¡d.ø onset td.æ of s¡ruptms

whlch noukl eee¡n to be aclogr.ratcþ cælatrpdt ln sootlon 8.12, with pa¡ticr¡lar

emphasis upon e:€rcise (seotlon 8.1J).

Horrerrcrr t*¡e a.lnost lnsta¡¡ta¡Þor¡s or¡¡ot of, s¡ruptms usl,qg oonr¡entlon¿

tablos, €rgo UoSr Narry (f 9&) t omparett rvtth ar¡¡r f,oltortng t}¡s tbs¡mod¡¡nanio

fomat inôioates tùratt-

I o ttre gas pfrase ls mlI ogtabllgÌ¡sd fn tlr U.9. Narr¡r clLver J.ong

bsfoæ hs ¡oacl¡es tt¡s surface, and has tùc¡efo¡¡e coalcecocl, by

the tLm Lt Ls ¡nmitted. to expanô to patn-prorokitg ã{rpng;lo¡rs

durtng tù¡Ê ffu¡a.l tprrJ.il to üp gu¡faceo

2. IlttLe, if an¡r, gaa has separatod. by tlrs ttreroodl¡raanlo fø:nat

bsfo¡le thê fina"l tprrl.lr to ttp surfaoor ]¡snce longer onset tiæs
(see tabJ.e l8).

8tÞ I thcmod¡maniof ætlrod. rcr¡ld. socm to aclrtove rcæ rdpfdl oüsrsL1

cleoupressf.on by attortug gas to æparato l.n t}re fir¡¿l stagoa, thus uslag the

greater itrtvlAg foroe a¡sooiatcð rtttr greater clopth fes sl{rn{r¡etLon of gcs rrte

t'he capt Llar¡r. llp ¡everse wor¡ld ho1il for the U.S. Narry fomat ¡rlrtoh f.s

ef,fectiwly a therapeutlo t¡eahent for oaparatedl. gas Trtrlch has not beoqp

ma¡rifost ln tl¡o clLrrioaL Êenscr by rrirtræ of tho Boylols law effoct.

9.7 0emglatåon of Fraotlcal Data

QuarftatlvelJ'r tttc thcmod¡manlo Ìgrpottrosis hås apgoaæ¿ oo¡¡slstent

Ìvith a"lL tÌ¡e faoets of decø¡rresslon glokreEs of nhtoh tù¡o rrfter ig awatr€.

fbe Latter bave boen ¡edr¡codt to ths trcnt¡rr-thæc easentia.ll¡r dlLtfercnt as¡note

rüriob a¡e tllsougstl üil sootLor¡ 8.1. ltrllt pa¡a,lLsI argtæats oa¡¡ bo ofìÈrcct by

aLL theories for most of tlre topics, f.t ls ær¡r cltfftcuLt to æc how cqrvontlo¡r¡

al tÌ¡oories d ]l¡nited su¡nrsatrratLon oan e:çlain tb f,oltorlag Dol¡rts¡-
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l. tùe cff,oots of eærcLso ènring cùrcqncoston (tten vllt-8.15),

2. tþ tl¡¡¡e*¡ottl &lttû¡ilo f,or a pha.st ctrange a¡ l¡d.Lcatoô by X-.rqJrs

(fton fx8.f¿þ) ånal tt¡c otbcr evldler¡cs ill¡or¡sædt ln sooti,on 9.5.

. 5. tt¡o dlscrEascct aclvantagp of pæ-o:S¡gpnatl,o¡r lt aLtltr¡ib (¿t¡^

xlv-8.15).

l+. 'thc dþo¡eestng toLora¡cc d pl,lotc to ¡¡aocsel.w aorLal dù¡oø¡-

¡xcssf.ons (ftor roct-g.l 8).

5¡ sur:faco deocr¡æaston (f.tcn ¡odtt-8.18).

er¡antltatùvely, the tlrornoilymanto $rBotbe¡lg rvor¡Ld. $ìpcar to oûîcr

better cor¡elatlor¡ of ths oocurre¡ræ of s¡rrptms tùran an¡r tboortrr d rù1oh the

writar is awa¡eo Esæntia.l\y-e crprosslon (cqr¡atl,on XCü), rhoss osqIro¡p¡¿

terus a¡e tþfirpcl. f.a aootLon 5.85¡ hac becn r¡sccL to oomelato¡-

l. It¡e minimr¡m cbpth for pronokiag s¡m¡ltms l.¡ f neaF and. pro-

seLeotedl, d.twrs broathfng aJ.r (gectton 8.22).

2. f,l¡o ninl.urn altttr¡db f,æ prorrold¡¡g q/rytÆs fn lma.kr a¡¡i.

pre-selootcd. ptlotc b¡¡eathLng al^r bef,o¡s ascent (æctú.on 8.25).

5. fhe nl¡únr.u dbptl¡ foar prwold.ng s¡luptcns tn ilivors bneatbJ.ng

o¡srgerr-enricÌ¡sit atr (scotl.on 8.2!).

l+. Ihe r¡.tr¡l.utm itept'l¡ for provoldng süt¡ptqne for ètrÞrs bnoatlr.i.ng a

nixtr¡æ ú 4ÍIe, M Ou (socttoa 8.26).

5. Ího tlr¡estroüf altttt¡ilo for the phå.æ oha¡¡99 cll,gcwædl t.n

sectLon 9.5 (aeotå.on 8.2h).

6. Ílp li¡par fo¡m of, tbe clcaøpæsslon ratio clotermlnd,

o:r¡nrJ.ænta.gr f,or goate (aectt on 8.27). '

7. lhc {t ¡cef^ationslr.tp (æotå.on 8.5r, anil tbc oørselatlon oû tb
orpLrtoal oonstant rvttb fi¡natarenta.ì. paraætore (ccctd.on 8.61¡).
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8. No-stage rsoubai clfi¡os usfng air (aoction B.bl).

9. Varior¡s sete of no-sts,gp wor¡d.ng ill.vas (æcu.oms 8.112 s'fr, 8.t+r).

lO. No-sta,ge clLves ustng tplLtu (scau.on B.¿*).

I I . .O¡rygen ber¡dsr (æatton 8.b5).

12. Diws w¿th tttratect staging (aecü.on B.5Z).

13. Ísrkr-g dÍrrre¡ rttJß enit rlttrout otagt&g (æotlon 8.55 ard' 8.51¡).

l¿$. Okinawa¡¡ clLvcg (eootü.on 8.56).

15. Reptitirn dtLwe (seotion 8.Dl),

lhc sa¡æ cr:tttoal va.lrr oû tlË on¡oå.¿l pareËtcr @Jæo - O.l+fr)

cr¡abl¡s tl¡ooætical crttLoal p¡esar¡¡es to bo dodlr¡osaL f<yr caslr of tþ ar¡ncts

of ltens l-7 whicl¡ llÊ !il.tùtB the varior¡s rer¡ggs of ¡naotl.oal v¿ürs. ltte sare

va.}æ otr (F/æo) 
"rratloo 

a¡aoptos to bo oomolatedt wttå iltrp f,o¡mat ln aft
exoept t'Ì¡:cee out oû more ttran l0O cltftfeænt tlirles, tùoeo dliffeænae" trqt¡t¡rg the

nal¡r f,otms suggestett by ltorns 8115. Eorernr, oû thp tluco outstanèlr¡g oa¡es,

in onJ¡r orp dicl aSmptøs ooour ¡ùsn not prudlS.ctoct by oquation Xf,X,, a¡ril. t*rf.s wa^s

a case of Ltchlag.

tbe otbÊr two rpre Less ærious in so far as a¡mptcms cllcl not oocr¡r

aLthotldh prettictecl. Tlæse oould be ctisrissd. or¡ tlp statistical, gronnds tJrat

each òive was ¡nrfoætt by onl¡r tno æn ln ors caÊc and. by tb¡po 1n t!¡e otlÞr.

Hoærrer, even if otæ supposes tt¡at a rworet possiblor s.itc wac fu,l\y nucleatocL,

Ít Ís Ínteresting to note that both cryoaurns rere wonllng dfiËs of long

cl¡¡ratlon - 1o5 nrns (tabye 4) anit 60 nrn¡ (ta¡Jß 27). Botl¡ caæs oould bc

¡îea¿i\y oor¡elatecl lf t]pse åiwrs hacl casêdl their hcary work rate oüer such

extendod, ¡nrtodls to natotr tl¡åt oû a cnrlsl.ng rgoubar dllvor - soe æotlon¡$.à¿

a¡d' 8.51r.



to9.

Hence there woulcl agpcar to be pl^auslbto c:çlanatü,ons for thc few

ninor points of cliscncpsncy 1n an otlp¡flrlsê oø¡rlcto ao¡zeLatfon of, tlp
occuÍrence of s¡mptøs witt¡ praotica,l cLlrreg of, vrlde\y dllffczd.ng t¡6ns.

