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This paper describes a ma t hematica l model vnich has been developed to prs—
u.J dict the the rmal response of deep sea diverà working at depths as great as

• ~~~ 1000 feet, Under these conditions, divers are subjected to extreme thermal

~~~ L.L. stress because the water temperatur. is approximately 0°C; the gas used for
breathin g and in the suit is helium which has a high thermal conductivity .

C.. Increased mass flow rate through the respiratory tract promotes heat loss when
the breathing gas is not warmed. Since the experimental evaluation of new
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~ ~~~~~~~ 
)473 , EDITION OF I NOV 00 II 0I$04.ST$ Unclassified 

—

~~.7

N SI0$.S$4.HSI I 
• ssci~a~vv CAYION oF~YMss ~~~~ — DSI• JR# S~



r•n ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ‘“i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~r~~ —~ --t ~ !

~~~~~~~~~~~ 

- - - . -  —

~~

- - -— -

I.20. (continued)
systems designed to protect divers is a difficult, t ime consuming process ,it is worthwhile to have a reliable mathematical model for predicting diverperformance under various conditions.

The mathematical model described in this paper subdivides the humaninto 15 cylindrical elements representing the head, thorax, abdomen, andproximal, medial, and dista: segments of each arm and leg. Within eachelement the transient—state heat conduction eq ua t ion is solved to obtaintemperat ure profiles. Mass balances are also co~~utecI for oxygen, carbondioxide and lactic acid . The program permit. one to specify various kindsof wet and dry suits with either open or closed circuit heating.
Representative results are presented.
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, :lf d  A r t  OF TtNERdtsL T RANSIENTS bdtl t ih , lIbEl’ ESIVINC

tt ig.’-l” H.

~
‘. ,.,rt went of Chemical Htgt ’ , s ’  r i ng
the lot :’. t o i l s  of ‘oat. CL A ssati n

Au stin , Texas

jNT c

‘-,, , ,n, S—r , ~ l k’~ a r x . - r e t a l  d i ’ ,t:,~ re , ,w  dear,- ni i i bs,F,i n a Ri’ ’tfl SO , 5’t • I, no t  SI i.a,,,,e ’ e ’, S . 55 ii lb

a depth ’’l 304, mete rs 0 t l ; t  , , v  of t a t ’  : 5.,, -! s - I  ,. , - 0 to  a n,, r and ‘‘t t i l t  heat • vary with radict . , ,‘ Sllisl fl . Il l S

cc’ i to! s - I .  a - 3 r  l i t  era! ion hat tad bet-i , toterupt .’ I leF.’tidni vat lilt en o u t  .5 ten:, ct.t ’ tension , ,eta—

a v s lent ntnrm . ITh ise it t o  w., on,. a t ,si ‘ u n t o r ’  It1 h it t  race , and blood p~~.f-,. ,)-.. rate , icc .: on both position
d l , . .,. I I’ . 1’ .o s~~aC tt” ot ch ug-. to c -n: i day . and time . Ce rt ai n variables , p e t i t ’ : :  r, rate and metabc t ic
d i c to Jo :. t, t aGO meters a i r  h.’ on, ig cutm500ptaue in rate , t1,r snaranse , are at fined Fj pi’,’ s i o l - -i’ ’ i ‘ i t  control
the N, ri See , aI.,l ,,~ s w  roome r a l i t  ,

~~ firms ,r.’ :Iene 1- equat ions, Others , ~ssch Sb temperatu re a d  0
2 

tensi on , are
a systems r thi ng at irs ’ ic depths as .:lit i n g dependent .arla b l.s tO n.- Imeedlate ~~~~~~ depend on (Fe pro—

op. t at s in. son’s’ tort : 01 foI st -re n it-os hi~~inr5 of the ~~~~~ n It, o ,t thi s model ,n,,  Cs ,  start
with sp.’.’t f ted In it ia l r’,:, sliti ona and f o l i o  - h - o ~

,’s that
i’- , ’ loss i t  is a s r i  :n~~~’i ’ ’o t en  : 1  II’, re occur in is spanse to n oun in;’~’ rd still I’d ,

unit? “ ‘ ‘one’ c ’ ’ : -J l t t c - o s  . 1i’ severe therma l yr ‘ -“n impr,’,ed
on :~~~‘.. rs hi iom,ereion in o l d  i t a l e r  Is tt,,~~, ’ ,.. 1,0 Cv in , tot ., ~5,, l o i t  ,‘ n, , t ’ ’io~ ,,’ ~~

- - ‘~ 
:.