9.8 Fr¡r¡da¡æntal Intoro¡station

Ihe u,æ of rr{-er¡sLor¡f,.sss groups fn ana\ystng dltrns tus proræn

partloularþ c:r¡ndltcnt, and. tu.s suggoEtcdl vaÌ¡es f,or tl¡e follwir¡g ba"sia

oor¡gta¡rtsl-

l. A crittcaL bubbLe dlaretor of 2.82 nÍonons vr?rtoh geems of

reasonabLe r¡agnfü¡de a¡it Lnpltes (sootf.on l+.f 5) a va.Lr¡e of,

Toungr g moðr¡Ir¡s for the arittoa"L tLssrr lylqg rrithf.n a

¡easonablo ra¡rge to be antlcipatcê.

2. ln Lnteroaptltary ctlsta¡roc (¡) rft¡fn ür rango 14.2-17.5

microns for ha¡.rl' work to 15.Ù19.2 nicrø¡s for ¡segt. Ilpso

va}¡es woulcl *tom r€asor¡abLe f,or a tl.asr.p t¡6n ntÉch is not

mr¡scle ¡rct ts closoJ¡r assool,atoct urtth tt¡e looqrotor qyctem

(æotå.on 3.17).

5. 
^ 

iûffusion ooeffLclcnt for o¡rüo¡rla"s, ú 1.15 x 1O'a- 1.72

x 1O-" or." mLn - t rrtioÌ, l.s rritld.n tb rango tlete¡mi¡rcl by other

tn¡fy transient rett¡od.s nit¡loh tlo not as$;ut tLegrr to bo a

hoogorsors dllffusion æôirn (aocu.on 5.52).

It woul.d' seem most unlilts\y tl¡at tÌ¡eoaptÅcaL{¡t-¿9rlve<l va}rs f,æ

th¡ee suoh basía pararetors wÞu¡.d Iåc rrltl¡Ln practfcal }luuits if, ttþ poetrrl,ated.

rectranis a¡d. nodelr and. subæqrrnt uatftpnaticã, E¡e not roa,liEtlo. $æ aboæ
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o-t¡e¡rültative ooælatl-on f.Ìns reBr=gÊntg tlre gt¡o4gist eddenoe {n fanott:r of,

the fi¡rxlarental approaph enpl.oyecl for qmttrosJ.sing tlÞ ]¡potùeafs dlcch¡oeð l¡r

this thosls.

llæ ære fntrÍgutrg astr¡oct of ttris upnk l.s the pæcttction that thore

is an altogather f,aster lpans oû cleompressing a dliver tha¡¡ coul"d' bo ooncelvecl

fru conrrentd.o¡¡aL tÌ¡eories (sotd,on 5.9). the ocuparatLw trlals upoa goats

for a¡¡ arbitrar¡r ê)q)osu¡re (acotlon 6.8), ntrlch st¡owe¿L a savång in cloccupnession

ùine exceedlng 3ú, wor¡Lcl qprar to provide rthe proof, of tts puðiling!.

llhls woì¡Ld. ÍncLioate tÌ¡¿t the anal.ogues doscribed. 1n seatd.ons 6.5 atñ.

6.6 ¡ur,rst be cLo* to a t¡r.e slmuLatÅon of the actr¡aL process oocuming ín tt¡e
oritiaal tlsstp cturing dec@presgLon. ûE ü¡e¡Ín¿L anaLogl¡ wor¡ld ttprefore

wa¡ra¡¡t fi¡¡ther deræIo¡rent for poseiblo uæ at sea as arr atrtøatia i¡¡òicator

of opti¡na] decøpnession, whllo tÌ¡e sanÊ baeic prinòipJ.e nigbt be adapted for
s5-nuLating tle uptalo of volatiLe a¡apstÌÞticso

9.9 Conclusior¡s

Xrrø t*te fonegotng èlsousslon ths folloring conclusfons msJr be mado¡-

There is a faster æans of cÞcørpæssing a èiver ttra¡¡ rvor¡ld be

pneclictecl frcm cor¡r¡ention¿l tÌ¡eo¡{es a¡rd. tabLes.

Such ¡¡educecl decmpnossion tÍ¡ps oar¡ be attairæcl., w:lth no loss

of safet¡r, by euploy:i-r¡g <Þe¡nr staglr¡g teohnigr.ns.

9uch technigues a¡e oonslstent with tåe l¡pothesis described.

in chapter 7, ø¡ø, surnarj.secl quantitative\y in sectLon 5.85.

fhe cùee¡nr sta.gjng advocated. by tlæ hy¡totåesi.s is consistent

r,:ith the techni.ques cleulsecl enplrioal\y by Okinawa¡¡ pearl ùivers,

1 a

2o

5.

lr.
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(Ap¡nnðix f), arrd,'/'xith tho increasd rj.¡ù¡e¡¡ent r¡¡¡Eaturationl

vrÀich has been obse¡¡recl at greater aþgolute pr€ssunc (section 6..11

5. lhe tbemod¡mantc try¡potlrcsl.s oûfers a bottor qr.rantttative

correlation of run¡r t¡4ns of ôi.rres tt¡a¡¡ oan bê cbt&irect frco

conr¡entionaL theorie s.

6. Tlæ tl¡ermoril¡manic L¡rpotüresis ls no¡re oonsistent Tritå tho nan¡r

quqlrtatirre facets of cÞcørpressÍon siclaæss tha¡¡ conrrcntional

theories (sectton 8.1 ).

7. llhere is llttLe JustifÍcatÍon for ttæ conrrentional postuJ.ation,

or implÍcation, that the¡re ís a ætastabLe 1ímít to tl¡e sutrÞr-

satt¡ration of tissue by gasêso

8. Car¡ritation at a låquið-l1quid. inte¡face ís a ra¡rd.arn process, a¡Tr

tl¡:¡eshold deoompnessíon being app:rccíabJy loss tharr lnclicatect by

ttre decourpression ratíos or fixeè pressuæ èi.ffe¡¡entials

advocated. ín conventionaL tlreories of deccrnrpression siclæss.

9. The analysis of cLivlng cl.ata is consistent wåth the concept of

considering on1y the lv¡orst possibLe caset fron the folLorlr¡g

points of view¡-

(") naJci-mtm gas phase separation¡ i.ê. tåezmoSmarric

ec¡ríJ.Íbriun.

(t) DÍ.ûina,l bloocl-tissue excharrge¡ Írê. where the space betlteen

tvuo ad.jacent capillaxies is ocoupiecl by ce]_luLar material

on\y'

10. gl€l€ta.l mrscle ca¡not be negarded. as a hcmogeræous cllffi¡sion

rneùitur for í¡:ert ga€êsr
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11 . [tpre 1s litt].e justif,ioatlon for ttte conventior¡a.] practice or

asstuing tù¡at the bLood.¡tisEue exchar¡ge of a single tissr.p

e:rhfbits a lLrpar reaponso.

12. TÌ¡ere coultL be far greater emotrs than goræraLJ¡r acceptect in

tùre popuJ.ar rethod, of rpasr¡ring regional blood. ¡nrfusion rates

as the e:çoræntial constant x partition coefficlent.

15. lhe¡¡e wor¡Ltl. seem to be oonsideraþle d.oubt about ttro vqli¿ity

of, the popular praotice of using d.ùffusion aæf,fLcients for

tissue as those of wat¡r or those clete¡mined. by etead¡n-state

ætl¡octs - partíoularly vnhen usecl for oalcuJ.ating tra¡¡slent

exohãnggsr

14.. Tlp t^Ì¡ezmocl¡rnarrio ÌSpothesis enabLes va,lr:os to be cletæn¡1¡æcl.

frcm dlve anal¡rsis for fr¡¡rd.aæntal plprsioJ.ogiaa1 paraæters

wtrich aæ w:ithin ¡easonabl¡ !i.uits.
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Apr¡end.lx I
OKIT{ATIÍAT{ DI.VES

Reconds

--
In 1959 tlre Aenoned.lcal Unlt (aAefafae) onganlsed an

expeditlon to the Nonth Queensland. coast to recond. the d.ivlng

technlques of Oklnawans hlned. upon two-yean contnacts by the

pearling companies. The flr¡ancial lncentlve to nln1n1se

d.ecompnesslon tlme has resulted. ln their d.evelopf.ng an enpirical
d.ivlng format over the last centuny. The featu¡re of d.lvlng,ln
the Tomes Stnalt 1s the long and. d.eep exposures, up to t hor¡¡r

at 5OO feet, often penfonmed. twice fn one day by the same lnån¡

Ilre d.lvens are towed. over the bottom of the ocean uitrlle seanchlng

for shelI, and. wean a helmet and. full-Bült.
The recond.s and. resurte of eleven d.lves ane shown in fig.ll1

togethen with the cor"reepondlng d.econpnesslon prescribed. by other
method.s. lhe writer can cLalm no c¡.edlt fon argr of these recond.s

and. would. like to exprese hls appneclation to the Aeromed.icaL

unit (eaeraiae) fon access to them. lhey have since been

published. (LeMessurie¡r and. H111s, 1965) together wfth the wnlter.rg
thenrnod.ynamlc explanation fon the euccess of the oklnawanrs

d.ecompre ssion technlqrre .

Featr¡res

lhe oklnswan dives d.lffen gneat1y from aLl, Naval tables and.

defy correlatlon by any conventlonal theory. However tTreþ
technique hae been shown to permit more rapld. srrfactng f¡rom long



end. d.een èlves, a1though Naval tables ane fasten fon ghont

êxBoeüresr The grralltatlve featr¡ree of the Oklnawan-ty¡le of

d,eoompnesslon åf,€i-

l. Dlrect eurfaclng fnom 30 - llo feet.
2. Deeper staglng ttrroughout the ôeconpnesslon than any

ad.vocated by sonventlor¡al tabLes or theony.

A gr:antltatlve anal¡rsle le penfonmed. ln sectlon 8.6J.

It shouJ'd be emphaslzed. that tho nethod.s used. by lnd.entr¡¡ped,

Okinawans ane entlrely d.lfferent to those lntrod,uced, by the Roya1

Aust¡rallan Navy and. Depart¡nent of himany rndustriee for use by

natLve |lsrandens| d.ivlng fon peanL shel1 in the sane waters.
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APPE¡IDIX II

-

UTD I¡ÍI|INITE HOüOW CTIIJIWDER

Tnaqslent nad.laL d.Lffuslon eouatlon

Applylng I'1okrs law to the conservatlon of a solute at a

polnt glven by the nad.lal coord.lnate (n), tho tenelon (p) of, that
eolute nay be exBressed. ae:-

a1
n

¿p,
òn

-àòr þ l I
D

.èp,
òt

a

whene D le the d.lfÌfusion coefflclent.

TensLon d.lstrtbutlon
Iæt the fnfinite hollow cyllnd.er b.avo an l.ntennal rad.lus (")

and, externar ¡rad.lus (u), and. zeno Lnltlal teneion thnor:ghout, f,.ê.
p = O fon t = O. Carslaw and Jaeger (t g¡ga) have denlved. a genera1

solutlon f,or the tenslon ln tlre cyltr¡d.er a < ¡p ( b as:-
-aar(kl - bkl.loe(¡/b)) + btl (k. + akr. rog(¡rla))

a=

II=l +ffitg (,.l 'o,,r,(uor,) - k:.ro(bc,r)) co(n,Ç

I a r(r I 
orr", (tcr,r) - k lJo 

(uo,r) ) -x !(rc,.,r.r., ( 
"oJ +k..To ( ao,ri 

].1

æ

(2ol )

-Í

uitre¡re r'(orr) = ( (k: ) 
aof+(r!) 2) (r.'orra(aorr)+k..ro (acrr) ) 

?

(r 
iofi+r !) (a lo,rr n 

(uo,r) -k lro lucrr) ) 
. (zo¡)
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arrd. C^(n,o-) = Jo(no-)(*ror",(aoo) + krYo(aco))

- lo(ncrr) (r,orra, (aorr) + k.üo(acrrr) )

fon whlch ! o' are the roots, al,I neal, and. efnpl,e, of,:-

(t<'o,1,(ao) * k.üo("c))(ktûyr (bq) - klyo(bo)) E

(t<,ov, (ao) + k"Yo(.o) ) (rlo.r, (ucr) - kl;o(tc) ),

kr, kz, kr, kl, kl and tc! are def,lned. by the genenal bonnd.ary

cond,ltlong t-
kr(ò/òr) - k. p = k¡ f,on n = a

and k:(òelôr) + a! B = kl fo¡r r = b

kr, ka, kr and. k! are constante whlch rnay be positlve or zero

provld.ed. k, and. k. on kr ana k! d.o not both vanlsh.

( 2o4)

(2o5)

(zo6)

(zot)

l[od,el for d.econpresslon slcknees

The nod.e1 fon the wonet posslbLe caee (ftg. B) b,as two

bound,ary cond.ltloîE ! -
l. No mass transfen across the bor¡nd.any r = b slnce guch Bolnts

wor¡ld. be eqrpJ.led. oquall¡r by two oapl1LanJ.es, 1.e. (òg/ù) = O at
F = b.

Thls eatlsfiee eqrratlon 2O'l lf kr = 1r kl = O arrd. kl = O.

2. No concentratlon grad.lent acnoss tho caBlrlary. guch a etep
ln blood. tenelon, d.eflned. by p = o f,on t < o to p = po for
t >o

=Or k
and n € ar meane tbat eqrratlon 2o6 ls eatlsfie¿ lf, k
= I and. k, = -P¿.

2



/ fl=o
p = PA \'t - orrå of(u. (uo,r) ) tco (n,o,") exp (-oÍot)_ 

.. a_r/

7

Thus equatlon 2O2 beco¡neet-

Slmllan1y, equatlon 203 glves¡-

f'(co) = o; (,o"(aoo))a - (r, çuorr))')

equatlon 2Ol4 glvesl-

co(rrorr) = Jo(rcrrr)to(aorr) - Yo(rorr)lo(acrr)

lhns the overall solutlon beoomos:-

) (zoe)

p=PA - rr 
rr=4., jln (rorr)vo (acrr) -yo (rcrrr).ro (ao,,) )exp(-oþt) (eos)

where È o' are the noots, all rear and. slmpJ.e, of eguatlon 2o!,
which now becomes:-

.ro(ao) .Y. (bo) = Y.(ao) ..r . (uo) (zto)

Besser and. Neumarua functions ane def,ined. accond.lng to
lUatson (t e+4).

Total uotake

The total gae (e), exBressed. ae volume (s.l.p.), entenlng
extravascul-an tlesue nay be obtalned. by apBl,ylng Ftckre law to the
capÍIlary wal-l:-

åg = -2naD.s. e)"=" (arr)
where s rs the solublrlty of, the rnert gae ln cytoprasm - cxBresEed
as vol. gas (S.f.P.)/vot tisgue x Bneôsu¡e.

¡

Il=æ

l
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ApBlylng equåtlon 211 to equatlon 209_. wo have¡-

II=æ (,r ( )-v ( ) ,ï ( )) exB ( )
åt = ZIreaPoS.D D

II=1 (.ro (aorr),/.r, (urrr) ) 
a-t

Integnatf.on, assrrming Gl = O fon t - O, givee

o = 2raaPOs þ;
(.r ( ) ( ( ) ,I ( ( Dr) )

Fon t = @, Gl = Cl- = fr(be-ae)SfO

Thue G
Gæ

n=1

r(be-ae)BP^

)v )-v

Y )-v

h

) ) (t-exp a

sxp( )

on (.ro (aorr) ft ,(aoo) ) 
2-1

r#ffir a

lI=æ (.r ( ( )¡ ( ) ) exp( )

(aorr) (to ( aorr) / t, (aoo) ) 
2 -t

(

But .To(x) .Y, (x) - to(x)J,, (x) = {n-
Hence

-gGæ

G €
n=1

=ln(t 2-aa) sn" ((a/a)"-t) (acro) a (uo (aÇ,/.r
, 
(uorr) ) t-r

(z,tz)
Ar¡onoxl.natlor¡g

untll, the d.iffi¡sfng gae roachee the rback rallr (r = b), the
boundar'¡r cond'ltlon glven by equatl.on 207 nay be vaiyed.. The eolutlon
to equatlon 201 fo¡r such valuos or (t) rs then üro same as that of
an lnfinlte neglon bor¡¡rd.ed lntennall;ir by tJre sr¡rface ¡r = a. cargrar
and. dlaeger (lg¡*), glvet-
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p-
l).A =1+

G= g
1Í

Ultimate approxlmatlon

For sna]-ler vaLues of t such that

exB ( -Du at ) (Jo (rrn) vo ( r:a) -Yo ( ur).ro (r:a) ),

(to" ("o) ) e + (Yo t.") ))

= PnPoDstef + * -r(i)* . * $) " J

æ

I.
2,Í

too
DPAs t t . exp(-Dr¡zt) òu. òt rt o to 

"(t.ro(au))e+(to(au))t)

(+)

Appllcatlon of, eguatlon 211 glves the gae uptake,âer-

. Carslaw qnd. .Taegen (195Ð) glve a plot of, the d.fnenelonl,eee

gnoups

# /nrtoæ ve. Dt/a

Graphlcal lntegnatlon glveo a BJ,ot of the d.lnenslonl,ees

guantltlee c V9¡ Dt
a2anazPos*

tr\¡nthen apr¡roxinatf ons

trto¡r smaller valuee of t,

(zt5)

(ar h)
elldt

rjrfr¿r >> *
f¡9. t <<

f,inet, and.

læ\-
\arr / - ãrSaPO ID{r lzt s)
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for r¡vtrlch lntegratlon glves G = l¿raP^$,f(Dt) (.216)

Jaeger (tg¡6) glvee ptote of (p/pt) vB¡ tegr oþ/a) for
varlous valuee of, (ot/az).