(‘Hate ’ ri, t ,v , 5 ha, I, e,:v ,r. iron : At J ‘H::. 5reeter — —

thai. CC),. ,,, I s . , . tb ,,, iv ‘ifi l’ s ;,,’. is uuu atl y a ‘1101am of ‘ ‘ ;,‘j mer it - I t~ ,o heat t r ar ’,ie r ecuat :t.r.s will Si’ dl ~-

he turn .,:: I x”a . - - ..hich ha’ a 4:- m a t  ‘ t n d u c ’ i v l t V  approx— :‘ssns d In some let,. ‘,n ~ ,, , t i ,  “51 :41 (sos ta r mass t nanaler
i c ,  v ’ ’ m ie . that ; t  ‘sIr, This c v , .’ ~~ i --il do— are based on on, l 0gt- ‘ ‘ n  O p I S , l i e s  clii i t ’ stated sore
c reas e in - ‘ ., : “ at SO .t O,,,: I ,c , . t  such i,5,’v. ’t:.B as so le,: “On soft.

underwear and 1 an.-a e.i~~re ,,u,or su its. Furthe rmore ,
c 1 ‘ s d -  e funned s v i o l ,  ten to i_o p r e , . or- ’: I n n  their liv ,, ’ us: rh r. gener ated b, setahul i’ it’s ’ ‘ions is either
t , r . ,i.’,li : i r  dMt i ii i i i . ,  140 ,1  lao s tO r t -H i . ;i,a te ,

~’ l—  ‘.;urr d 10 t h e titmeni . , a t r ~~ ’d ‘a t  by sr .u lat in g hi.’ . i, or
tart - rn i _ a.- t ’).c l i t  ‘ s t oC , - ‘Wi:: ,’ to sr. I- ’t reese in. gas - I t- it- t i: ted to t I t e  s:.rla c whi r. i t is trans f erred to tIne en—

h I.’ :rnastog d e p t  ‘ , f tim e t ea t Inc pa~ is not vlr,,ct, ’:, t ,Fse ’ ass , , ‘i ’lat t n i t- : rC,. therma l ..,,s tysi s is
test.- .: , hoot i i,. throug h the r : . y et-tory iran ‘,‘i Il be t i c  n. ii conduction v t - , ’t ’  n a t ’ ’  - , below :
a”; . ‘sIn - y e ’ ’ eqna ’. t.. i t  r,. r -. at me so l o ,  it- h5 t i c  ru t ion . -
at a j ~~~~’ ‘ 000 n- t a  o , and sin, ,- the nent i i  .5 I In rai.e Is *1 /
rot-y hln or , p i t ’  “00 1 t- ‘cc O i i - c I t  rate I: n : ’ ’,lc r ’ s y ,  no— (H. ) - d . ~- (k~ r _ !) h