These nange from r/a = o.1 to ioo and, (ot/az) from 1o-t to iot.

INFINITE SOLID CIrLII{DER

Tenslon d.lstributlon
r.et ue consld.er a solld, cyllnd,or of rad,Íus (¡), r.er o ( ¡r { b,

lnltlarl,y at zeno tenslon, Loo. p = o for t ( o. Fon a etep ln
extennal. tenslon, d.ef,lned, by p = o for t < o to p = pA f,or t > o

at r = b, Glold.steln (t g¡e) glvee the soLutlon to eguatlon 2ol f,or
such bound.ary cond.ltlons as3-

p=PA(1 -rÏ=ri ffi) çzn)

whene t o. ane the noots of¡-
Jo(bo) = o (zre)

lotal uptake

AppLlcatlon of eguatlon 211 to eguatlon 21J fon gas traverelng
the caplllary membrane glves:-

gg
d.t = l¡crP¿N rÀ exB(-ofrDt) ùraD$ è.s

Ì=o

tl=æ
( ðn



Integratlon glves:-

1.

exp(-ofiot)

(torr) 2

llar {z

i eenfc

lX=oo
G

ru znos
\t
G =1 _arrå (21 e)

(221)

æ

Apt¡roximatlons

From Gold.stelnts approximatlon fon eguatlon 21J,

(r-n) (ot¡)å
h = r*lå errc (ãfrËT). lenfc ("i'tËËr )

+
( go2-7r"2-zur) Dtw / b-r\

\ã1ÞÐ'/

For sma1l values of t, all but the fLnst tenn may be neglected.

when p = PA t*1" enrc ãhËT

(#)
ÞÞ
# " rft.tl if ...S

D.A
rGõÐ.F=b

Applylng Fickto law to the sunface, (ae/at) = 2bSry krO/t)

Integnating, e=¿tbPASd-(øDt) (ZZO)

SOLID SPHERE

Rad.la1 dlffusion eouation

/ffp\ .L z (àP.
\ao'/ ' r \òt

\1
)D

o làp
\ðr )

Tenglon distributlon
r,et us conslder a sol-ld. sphere of nad.Íus (¡), 1rê¡ o ( n { b,

lnitialJ.y at zero tenslon, 1.e. p = 0 fon t < O.



8.

Ip = pA I - 3;ãi f"*r" (çËÈi-) - enrc (gffi+T-IJ ezz)

fnom whlch the appllcation of Fickte Iaw at the surface (n = b) glves:-

åf = 4nbDs.po ,,$ (errc t-,#r]_ errc 
[ftË+p] )

Fon a step 1rr external tension, def,ined. by p = o fon t < o to
p = PA for t > o and. r ) b, carsraw and. Jaeger (t g¡gc) give the
solutlon to the above expresslon âs!-

nsb 2

Dt
) %

+e

exp(-Dranat 2)

tta

=1-6-
"å

n+1

"å

(

where G 1s the total gao entenlng the sphene.

Canslaw ana Jaeger (r g¡n) glve C} = | -6-
'A 12

- ¿+b.to. Je æ

n=o (" )
Dt

g-
G

æ
Ihue rc[

4zrb sPAs

¿tu
ð22

exo(-nanzDt el

n2T2

LÍ¡rear diffuslon eouation

In one d.inension (z), Fickf s law becomes¡_

(zzs)

(zzt+)
\
/( 1

D a (3r)

lenslon dletnibution
Let us conslden a frat panarrel-faced. srab of thlckness (at),

1'o' -b < z ( b, ln1tialr-y at zero tenslon, i.€. B = o for t < o.
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For a step ln external tenslon, d,ef,lned. by p = O f,or t < 0 to p = P.À

for t Þ O and. b < z ( - b, Clray (tSZt+) glves nar\y solutlons to

eqrlåtlon 2211t the elmplest betng

ff = err (#iÉÐ) + err ("'b"r ) e25)

Expanding the error fr¡nctions ae eerles, and. applylng Fickrs

law to the facee:-
æ
Eê,-1

t¡
ãÏFAE

G
Gæ

exe(_ ( en_t ) an ¿pt^/¡+t aì

(zn - t)2
Qza)

12 n=1

N.B. the first 3 terns glve the basle of the Rashbass equatlon

(sectlon 1.65).

DEF'INTTIONS

1 . Besse1 and Neumarur fi¡nctlons are used. accond.lng to the

d.efin'itiong of ïtlatson (t g¿+l+) .

2. Enror functione d.eflned. as¡-

erf (z) =
2 -u 2

du = 1-enfc(z); lnerfc(z)= 1n-årfb(Lùö¡A

æ

I,

z

I.tl rr

for n = 11 2, etc.



Append.lx III

Intnod.uction

ït ls not lntend.ed. to pnove in thls thesls that dj.ffueion

is tþe process linitlng the uptake of lnent gases by tlssue.

However the wniter does d.lspute the popular concept of assumlng

that blood¡tlssue exchange 1s entirely clnculatlon-contro1led.,

and, would. hope to shovi¡ that the resietancee to uptake afford.ed.

by d.lffu'slon are far more signiflcant than the calculatlone of

Forster (f ø+) would suggest.

This statement ls based. upon the fact that such authons have

used. values f'or cliffusion coeffj.clents d.eterr¡lned, by method.s

whereby the solute could. by-pass celIe. Moreoven they presume

that each tlssue has homogeneoua d.lffuslon propertieg.

The argu¡nents d.lsputlng these assumptlone have ¡éen expressed.

in sec tiort J.2, the heterogeneous natu¡re of skeletal nuscle
., 1

being emphasized. by the very large dlfference ln the d.lffuslon

coefficients for cellular and. extnacellular material found. fon:-
(f ) inert solutes of vanying d.ipole moment Uy f'enfcfref

and Honowítz - see sectlon f.J, and.

(z) lnert gac¡es - see 
""o'rrorr'" 5.48 and. 6.j.

VUhtle such d.ata would. eupport dlffuslon making a far mone

signlficant contributlon to limiting blood.¡tlssue than normally

acned.iüed., there is nuch other evid.ence guoted. by the proponents

of penfusion. Befone reachlng argr decfsion it would. seem d.esinable



.2.

to see lf euch evld.ence were not equalJ_¡r conpatf_btg wlth a
d.Lf fus i on-c ontroJ.Itng mod.el .

In the Llteratr¡re upon d.econpreeeLon sick¡ress the work mogt
fnequentJ'y quoted. ln support of a clncrrLatlon-llmlted. uptake, an¿
the subsequent r¡se of simple expontiaL f,unctlons (equation 1 g), 18
that of J'onee (t g5t ) .

Slnultqneous wash-ol¡t,, of inert sêsee

Jonesr chlef argument 1n f,avour of exchange belng controlled.
by the cincr¡lat1on 1e the simllanlty of tlne constants for d.if,fenent

.

gases sfmultaneously ellminated. fron the bo(y by an roxygen wagh-outr.
He measured. nltnogen together wlth ono of the for,rowr.ng:- hellum,
kn¡4rton on ¡.ad.ioactive xgrloor

However, rn hls comparison of, val.ues, Jonesr method. of,

enume¡ratlng exponentlal terms would. e¡eem to be purely anbltnany,
there belng no apparent reason wÏgr k, ehould. be asergned, the
largest val-ue, k, the second. rangest, etc. o¡l the othen har¡d. thene
wourd' seem to be at least thnee reaaons fon ad.optfng the neve¡rse
ond'en, i.e. k, 1s the smallest, kz the next enarreet, etc. These
a¡re 3-

1 ' rhe process of extractlng llnear components fron the overalr
eenj'-Iog plot mr¡st start wtth tho snall-est, and. wo¡.k to succeselvely
hlghen varueg. Iyitrr a little oxBenience at ttre technlque, the
wrlten conBreteJ.y falrs to see how .roneg can r,eave blar¡ks ln hre
table for vah¡es smallen tl¡an türe largeet quoted. for a pantiaura¡r
lllrl¡ rt wor¡ld' aeem lnpoeeibre to extnact a conponent of range tl¡ne
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constant (t, rn equatlon 6) wlthout knowlng pneclee values for aLJ-

Islolent components.

2. Fnom experlence it 1s imposslbre to isolate the ve¡ry fast
components such as ln f1gs. 1J and. 19. It le therefore d.lfficr¡It
to see how Jones couId. say which was the flrst component acco¡rding
to hls method of enumeratlon. For smarl vaLues of tlme a {t
relatlonship would seen most neallstlc fo¡r total eLimlnation as

for d'iviirg (see sectlon 1 .64). Or the othen hand., the revenee ord.er

to that of Jones avoid.s any ambigulty however the vaLuea are
interpreted..

3. rf cliffusion is rate-contributing, the solutions to al1 burk
diffusion equations (fig ¡) are senles in vyhlch the flrst tlme
constant (kf) is the smal1est.

A conparlson of Jonesr values for dlfferent gases is mad.e by
both method.s of enumeration in table jO.

AI\A¡YSIS oF IISERT eAS ELIMINATION FROM IrtAI{

(Oata fron Jones, 1951)

Gas

Nz

Xe

lIe

Ratlo (Ny'xe

Îi¡me corgtantg ln order of extnactlon

k
5

o.35

k,4

0.¿+6

o.087

5,29

k3

o.og7+

O.02¿+

++o'50

3.62

5.74

kz

zt+'t

038
++

84

6.,32

3.50

a

a

o

0

o

o

o

o

k1

o.oo47tr

o.0008
++

o.024

5.97

5.11

5
k

1.o008

k,
+

o.oo4T'rf

o.ooJ8

1.24

3
k

o.o24'f

0.o24
++o.o24

I .00

1 .O0

k-2..

o.o87+

0.087
++

o.o84

1 .O0

o.9l

Jonesr method of enumeratlon

kt.

O.35

O.Bö

1.32

1.O

46ao

Ratlo (ne/Nr)

TABT.E 30

-



a ll a

NL+-r"ogen v.aLueo glven b;' Be!:n-ke (lg}c.) are:-

æo.oo54 mln-1

ro.oi g nin-1

+o.og5 nln-1

++Average values quoted. by Jones.

Accord.lng to a cfuculatlon-Ii¡nit1r¡g eystem, each tlne constar¡t
(*) ls equal to (e.B), whene B ie the bl,ood. perfuelon nate and. s

le the blood.:tlssue partftlon coefflcient. Hence, if perfueÍon le
rate-llniting the ratlo of, con¡responding k val.uee for I(r/Nz or
Ny've ehould. lte wlthln the range 1 - 1.! d.opend.ing upon J,lpld
content ef.nce BIþ >

On the othen hand, lf diffuslon were rate-llurltlng slnllan k
vah¡es should. be lnvenseLy proportlonal to d.lffuslon coefflclente
and. solublütles. lhue one would. antlclpate the ratlo of k valuee
tor Ny'He or l<r/Nz to be wlthln the nange j.5 - 6 aepend.tng upon tlre
llpld content of the panticular tlseuo.

rt can thus be seen f¡rom tabLe Jo that .roneg r neül¡od. of
enumeratLon wourd. 1r¡d,1cate blood. perfusion as the nate-rlmitf.ng
procesE whlIe the neve¡rse ond.en wouLd. euggest d.iffuslon. tgrlle
the writen feere that the ratter ond.en of enune¡ratlon ie mone

nealletlc fon the neasone Ilsted. above, lt wou],d. aee¡n fap to claln
that Jones I d'ata d'oes not excLr¡ôe dlffirslon f¡ron belng rate-llniting.
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Eliminatlgn wlth exencise

lhe neal problem ls one of ld.entlfylng tlme constants, or

combinatlons thereof, with a partlcular tlssue tlæe. Toward.s

this end Jones (t g¡t ) fras measured. nltrogen washout for vanl.oue

exerclse leve1s. It wou1d. seem most slgnlflcant that none of the

tlme constants va¡ry by a factor" greater than 2 vytren the subject

changes from nest to ped.alJ.lng a b1cycLe. The bl"ood. flow 1n

muscLe should lncroase at least 10 - 2O tlmee, ln whlch caee at
Least one of the tlne constants should. be ned.uced. by a eLnlLan

f,actor 1f clrculatLon were rate-controJ.llng.

However the pnoponents of a porfuelon-llmlted. uptake explaln
thls apparent anomal.y by poetulating pararleJ. arterlo-venous
pathways.

Ihe genenal tendency fon tlme conetante to lncnease wlth the

extent of physlcal activity nay be attnlbuted to eithen fncneaeed.

clrculatlon ln tho case of the penfuelon mod.e1 or to the geonetnlc

changes associated. wlth lncreased vasod.llatatlon for the d.lffuelon
modeL. lttis le Just one of nargr facets of tl¡e controversy whlch

can be lnterpreted. equalJ,y weJ,J. by both nodolg and. eo offers no

scope fon conparlson. Ilence the eneulng dlscr¡sslon wiLl be

neetrlcted to the few sete of data whfch appear to afforlå some

scope fo¡r d.lfferentlation.
Artenlo-venoug measurementg

Dlffi¡elon and. bl,ood penf,trelon ane ¡naes transfe¡r nesletances ln
serles. Hence a very d.Lreot neans of d.ecidlng which pred.onlnates
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shou*l-c be afforded by !:seaer-lrr1ry the teneion et the j'*lctÍ.on beÈc¡een

them 1.e. 1n the caBlllany walL. lhe latten repnesents an inposelþl-e
task but the venouo tenelon may be regand.ed. as the best attainable
approximatlon. Should lt appnoach cl,oeen to the artenial than the
average tlssue tenslon then tÌris would. be a good. lndfcatlon ttrat
d.tffusion was nate-limltlng - otherwise it nust be perfuslon
contnolling.

Unfontr:nately no set of reeulte couLd. be for¡nd. in whlch anterial
venous and. avenage tlsslæ tenslons had. all been neagune¿ ¿lnectly
with lncreasl.ng time. Moet tfssue tenslons have been estinated by
anterlo-venoua d.lffenence, uelng an lntegnated. fonm of equatlon 1 8.
However, after estlmatlng s, there ane etill two unknowns - B

and pt 1n the mass barance equatlon, often wlth no convenlent
altennatlve mea¡rs of measurl.ng B. ltrus Kety and. sch¡r1d.t (r %5)
assume PT = Py tn derlvlrrg values fon B 1n bnaln for Ínterpretatlon
of their ôata uBon 1r¡ha1ed. Nao. Taking values for ceneb¡ra1 bLood
flow d'etermlned by a lese acceptable method ttrey obtaf.n valuee of a
whlch see¡n reagonable.

However, Ln ad.dition to calcuLatlng cerebraL bLood frow (g)
by the mass baLance eguatlon (tg)r they quote slnultaneouery d.enLved
varues of the tine constant (t ) for the exponentlal decay of (n¿-ny).
To be consfstent wlth a penfuslon-contnolling nechanlem, B must
egual (Vs) (equation l9).
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Conparison of cenebraL blood, flowe d.eternlned, bv different rûethods

(aata from Kety and ôclrnlôt, 19¿15).

B Cerebnal Blood. Flow (c.c./gm. tlÊsue. m1n.)

(rrr) by dlrect
meagurenent

o
o
o
0
o
o
o
o
o

a

a

a

a

a

a

a

a

a

37
4z
17
46
60
31
38
76
32

(rr) uv mass
baLance

o.36
O.35
o,22
o.l&
o.62
o.5o
o.36
0.66
0.34

(r) k/s (perfuslon
contiótttng)

O.2l+
o.32
o.10
o.22
o.58
o.12
O.3'l
o.54
o.1?

s

1.3
1.6
1.O
1 .ll
'|..3
1.3
1.4
1.5
1.2

k

o.182
o.l 98
o.1c2
O.151+
a.28'l
o.08g
o.266
o.23O
o.138

'FÀTìT.T¡! 11 o

lhe considerable d.eviatlon of valuee ln d.eternination (I), fnon

those fn (fff), wouLd. 1mpLy that tho graph of Kety and. 9chmld.t 1n

which they d.lspLay a theoretlcal cunve fon nean tlseue tenslon aL¡nost

coincld.ent wlth the venoua curve createe an Lnpnesslon unctuly favonlng
perfueion as the nate-llmltlng Bnocess.

From columns I and. III, the lr¡d.lcatlon thåt tnue blood. flow nay

be elgnlflcantly greaten than the nate conetant, mod.lfled. by

solublllty consldenatlons, 1s another point euggestlng that ¿lf,fueion
car¡not be f.gnored ae not nate-contnlbutÍng.