1 
+ 

~~~~ 
(T

at 
- l

i
t +

Cr inc sev~ 1o , .1 .4 w Its be t ‘it’ even ah,’m, hs H e r  is
w thing (1)

(I — + H IT , , — 1 1 , (1)
Vctne,, sI:,, , , live ‘Icon irjC i - -p’ J re pr ’- t ic therma l 

I

pr et~ ’ l ion 1.; r u n ; - rs . At ::“ ‘‘t tt ’r ,t e dr 1 t!i- , ’ ’ ’nunor, lot divers
I on c°er a wet bu st flood,- ,’ win , warm sti r — c p u .  0 s r -n:

i t,.’ m : t : a ’ o  ‘iii , ‘ ii’-; divers .. :gn0rd In rc 1 :~‘ely t -t i , ’ i Iow I I t s )  • ,r- .l&oi,,,I ’ ’ i n  1,’ii ,’ , ‘ S i  ‘i t , ,’ I t i t  t t’’,,i,. - bone , If
- i.nirnti nc ‘51951 ‘ c-I tt-sOt rel y on s e 1 t ~~Co, , t a : . , c , t ov o t e n s , ir s-i ’ ,,, ’ it ,t a ,t, sla,t,. r f r o m the sale of
usually c o n s is t i n g  c-I ‘c l v  a wet ..r dry suit w i t h o u t  .s : i t t ’ s h
heating. r,t,t~~i- a l  on- I  • ie,- t r i ,  qI energn sonct es are under i (c i  • .is-n:lt;dc ,,  l , ’nn’,- r,t for iso when pass i ve  sui ts provide inadequate
p ro tec t i on .  d i n  Spec it i r  heat of t i smut ,

k ( r)  • ,‘ l l ,’ , t iV . , thermal r ,ind ,ar i , ’ ’ ity  ‘‘ I t issue .
El,pc,’, r”r.tu l yet - i tog of Such syste ms in hv perbaria I

chambers w,:srh tip .r , - ’ ,mate conditions encountered in the Is ~ (t t i  • m e t a l t i l I c  heat g e r ” t o t l . ’ r :  ra te pet unit
open sea In very expensive and tIme consuming Theref,’re , volume ,
It I, dessrjt’le to h ave a mathematical “del that can lm~ 

, it ,r) • product ‘i t the snass flow—rate and apes ific
used both n t  - s i r ’ ,  new Systems and to interpre t tnt and ‘ heat .of blood entering i s  ap ilt ary beda
field measurc-r-,,r:, . The purpose sit this paper Jo in describe per unit vultem e ,
gus h a model so t d’ s. us. a few rimsu l rs obtained using the S li ri • heat t ransfer os I t . lent ‘c twe,’n arte ries
model, and tins,,,’ per unIt volume ,

H I t r i  • heat transfer i ns’ I f iciest between veins m d
f( ’R , i ’ i ; ’, , , t - F  A h i t ,  .450 MASS TRANSPORT MODEL FOR THE tlk)AN 

vi tissue per unit volume ,
T 1

(t) temperature of srterial blood .

1 1
(t) temperature of venous ( H i d

lh,’ ph s’-si , ..i ‘“ s its on which the eq u at l - It:: of c h a o t i c  It sh ould be observed that this form of tl ,c heat rondustion
are based 5 - knott I:: F i g. I. it consists of a n’rnhor of equation is applIcable only to an axially sy~~etr icaI system
cylindrical element, repre sen iit t-, long itudinal ,-,r ,’ni,-nts of ‘ in which longitudinal conduction of heir Is negligible. If
the head , t r io ’s, arms, and iegs. Each segment , .onsisiing the subject is roving so that there i. a uniform flow sf Sir
t i  a nog lonsc rur io n of tiss ,e, h o e , I t t , and skin , has a on water .srnund each of rho element ., the analysis should
vascular system cotsl i-ss’ . i , three part s representing the app ly. H, H. Pennes (2) has oh ,wn that longitudI nal
art er Ies , vein,, and capillaries. Ti e circulato r y puth is duction In the arms i. relatively unimport ant , which should ‘

faithfull y reproduced in the sense that a tracer material be true aIg~ in the legs (31 , but not In the head.
Introduced into an artery It , a given segment will flow both
Into ‘he :‘at tslla r ,rc “if c i i  segment and Into the arteries Source terms on the tig ht—h and ol d . ’ of Eq 1 represent
of more diat al ‘segments. Plood I, -, ’ : :  tb, : ,,1’ i l l u t t  bed the rate of iteat generation by metabolic reactions , the net
f i ’us ini~ a ne t ’ i r e  it is y I n,’ ’ w i ll ‘IC o c 5  ~ l ,J from rate at which t,e~ t is ttansf erred fro. atteti al blood i s

more ,li -,tal --og:: ’:’ t n ,  The m in i ’t een’,:s’,’ :5 ic ’s,,: :1 rho 1,-Cr c tissue , and the rate i t  which hea t I. translerred from yen—
tl ,,as tnt: the p ’tlm onary o t t . ’ry; enchslnge of cii I,r , ,l at,,1 Qua bi,’od to tlnst,e . It is assumed that there is perfect
mass c in the ii heat t r ansfe r bctwcen i d In the ap hll a



I
I ,

tissus’~ i . e,  ti t cv s~ci’s:wt.s of h,lood ieavieg a .sn.i , acy es  which
bed is equal to the Lsir’ ,orac ure of t he vs sghborlop tiaaue. 1 H

As a flr’,t aplsr~ixlmatson , it l~ assumed also that t im e ate of Q (t ,r) • product tei the m ass f low rate ..,,d sp e sl iElt
heat transfer t,,,5 hlo, a in large ae .se n to vol d ii:.os 5O~ 

CC heat for arterial blood flowing Into
tissue I’, or,’,’,’rtionar t,s the ,itfterenre b,’sese,’ - ,hs hl:s,,d capillaries ,
and t ia ’s ’,c temf .e-ratares, The proport.ioi .aC sty faoto s are Q ,t ,r, — product ot chit mass f low rate and specifIc
called H

i 
fcr arterh ,a at - il hi,,

~ 
ror ve il s. C V  heat For venis,s blood flowing ii,tc pulmonary

capillaries.
Since the teispc ’stui,, :1 hi,i, ii ii, :,sr ~~, ve:*i, ,,Ls changes

with time , it 1,. i~r c , onr y to write rose n i t  therma l c:’.cfy Equations 2 and 3 oust be modified ts~ take ‘~mgeelzapCe of the
bals~ces in fs i rmuiatl’,g an os(,.Oitcfl for arterial ftictod , wi fact that venous blood flows into the pulmonary capillaries
assume that arter ts:. sr the it~- s’lrne ’st torm a pool issuing a which in turn empty into the arterial p,:itl:
uniform tempcnaio,re . 7 , - The rate of accumulation of Lit er—
mal energy in thit, ten~~ n,:lr 1+ equal r~ the s,sut of the r,t ’ dl 

a
1

rat, at wh It ,, heat is ,tatroed into the pool by flowing blood , 
~~~ 

,_,,ii — ,, ,
~, J Q (1 — I )rdr + H (I - I ) +

the rate as onl,I : heat I,. tranefercrd ‘ (‘In, neig hboring at dt ‘ 1 cv 1 at avi vi a!
tiamue to blood i t  no p-nt i , and tise tate at which i: .t in 

It
tnan~ ferned d, in  t i c  rem ion aenouu pool to the arterial
pool “~

4
~ ti i.’ the proximity ot certain arteries and ‘ci,, 21L

1J ‘
~ai~

Ti 
- 1

1
)m-d r 6)

This e ,u al t r y  is nssrceased mathemati cally by the ft:lOSIflg
equation .

~~
)ai’

~~~
1 5h :~~

t
a:

_ T
~~
) 4 25L

1f H ,~~(T~ - T
55

1t , tr + 

( 2 1  

(MC)
1~~~~ 

- 

~
:vlt

(Tvi ~~
1 1) + Havi (Tai 

- 
~~~~~~~~ +

2rm i~J 
14 (1

1 
— T5,1)rdc 

(7)

In ohs  ‘1 , 0

.t) ‘,:r;’c l ,  sre .1 tne blood , nler s,50 the ,rtersal
0 

~~~~ 
s, which

N , — mI s - t i ’, ti e b C ’ ‘i d ii, I It nod in t lie at ti - i s a  I tn, ,,
as 

~~ ~~~ ~:o 
~~~~~~~~~~ 

- q (‘I • r i te at which heat is t.~ iisfe rred from venous

C • .,.s’. I - s heat ~t iit,ie-,i, 
r 1 blood in the thorax to air in the respiratory

52 CC )  — i i ,  if H:e or.’,.. low rate o c t  ~,c, lie t r a s t
Q I s)  rate at whi ch venous bl ,’,,d flows fr,,m the i

I :t’ ’ ,, ,sI c i t e s  itt g the aet i cia! pci . 1 , v ie
- element Into the venous pool In the thoraxI • iCi,s, I’ i oi tI: ’ 5 1 ,‘leaent , II ‘i t ) for ti,ose elements which are connected

• C0. - . - en - .:e ’ II ‘ 1, -II ’ S , ,’ dir,’;, l. a i , :fer as to thu thoracic segment.
b ,lw - en la rge srl. ’ric’ , 1:’ , ‘:eins,

The total rate oI heat loss through the respiratory tract
The :orresp anng equation 1 ,- c t he sen t-’, post l in depends on the v,~~tilation rate and the temperature and humid—
dl its ‘if inspired air. in c hi n analysis , it is assumed that

— Qt,,~~
l ‘ — I + H 

1
11 - ) -s 10 percent si i ii’ beat Io~s throug h the respIratory trart

an ii vi romeo from the arteri al pao1 in the head , 10 percent from the
venous ps,ol in the head , and 80 percent from the venous pool

~‘ “L j  (iJ 
~~ 

h I T ~ - T~~ ir a, 
in the thoraa .