Kety and Schmld.t olain the agreement between colr¡mne II and. III
as their main evldence 1n favour of perf,uelon ae the rate-linl.tlng
etep Blnce, ln derlvlng valuee of, B, they aEsume that pT = py after



.8.

lo nLns. A1thou-gh eorlree+.ed Ln a Late:r pspor by lbty (rg6c), they
nake no adJustnent fon the anterlo-venous d.lf,fenenae rùich nust occlt¡¡t

on accor¡nt of blood resld.ence tLne.
Mod.lfled ¡nethod.s enploylng tho sane basJ.c pnlnclple of

estlmatlng Í¡ean tlesue tenslon by antenlo-venoue d.lffenence lrave
been d'escnibed by nar¡¡r late¡r wo¡rkens lnctud.lng Laeeen a¡d, 5¡¡rak (f gt+),
r¡anbertsen (t s6o) and. sokotoff (l ggo) r¡slng 85Ko. rncorponetlng
theee nod.lflcatrons, raseen and. Ioee (lxild,crive a ncan bnain
tensl'on whose devfatlon f¡ron that of venous blood. eraeed.a the A-V
ôlffenence aften 2-5 nlns of kny¡lton f.nhal.at1on. to¡reoven, thelr
neasr¡renente or rr85 eJ.J.n1natlon, Lr¡¡¡ed.latery succeed.lng thoee fon
10 mins of uptake, cor¡flrn thåt oqulJ.fbnlr¡n between the meaeured,

venor¡a blood and' tlssue could. not have been obtalned 1n thle Beniod..
However rassen a¡rd. KLee cxpr.aln thie appanent d.r.scnepanav f¡rom

a penfuelon-Ilmlted' nod'el by the fanlllan postuLation of, panallel
antenlo-venoua pathways, cl.aining that sanpLee of Jggulan bl,ood.
neB¡resent the pnod.uct of nl.xed. venouS retr¡¡pnÊ.

rhe ea¡¡e angument nay be used to lnterpnet the rlde dlscncBancy
between venous var,ueg a¡rd. nea¡r trgeue tensione d.eternr.ned by d.i¡rcot
analJele of exclsed tlssue.
DLnect tlssue analvsls 

:

0anpbe11 and. HlIl (1%Ð, who aut out tbe organe of, goate
el.ectnocuted befone d.econpnession fnon J, 4t and 5 atnospbereg gauge
Bressure of a1n, obtalned. the foLJ.owlng hålf saturatlon tlnee fo¡r
nltrogen:-
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-- 4 hne

-- j hrs

marrow __ 4 hr.s

These tlmes are E¡everal ordere gneater than the penlode

requlned. fon antenial and. venoue tenslong to come wlthln 5t ot

each othen, êrgr

about I 0

about 5

about 1lr

about 6

about 5

mins.

mlrrg.

mlng.

nlng.

m1ng.

b¡¡ Kety and. Schnldt (t +¡) fon NrO 1n bnaln,

by Ingvar and. Lassen (t 96e) fon Iþ 1n cenebnal. oortex,

by Lassen and. Munck (l sst+) for I(n ln braln,
by Plttinger et at (t g¡6) fon xenon fn bna1n,

by Ptttlngen et aL (t g¡e ) fon CCiU ln b¡raln.

WhlLe it woul"d. Beem gulte pJ"auslble !o elçIaÍn the A-V

tenslons by paral,lel A-V pathways, lt ls d.lfftcult to accor.rrt fon

resuLte of CampbelL and. HlLl on a clrculatlon-controLLLng nod.el.

On thls basls .Jones (t glt ) ad.mlte that thelr haLf,-tlnes wou:Ld. seem

far too lor€ fon such well-perfused. organs ae bral.n ar¡d. Llven.

Direct analyslo of eegnent.s of exclsed. o¡rgans, d.eecrlbed by

ifohngon et al (l gSZ) has conflnncd. tl¡e heterogeneous aeslmllatlon

of deute¡.ated water by heant and. J,fven. gr¡sh d.lff,enences nene

much reduced. 1n the caae of skel.etal nuscle.

The controvensy between penfuelon ard. d,lffuelon as the rate-
Llmltlr¡g p¡rocess 1e tl¡us tnanspoeeÖ to one of d.lf,fuslon venous

pana1Le1 anterlo-venous pattrwa¡re.
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Ithlle lt would. Been perfectJ,y neasonabLe to postuJ,ate paralJ,el
antenlo-venous pathways ln whole ongans, the neal guostJ.on a¡rlsee
when conslderlng one tlesue t¡pe onJ.y, ergr Bkêletal nueclo. rn
thle case the paraL1el pathwaye wouId. need. to be ¿lnect A-V ehunte,
although Banlow et aL (t e¡g an¿ 1 961 ) lnvoke connectÍve tlseue ae a
sounce of heterogeneor¡a penfuelon.

rn eummanlelng the norphologlcal evid.ence, Bancnoft (1%3)
etatee that rfmost anatomlete wilr deny the exietence of A-v
anastomoees in ekeletal nusclert. However a few authors clalm to
have seen bLood. shont-clncultingrnotably zwelfach (t g+g).

Dleter (tgl+) for¡nd. that enal1 B1astLc sphenes (zo ntcnone d.la.)
falled to tnave¡rse gkeletaL muscle from anterial to venoue sld.ee.
Tfiis would' 1nd-lcate tbat if dlnect A-v ehunte exlst then theln
d.laneter, and. hence theln blood.-ca*ying capaclty, nnst be verSr

llnited.
Flovr cl¡aracteristlcs

the means of lncreasing bJ,ood. flovr 1n ekel.etal nuecle lnc'¡d.e
d'ocreased' stinulatlon of the sympathetlc vaeoconetnLctor nerveê o¡r
greaten stimulatlon v1a tÀe try¡rottralanlc vaeod.ilaton pathwe¡r. glnce
the latter procees has no appnecLabre effect upon the ¡rateg of brood,-
tissue exchange of vanf ous substances (Itf¡nan et aI, I g5g), lt hae been
cr.alned' (Pappenhelmer, 1 g+o) that the aôdltl0nar frow ls shunted.
d'lrect to the venous sid.e, by-paeelng the capllranf.ee. ûrue lt wourd.
not h¡ve the opportunlty of egulJ.tbnatlng with ext¡ravascular tlssus
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accord.Lr¡g to the conventlonal approach of, such uBtake or ellninatlon

belng perflls1on contnol"Ied..

However the d.lffuslon-l1nlting theony 1s egr.rally compatlbLe

rivlth the flovr and. exchange charactenlstlce ff one postr¡l.atee that

the vasod,llaton nervous eyeten controLE the overall. bl,ood fl,ow by

means of the muscuLar walls of, anterlolee and. otÌ¡er llreslstance

vesseleil as terned. by Mellander (t 960). ¡ncneased. fJ.ow per

caplllany shou1d not lr¡fluence a d.Lf,fi¡elon-llnlted exchar¡ge. OD

tÌ¡e ottrer hand., 1f vaeocor¡atnl.ctor nervee d.eternlne vaecularity

by neans of the ilephlncteroll, then thetr stlnulatlon shorrld. change

the geometry of the tlseue and. so d.ecneaee exohange by d.1ffu61on.

Both d.lffuslon and. perfirelon nod.els wot¡J.d. tht:s appea¡e to

offer ocplanatlone for elmultaneous fLow and. controL obaervatlons,

although the wnlten could not con¡nent upon their relatlve nenite

wlthout golng lnto the vaet llterature ln much more d.eta1l.

Uptake vensue flow

A nost relevar¡t expeninent has been per.fonned by Rer¡tcln (l g¡g)

using 42f .rr¿ urea for w¡ffonm stlmulatfon of the vasoconstnLctor

nervous system. Hls curvee of uptake vs. blood. fLow lnclude the

folJ-ow1ng features ¡-
1. xron low perfuelon nateg ( O.5 nL./IOO ml. ntn), they are

J.lnear, 1.êr circulatlon-Ilr¡lted uptake.

2. For hfgh perfuslon rates ( to m]-./loo nl. nln), the r4>take

ie withln 10ß of the aeymptote, 1.€. rangoLy d.iffuslon-i1mlted..
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If, a Sinilan curve âppì1ed. +-.o !sgn, Lt,¡",c,:Lå ÊOCn ¡igagonÊbl,e
to suppoee that both pe¡rfuslon ard. d.l.fft¡elon nepnes"rr, oornar.ab1e
resletancee fon nornar bl,ood. flow ¡ratog ln srcletal nuscl.e of
4-7 nl. ./1oo Dl,. nrln. - êB quoted. by Grryton (.1 g6ju). rylth blood.
f10w lnc¡reaelng 10 - 15 tlnes wf.tt¡ muscura¡r aotlvlty, the rrptake
should. be J,angely dlf,fueÍon contnolLed.. glnltra¡r nesuLts were
obtalned' by Rer¡kln and' RoseLL lr øz) uslng ¡rad,lo-actlve ¡rubld.lr¡n
ln a dogre graclJ.le nuscLe. rt ls r¡r¡fo¡rtr¡nate that both leotopee
ueed' by Ren&ln have been oatfone, elnce lt leavee the ¡resuLts open
to posslbLe alte¡rnatl.ve expJ,anatlon. lre u¡riten feele tJrat Renklnre
expenlments shouLô be nepeated. ueing an fnert gae euch "" 
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lentatlve a*angenents have been nad.e to collaborate wlth a
physlol'oglst elçenienced. ln these mattens in r¡nd.entaking the wo¡rk.
Other conoanleona

Fnon the nan¡r othen facets of thle e'bJect, two whlcb offen
Bome scope fon d'lfferentiating between the panalLel argunente whlch
ca¡¡ be ad'vanced' for penfuslon on d.lffuslon as nate-llmltlng lnclud.e:-
1. rt is d.lfficur.t to d.erlve a {t neratronehrp, fon emar1 valr¡es
of tlme (t), f,non any Berf,uslon-contnolling nodeL.
2. cleanance of 2\r. f¡ron eker.otal muscre hae been for¡nd to be
four tlmes faster (nyr"tr et aI, r g5g) when the isotope h,ae becn
lntnod'uced' lntna-anterfally conpaned. w'lth int¡ranuscr¡La¡r lnJectlon.
$rle 1s conslstent wlth a d'fffuelon-Llnltlng nod.e' in go f,a' as an¡r
solute Just acqulned fnon blood ehould, be concentnated. cloec to the



.1J.

caplllary and. therefo¡re more rapldLy returned. to the blood. than

lf It wene evenly diepensed..