S~ f ‘.rc these s’qisailons cast bi, solved uniquely, certain
in sihi hi ‘ tnstraining conditions must he specified. Some ‘if these take

the form of iii i ,i a l ct,ndits.wis which mpecltim all temperatutes
Qy1 (tI product of ma’s,, and specific heal fur Ss-it:ius at the instant the transient begins:

blood fleming into the kenssuim pool of the ‘C
i,f,!i element from rh. n’1’- element. 1

1
(lI.r) — ‘[,1 1r ) (8)

Since it is assumed throu5hout this analysis that M and I 
1~
o
~ 

• 1
H are constas ita , ‘ -

‘vi 
T
~ i
(O) ~~~~ (10)

Q 1
(t) — I) 1 (t) C 21TI~J J I) 1 (t,r)tdr (4) kIss needed are boundary condition s which relate the subject

0 
‘ to l~is enn ironment. These take the form : -+

The equation t i the yen’s, temperature in Lb absiemias i _ k( 1-~’ ) r”a bi
1 tT 1

ii 0 .) — T
~~

l + E 1 , 
(11)

section is ~ t i l l ’ s i y di f f s ’r , ’ :i t I tem Eq. 3 hesatsse a rein
from each leg I i s .  Into this ,.e,tion. it Is also :e . - ,’,,,s in which
to .osiify thm eqi,.,rl’ii :., fs,r the t (s,’r,s , 5, seCt ii ii ii.” - ‘‘‘I.e a l l
veneus streams lereinats’ ,snd arteria l Stte ,ten onig iem si .. in II ‘ e s  I t t.tn’.lcr cs,s’ffis t r o t ,

this ection. It Is SeSunsesi that the tem pe natssr e ‘f bl,,,id
entering the puln. iI , r im cap iiiar lts v Is ‘ , :,.,i to the “cup T

ei 
— d lv , line e,,viroitmenta l temperat ure .

mixing” mean temper .tsire of i’ -’,,,,,n stieams Iilr .’t ieg the r t p ,l:s E • rate of heat loss by evaporation.
vent ri c le , This eros  y n i l  ices a , fI:s ,:5c In Eq - 1 it~~i :s  use the
temp.emture P ‘eansulas hsio”d entettng Li,, pulnon ary ‘ npi l— H

1 
— H + H

lmri .• is different from the temperature of arterial fu l l ,

enLacing more •upert i : hal capill aries of the Ii,ora*: in which

I 1 - , I ‘~ i\ H — heat transfer cor’lfteient tot ,,,nyst,’ti ,n ,
— 

~ r tk 1t’~ - J+ h + Q (1 — I ) + ci
m i.e 51 1 11

ri 
• (teat transfer ‘i’ til c i ent for radiati on .

— T
i

) C H
ssi (T al — T

i~ 
+ H I P  — I ), (0) F,tr isnclsit hed regissns i I the body, the mis rl :s so is skin;

b,st 5 c r  clothed rs ’x i,ius , it is the outer surf ace of the

_ _ _  
--



_ _ _ _ _ _ _  
_ _ _  

__________

5 
*

garment. ‘CLOI c r l ,c,,i , it propi,’nti e u , are permit t ed to vary 
- tiC

with radial positI’.iI in this mm.1~ i , g-i rinesics ,tf c rc -Is I s r,’i,le (0,24 
i 

O~ ,e - 
t

complexity cs , be analveed. ((ste cat, sn sl , ,, ie a lacer of ~~~~ ~~~~~~~~~~~~ 
-—— - —‘j

~
-’—’ q (C

0 I 
— C

0 i l 1 — ~~~
or waler it.’tween skin assd the gannett by acSig i :ing suitable 2 2
values ~~ the thermal conductivity, denss t ’ ., and specili - -
linus, It is at ’ ,- ’ poss iblo to in’ lude ‘in m di’ garment u: ,I.:h s t  ‘; c .046 (17)
contains tuf:,s0 fu r:’ ,i ’1n which w ar n-ed or cooled liquic 5,55cc . 02, 1

or
Eoseanis,s’.~~~of r,,,,i 55e ~oc Mass

Ccrrnsii,i, ius~ equations for mass tt’a ,tsfer ore :,i,:,i),’sr ‘b 02, 1 t
t

to rl,,ise p rsset ,t . 4 .,h,sis’e . Psir acc,ss’i,,iatic’ n of ., pert i~~ssIar “ —“
~j” 

+ q (C0 ~ 
— C

0 ~~~ — 4
component I: t Issu e .ici blood , we have the following equa— 2 2

- 
- 

t .  
~‘ it .041’ ~0 ,1

~t lt ~t
8 — 1’tb (13) —

The subscri pt b has been dropped , but it Is it , be understood
and in the remainder of ths’ pgpet that C - refer,, to the oxygen

°‘ b 
aC

b content of blood in the I— segment ~~~~~ of the capillary
+ q 

~x ~th 
(14) (1 < i 4). Fir the first segment , C0 ~~ 

refers to the- 
oxygen content of arterial blood 2’ entering the

in which cap illary.

and 1
b • ‘T h oe t i s c  fractions of tissue and bl,’od , Whenever the tsax ,insem rate of oxoger, t ranspi.rt to muscle 

5lt’ ’tp I ’ccie c ly , exceeds t h e  demand , the rate of ucllloatm , ,t - Is dstermined by
C ansi C

b 
c ,,,,,’esstc ,,tion in riasue and bI i d , re - the demand, Blaring vigorous ener cii :o , silt;. , , demand cx—
ape: ( ( c c l v , ceeds ~;uppIv and anaer,,hic reactions oos- .sr , Ii C

0 
(ails

q — fists s ’ s  bt , .-d through the capillaries Ic. a m i t  ‘c lisa a critical value it, any cap i ll. rv segment , 2 it ia
area , assumed that the .snvgett suppiim Ii. inadequate and anaerobic

• distais, o measured ‘long a capillary, giycs’lysi s ,.cc,s to wis h t h e  production of Ia’ ti c aoid . The
* tate of exchange between tlcs,se anti i - s t ’ s i l a r y  c r i t i ca l  oxygen ,‘,i’ ,,’ ,,s ,,st ion was a rb i t ra r i l y  set at a c oo-

per ‘snit ec,’,’s,o scant s o i  s ~f 7,1, e,’I,,ss, percent ilthough it should depend on
8 — rote of prodo ctis ” per i, :u sr volume , the dons lt y of caisill. ,r *eim and th e I,ica I metabolic rate , both

if whirh shangc dun n,, s ~s r ’d l th’,:,0h : ,e ha sc ~‘ i,.,cinn ’m Ii;, C i  - ‘‘‘ni’ :,se :1 - I t - c  the
v.5Cc form . t f ,r app, :,x nations wi,i ’h , .rc :s~:’~roi~ r, ,~~ in iso. c the so I of tea, t i.r.s involved in metabol ism is
deal t,ig wl~~

. Sc,.. d , :n!rIh uttu o cI n :aterlal between t i t - j r  ted very complex . te, founsf It to: oscar) is: s d , - pl ., greatly 51mph —bloe ,I do1 - ,- .1 on t,.. çsn o ticuh ar ,ouiponent involve-I . fled sit c,,h,’l (, s,000e rOt ,,, does , ‘ ie v ,- r th , i  en’- , include sev-
eral ‘ ‘1 the t ies’ ismp ort es s t faccs,rs, Aerob Ic sr’thrsis of

W fir’i . “i ,lng ws tf , ,‘x~5en , 51 1~’ assnatied that cqusi AT? ,tsin ~ glucose as it , s., sb i j t ra tc pr eP s’i’ds actording to the
fursuo exists ui- i te’c,’il .-evr.e,I in ,s i t-,1 c’bmn ar.d ii.’nogl ‘sin - ,  - foli ’nwi’ ,is”rai I rear d on,
Iypi,-:r f f ,snc’ , - : , a . t,)e ’ m , - , s- ,l,, 1 s l’,,’ts.c, ’’ ,‘ c1)s i : ront ‘ns and
oxYgen :n,’ ciot, So c enag iobin and ~i,-e~igIab in are show,, In , Ii ,‘t + 6 0 + 38 AD? + 38 P
Fsg. 2. Since s’vog1 ’ Pin is c-s.:’- t ia li;  sat,,ret ,’J 51 55XY~~O 

I i _ n 2
tensions .5’ s i i than 21) Tort , thin amo,tnt of ‘‘scm,, stored (g lurs ’~e)in mvng lobsn c r m ats ,s  instant under notnial ,“sis d it i i ,ns .  Th,- ss ’
stores as ’ , r,:lm’as .:’ wh,0r t I c  onygen tension fa l ls  below 20 • 6 CO

2 
+ Ii H~ Ih + 38 AT? (18)