Concluslon

trre wnlten consfd.ens ttrat the work of Jonee (t g¡t ) car¡ be

equa1J,y well lnterpreted upon a ôlffuslon ae on a perfuslon-

control,Ilng model. Bre same nay be sa1d. of the nuch-quoted. work

of Kety and. Schmld,t (1 g+5). The othen points d.lscuseed. wor¡Ld.

lnd.lcate that nelthe¡r pnocess may be lgnored. and. that the relatlve
nesl.stances derlved. 1n eectlon 5.1+ according to the nod.e1 advanced.

ln fig. 5 wor¡Ld. seem rea1lst1c.
llre whole guestlon wouId. seen to niee on faLL qpon the valuee

one takes for the d.lffuslon coefflctente of ceLLulan and e¡rtna-

ceLlt¡lan natenlal. If the values for cytoplasm ane neally of tLre

ond.er d.eternlned by tnue tnar¡elent nettrods by Hannfs and. Br¡rn (t g+g) r
Fenlchel and Honowrtz (t%Ð, Dick (r959) and. the unlten (eection !.[]
then d.lffuslonal ¡reslstancee ane apBrecf.ably gneaten than lr¡dicated.
by I'orster (t 964). Hence thene would. be no Justlflcatlon f,or the
popular practlce of lgnorlng then 1n caLcuLatlng d.cconpneeslon

tabLes or d.ete¡rnlnlng neglonal blood, penf,usion nates by cleanancg
nethod.s.

For the partlcuS.ar geometny of the wonet poeelbLe caee (flg. ?),
the d'lfft¡slon coefficients wor¡ld be such ae to pennlt cinculatlon
to be lgnoned, 1¡o, the buak d.lffuslon mod.er advocated. in fig. g

fon d.1v1ng only.



APPE¡IDIK IV

In the equlvalent lfnean modeL shoun 1n fl.g. !, let the

reslstancee to mag6 transfer be:-

fl fnon externaL to extnacellular fIuld,.

n frorr extracellulan f1uld. to the lBt noot compartment.
t

n fnon extracellular f,Iuid. to the znd root conpartnent.
2

whlle the gas capacftlee per unlt tenglon.åFêt-

C fon the 1st root compar.tment
I

C fon the 2nd noot conpartment
2

C, for the conpantment lncIud.lng extnaceLlr¡lan and. the

hleher ¡roots of cellu1ar naterlal.

It¡e ratee of tnansfer to the compartments, qt (t), e"(t), q(t)
are given by:-

qr (t) = n, (n1(t)-p,(t))
qa(t) = n.(r1(t)-B"(t))
q(t) = q(na(t)-pr(t))

Ihe tranelent mass balanceE for each conBartnent give:-
q (r) = c (æ (t)/at)

ltt
qz(t) = c.(òp"$)/at)
q.(t) - q. (r) - qz(t) = c1( anr&)/at)

I ¿ L-

Ellninatfng q.(t) fnom eqrratf.one 4O1 and l+O4,
I

(an, (t)/at) = (nr/a,,) (n1(r)-p, (t)) = r,(n1(t)-p, (t))

(æt)
(t+oz¡

(t+o5¡

(¿ro¡+)

(t+o5¡

(æe)

(t+o7¡
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Ellminatlng o- (t) fnom eo-uatlons ¿rp2 end. hp5,

(an"(t),/at) = (n/c.) (n1(t)-p.(t)) = k.(P1(t)-n.(t)) (¿+oe)

ELlminatine e(t) fnon eguatlons ¡+O5'and. l¡06,

(e, ( t) +q. ( t ) ) / c f (an, ( t ),/a r, =( qc.¡) (na( t) -pr ( t) ) =kx (ro( t) -r, ( t) )

sr¡bstltutlng fon q.r (t) and. q"(t) rn the above e¡q)reoelon accord.lng

to equatlons 407 and. l¡O8,

tr(ny't)-px(t)) = (apr$)/at) * g,(an,(t)/at) * p"(an.$)/at) (+os¡

slncep = L and.6 =C,'r cr 'z q
Taklng laplace transfo¡r¡na:-

equarion l¡oJ becomee : sp, ( s) = r, (pr ( s) -p' ( s) ) (rrr o¡
equatlon r¡08 becones: ep.(e) = a.(pr(s)-p"(s)) (¿+rr)

equation \o9 becomes: kr(pA(s)-p1(s))=spr(s) + É,sp,(e) * É.u""Ílì^.
(4t e)

where s is the r.aprace openator, and e, (s) = þ, tal
e.(e) = fn "$)no(e) = /ro(t)
rr(e) = fnr$),

ana p,(o) = pa(o) = p¡(o) = pr(o) = o.

Ellmlnating p,(s) ana p.(s) f¡rom equatlons hlO_412,
nr(e) (s+k1) = tcrPo(s) -sp'k,pr(e),/(e+k,)-eÉ.n.pi(e),/(s+k.)

Fon a untt step in exte¡rnar. on arterLal tenslon fnom pA(t)
= 0 for t < 0 to pO(t) = I for t > O, fo(e) = 1/s, when
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kr(e+k,) (e+k.)
^r: / ^\E 5{ \fr¡l --- 1'-' st+82(kr+k.+kl*F,k, +É"k.)+a(rrk,+krk"+k, tr 

"(1+9 
r+F 

")) 
+k rx tr,

(t+tz)

If lt 1s knorvn erl¡erinentally tlrat q, and' hence pf (t) r are

the sum of a number of exponentlal termsr 1.€.

pl(t) = A'(1-exp(-lr,t)) + A.(l-exp(-À.t)) + Ar(1-exp(-Àrt))

whe¡re A +A +A =1.2 I

laking laplace tranefonnat-
ø

srr(e) = "-"t nr(t)at =
r AÀ AÀ ¡À .i

L t;te . ta.ii " r"Ì-^i JI"
(¡l¿+)

(¿+r ¡)

(lt e¡

Hence the expenimental and. theonetlcal ¡responaee have ld.entical

tlme congtants lf tÌ¡e d.enomlnators of eguatlons 415 and 411¡ are

ld.entlcaL, whil,e the lntencepts ane also ld.entlcal lf the nunenatone

ane llkewlee. Fo¡r the analyele of d.ata ln f1gs. 1J and. 19, one ls

onJ-y concerned. wlth tJ,ne constants, 1.9. ld.ent1caI cha¡ractenletlc

eguatfons f,or nr(e) ln eguatlone l+15 anct l+11+r when

s!+e2(k,+k"+k l*F rk r*Ê"k") + e(trrr+krk.+kro.(1 +Fr*F")) + krk.ki

: ar+o2(I+À+À) + e(^ À+?l Àr?l À ) + À À À .12tlz¿lltrzt
whlch hoLðe lf ¡-

k, *k.*ki*P ,k ,*F 
"k " 

=

krk,+k*k.*krn.(l +Ê 
r+F 

")

?r +À +À
12t

ÀÀ+ÀÀ+?lÀ

^ÀÀ2
and. k k k,

12L

tz2ttt

(¿rz)
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SubetltutXng !:elf-eet'::retlon tlnes f,or tLno conotants,

1.ê. k, = 0.693/Tr, k" = 0.693/T., kl = o.6g3/rj' 
^r = ot.6g3/d,,rÀ"

0.693/ 0 and À
2 = 0.69J/0 ¡ eguatlon l¡1J giveel-

I

=000TTT
I?2 I

À +À +?r121

(+l e¡

(¿rt g)

(¿+ao)

equatlon 416 glves¡-

Tr+T.:Tr(1+É, +Ér) 
=T.,rrTi

^^1̂21

Eliminating d.enomlnatons accord.ing to eguatlon l¡i 8,

1"*Tr+Tr(1 +þr+Fz) = À,*À.*À,

9ubstltutlon of half,-tlmes 1n eguatlon bi5r wlth slnlLan
eLlmlnatlon of d.enonlnatong accond.lng to equatlon l+18, glvee:-

T,T"*1,,rt(t+É.)+r"rr(1+É, ) = 0 
r0 "*0.0,*0 r0,

Equatlons l+18-¿+ZO thus account for the perturbatlon tenne

arlslng by virtue of lnteractlon between co¡npartmente.