Tor r The di-,n,i, t a t s , ’n slo e b r  myonlob in can be ainproxi -
mated by the dashed cu rve without intrs-duc ing aporeciable In the absence of oxygen , synthesis of AT? t ,r ,1,erds as ft I—
ernur, then e’C ,ss libt lum between oxygen in myog lobin and lows,
hemog lobIn imp li,v chat

d it r 2 AD? + 2 Pii h . 0
C a ,  2. 5, . ii 0 C C .046 volume f rac t i ,’ ,02

t I, ,), — i’1
2
b — (glucose)

,‘ 2 C H II + 2 Al P (19)
• 0.011 if .041’ C C b’ (15 ) 1’ 3

02 h iac r i ’ arid)

Wiser, Eqs. 13 and 14 ace added , ,,ne obt.iit,s lactic acid pr’idus’ed in muscle is transferred c’ blood It, the
capillaries m d  distributed throughout the body. It can be

b b con -i n ca to giycogen in tIse iive r according to an aerobic
(0.24 c + c i ,_ ,?,_,_ + q — - .—

~ -— — me,hat,ism whic h ,,xi,iizes one mole of lactic acid to car bon
I’ It ~ X t d ioxhs l c ,,nd water for everp four moles converted into

giyni’igen, or it ,,sn be ,.atabolized in muscle.
if 0 (1 - 046 (16)-‘ o , b ‘ Wi’ assume that glucose is always available at the rate

or 
- 

required. Henri’, it is unIv necesularv to account for three
components — sixvgen , carbon dioxids’ , and lacti , acid.
Speclf ,,il.ir of the rate of energy release assuming that

02b 
1, 1, only aerobic i t  ‘..,‘sses are Involved defines the demand for

tb ‘
~
‘i” + q 

- in
’ ’ - — c~R If .046 - C0 b ’ oxygen, If tl,c rate of oxygen supply so defined above I,

2 not adequate to mccl the demand , the def icit will be pro—
vided h’ anaer,,blc rea,-tlons. However . 19 moles of glucose

In this case , 8 is a neg5tive quantity which a s ,  tools for are es’nsumrd in the anaerobic production of the same amount
depletion of oxygen bp me tabo lic react) ,,,,, it  AT? that is produced using one mole of glucose in the

aerobic pns’ceas. Knowing this one can compute production
- ‘ Allowance in Smile for the rediss t hi n in oxygen i,snsi,io rates for carbon dioxide , lactic acid , and best for given

along a cap li lury hi s’ subdividing It Into fout item n e t s , carl, va luers s i demand and suprs i y.
treated as a wel l—miu,’sl volume . Th,’n Eq. 16 assists’s the
for,, Equations ~‘f change for carbon dioxide are derived

using ti,e same approach. it Is assumed that equilibrium
exis ts between the carbon dioxide stores In t issue and blood ,
sod th,,t at equ ilibrium the concentration In tissue ii rifle—
half c.f the r i , n” cnt r mm t l i t  in blood (it).  The equation for

dPi

— -_m ~~~~ -‘—— ‘ -~~~ -- ---a. - .  ~~~~~~~~~~~ ‘-~~~-—--- —- ‘  -~~~~~ -‘- -. -“. 
.. -~~~~~~~



S

CO
2 which uuilcspi. tsm ds t i  Eq. 12 for 0

2 
ic Since q “n the lungs is a n. lat ive iv large omm ant t ty , one can

,set lect accumu iation i’f mass in the rap il lari es and s:,nrou,,d-
(0.5 + , i  ~~c o i  ing tissue ansi approximate Eq. 28 b~t )

4 dt + q (CC02, i 
— 

CO
2~

i~~I 
— 

q(C — C 4 ) t ba ‘29 )
C

in which C — roncenrrac ion in the pulmonarn artery, F —
“

~ 
8co2, i 

(20) total rateaof transfer along a capillary. The method ba

used in evaluating 
b 

will be dlv- ussed later .
According to the simplified reaction scheme ~r,sse”.Lcd abovg ,

in develop ing equations of s hange fur large arteries and
8 hi ss muscle) veins , it is assumed that there is neither reaction nor cx-CO~~i 

— 
02,i change of mass wIth surround ing tiasmus , Hence , we have the

following equation for oxygen in the msrteri ,s : pr-,1 of thecx— ‘H. 
,,i 

8 + O.?SR
L A G  

) iti liver) (21) 1— element.