APPETÍDI¡( V

Æ(TAt DIT'F'USION OR CONDUCTION IN A FINITE HOT.,LOW CTÍLIIIDB

Intnoductlon

Axlal transfen has been lgnoned, 1n the casec¡ of radlal d.1ffuslon

lnto tlssue (sectlon 5.5) and. rad.ial conductlon ln the thermal

anaS.ogue (sectlon 6.5). In both caaes e:cpreselons d.erived for an

lnfinlte hol,low cylind.er have been used to lnterpret d,ata obtaÍned

fnom ar:nuIar mod.els of finite length. Moneoven, no nefenence could.

be found. from whlch it was posslble to determlne the enrors lnvolved
as fi¡nctions of the geometrlc parameters of the varlous oystênrgo

Diffusion eouatlon

A tt'anslent heat balance at argr polnt ln any isotroplc med.lum

gives the d.lst,rlbution of temperature (e) as:-

v" (o) = t (3S) ( ¡or )

this may be expressed ln cylindrlcal co-ordlnatee (r, û , u) aB!-

*'* (".33 ). þ (#) + (8#)=$ (**) $oz¡

Fon an annul_us there is axlaL s¡rmmetry, euch that

# = or when equation !o2 beeonêBt-

t'* e'#)= * (S8)- (3#) (so5¡
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Before attenptfu¡g to so1ve theee gguå,tlons lt le necegsa¡ry

to d.efine the bound.any cond.ltlong of the eyeten.

IÌre Svste¡n

Fon an annulus of lnte¡.nal rad.lus (a), external ra¿lue (b) and

length (r,), trre bor¡r¡darles may be expneesed natTrenaticalLy asi-

If the conventl.on ls contlnued, of taklng ttre lnitlal tenelon
or temperatune as the datum, then g = O fon t ( O.

Translent condltÍo_ns

Iror both the tisEue model a¡¡d. ùhernal analogue, the ends stant
at the eame tenelon or tempe¡rature ae the outen borurd,any, the
greatest discrepancies occu¡rnLng when o=ofor t )o forboth
¡rlbandO>z)L.

For suct¡ cond.ltlons the lsothenr¡s mr¡st be concave wlth respect
to the axis for nleing temperatune thnotrghout the annuJ.us, o¡r

#.o for 3810.
lhis means that

/43\ and / ¡9 \
\aza7 

4¡\¡ 
\æ /

ane of opposite olgn such that f.gnorxng elthen tenn in eguatlon 5oj
w111 cause an ennon in estlnating O of the eame eign. U¡ue the
maxlnum eo"or 1n negl.ectlng axral cond.uatron, 1oê. pütting (az{azz)
= O.alrould, occnn when (OOlat) = O. &rts mêans that the en¡ro¡r
lntrod'uced' by neglectlng end' effects fo gneatest und.er etead.¡r-state
cor¡d,ltione.

a (n <b
o <z <L
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1.€. 6tr ( €gg

where er" and 6es a¡re the relevant elrrors caLcuLated. by eteaqy-

state and. translent mettrod.s nespectlvely.

Steadv-state condltions

The nost conservative assessnent of the modeL wor¡ld. thus

refer to stead.y-state condltions, when equatlon 5Oj red.uces to¡-

1

r *t. o (5o4)¿9
òr )

¿.3
ð22

Steady-state bound.any cond.ltlone may be d.efined. asi-

ts =0forr)bandO) z>L
=@fonr(a..I

Neqlect of end effects
Neglecting axial flow, ò2{az2 = O when equatlon 5O4 reducee

to ¡-
t'* ç".#)=o (æ5¡

fnom whlch sinple integnatlon givee the rad.lal, tempenatu:re

distributlon asi-

@ = @, Ios (rll.)/r.os,(a/b) (æe)

No error can occu¡l at r = a, op l!. = b slnce these are d.eflned.

boundany condftlone, but would Brobably occun in the region of the
mean te,rperature (ør/z), which shorrld. be sltuated at r = {(ab)
aecord.ing to equatlon 506.

. Hence, for the purposes of comparlng enô effects, a ¿lscneBancy
( e) w111 be d'eflned ag the percentage d.evlatlon of the tenpenatqno,
at the geometr'lc ¡nean ¡rad.1us and, z = V2, fron that of, tJre equlvaLent
poeltl'on Ln the corresBondlng hoIlow cyllnden of Lnflnlte rengt"h.



l+.

/ +¿g -ot \1.e. e=ioo \-x;-rlå 1oo(r-zør/@r)
I

whe¡re Or ls the true temperatune at n = rf (ab) t z = t/2.
E¡cact eolutlon f,o¡r the finlte cvLlnd,er

fhe following solutlon for equatlon (æt+) le glven by

careLaìir and, Jaeger (l s¡ge) fon the borrndany conôitlons as

speclfled above:-

( æt)

(æg)

t

F r/L) i(wr I¡

"=Ê li(
",[rrzr 

a/L) ¡(rur b/L)
. eirr (rn "/Ð. lo

tþt){ . az 'l
a

(æe¡

whene ro(x;v) = ro(x). ro(v) ro(x). to(v)

ana F' (x;y) = t, (x) . ro(v) + r' (x) . to(v)

wheno the BesseL fi¡nctlone ror rr, Ko, K, ane deflned. in acco¡d.ance

wlth stand.ard. notatlon (.fafrrfce et al, 1960) .

Introd'ucing a sultable stepwlee ftrnctlon to accommod.ate dual
temperature cond.ltlone at, z = o and. z = L, eguatlon 5og beconêEt-

(zn+1)n {t (Zn+t)r b/L sln 2n+1) z/Lo
@ = c' ,rto ¡r (zn+l)n a/t 2n+1)r b/L (zn+1 )a

where the constant (c) nay be eLlmlnated. by f.npoeJ.ng the borurdany

cond.ltlons @ = @' for ¡r = a. Hence by oetennlning @r fon n = rr(ab)
and. z =U2, equat on 5O9 givee

rl 2n+1)r{abfi. (an+l )ra/t (en+t )t/zrBll=æl

"à[ F )nú ;[an+t )r afl (en+t )

(en+1 )r/zao 2n+1)r a/L 2n+1)r b/Lt

e = IOO 1-2.

"3o F 2n+1)r a/L 2n+1)n b/L a (zn+i )

(sto¡
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However eolutlons of thie equatlon tor (¡ra/L) = O.O! glve

negatlve values of 6 fon þr b/f') ln tho nange O.11 to O.l 9. 8tr1e

ls lllustnated. 1n fig. J+5.

Now it ls lmposelble fon e to be negatlve since thls wouLd.

lmply the flow of heat axlaLl,y fn a d.lrectlon contrary to the

tempenature grad.lent.

Upon checking the Canslaw anô dlaegen equatlon (fOa¡, the

term 
",ßt 

r a/L) ; (n n b/T'Û would. not seem to cornespond. to zero

ampJ-itud.e at z = o and. z = L, for each tenm contributtng to the

Fourier serles. The true soLution would. therefore need. to neplace

the above term by 
"¿[" 

n a/t) 3$nr A/l)), giving a general

expression for @ as:-

(zn+'l)r r/t (2n+1)n b/L ( zn+1 )n 2fi.t
@ = Ct.

l'

o

It=oo/

"à[ 2n+1)r "/ü 2n+1)n b/ü (zn+t )( (
$tt)

$tz¡

F

The writer approached Professor Jaeger who repried (Jaeger, 1%5)
statlng that there was a prlntlng e¡rror in hiE book and F should.

t
read tr'o.

Imposing the bound.ary cond.ltlons t = t, 1n the revlsed. equatlon

$ll) fon p = â and. z =Iq/2,

11=æ S (en+l )r/zgt >^n=U
lL
4

Cr
I

lhus wlth ct = # '@, , and d.etermlning or for r = {(ab)

and. z = L/2, equation (fO7¡ gliree:-

- t't(oe = l0O. F to @ )l
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f(zn+t )n ,t (aa)/,fl;f(zt *t )rr b/L rrf(en+r )"/í)Il=oo F

rr"fo r" ð "à f( en+t )n e/T. ;f(zn+r )" a/û. (zn+t )

Determlnation of e fnom this equation for n úL = o.o5 and,

n b/L ln the range O - O.J2 gave no negative values as illustnated.
fn flg.ll5. Equatfon (S'tz¡ may thus be taken as the co¡lrect solutlon
to equation 504.

Þactjcal values

For the thenmaL analogue (sectlon 6.0),
â, = O.þ tns.

2b = 5.29 lns.
t = 10 1ns.

1.€¡ na/L = o.157

e<
and. nb/L = 1.66 when eguatlon !.i2 glves

sÍnce the tnansient e*o¡a should. be no greater, thene wouId.
seem to be negllgib1e ennor lntrod.uced. lnto the thenmal anal.guo
by neglectlrrg end effects.
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