iI’
in which 81,A ” • rate at which lactic acid Is connected t~ 

~~~~~~~ 
-

ii it •t ‘~2a~~ 
— ‘

u,a ,) 30)

gtycogen in the liver

in which C - - o:tngen
h

cl-i *i co n cr ati ‘5, 01 r n t e s s a i  blood I,K — tespire tucy quotient 0.9. ‘‘ 2” ’’ 
-

the i—’ segment ,

Equations of ,,hange ate required also for the lactic C
o — onspen roncentcati ’,o of bloc 1 euttenisi g the

acid pccduced during anaerobic glycolysis. In this c i s c , - the arteri al pool ,
equilibrium does not exist between lactic arid In musn,le and
blssd , Therefere, eat assume that lOcr uc atid is transferred - volume oh the arterial pool ,

tram muscle to biood at a rate which is proportional to the q
~~ — vulum eccl: ilow tate of flood entering toe

d ifters,t,,,e itt ssoncentracioti ; t.e., art en lml pool.

0LA (CIA 
- ‘I.A~~ 

(22) The ,~~rrrspois dlng eqs ma t lvu t for tie~~C e - in the vens ius p’ sei

Equations 13 and 14 reduce to the following forms, 
di Of . ’

dC —~~~~ — 
~vi (L~ — C )LA i v i  dlc~ 

~ — 
, 2” ~I 02v .i

, 8L A 5  
— D

LA
(C

LA i 
— C

l.,~, i) (23)

and + 2’L1~~~~
q(C

0 
- C~~ t - 1irdr fil )

t b ~~
1A

~ .1 in which q * orilunt
~

ric hC. ’ sw rate icr venosms blood enter ing
“i at + q (C~~~~~ - C~~~ ,1_ 1 ) — DLA (CLA i — C

LAb, il the I— element f rom the nlJ~ clement , and ti,e
term C under the integral rcie r s t’~ the

(24) oxvgen02’ ci ,ncentratissn ‘f blood fIt-s log int o
the venous pool from capillaries of theThe net rate c-f p r ndi t iot u of lactic acid , ~~~~~ is defined element.as follows;

Corresponding e q u a L s - i ” .  for ,s), er components can be ob—il*~ 
~ 

— K — H (in nostle)Si O2~ i (15) ta m ed by merely chang ing the i dc n t if n ing  subscript in
Eqs. 30 and 31.— — 1.25 (in liver)

Heat and Mass Transport in th!j, ~~&sin wh ic h R
~~~~~i 

— k
LA

C
O 

C
L A i . (26) 

When evaluating exchange rates in the respiratory system .
we assume that the lungs can b. treated am a well—mixed

Values for the constants . D and k
L~. 

are not available in region of constant volume , V through which gas passes at
the literature; they lust LA be estimated by a rate , V . Since heat and lister vapor are transfe tred with
cesparing coWuted results with a small number of reported ease in t~e lungs , it is assumed that expired air is aatss—
exper imental observat jona . rate d with water vapor at the temperature of the respiratory

trace , I • defined as follows (3):
Equations of change for inert gases are also easily ob-

tained . Again sr  is assume d that local equilibrium exists I - 2.s .4 + 0.32 Tibetween gas dissolved in tissue and blood . Because there
is no production , Iqa . 13 and 14 reduce to

in which T — temperature ‘I inspired gas , I’ , The rate at
wh ich sensible heac Ia 1 st  thrs ti sg h the respiratory tract

(r t~ + *Cb) ‘-~~‘~ + q — C
1 1 ) - 0 (27) 

is easily cs’mp:trd as fol lows

C ‘ 1 - I~ h (3i)
p p  r

in which r — ratio .1 the solubiliries in tinaue and blood , Thu..’ s orro s pens hing r .t te  of l.,te nt f l e a S  ion ’ , is

in th. lungs additional terms an t required t i ’ account for
exchange of gases between pulmonary capill aries ansi the ‘H ~‘Il ,t) ~~~~~ 

213alveolar space. Met abo llu, reactions are neg lected ii, the V
8 ~~~~~ 11,5’ i

~~~1T+ T 
Il.)

l ungs , and we have f r -n  both reactive and inert gases

in which ‘(I — molar lat e nt he.t s-i va ps s r iaa t i. , ‘ ‘I water. 2,‘I

Cr t
~ 
+ S~ at 

+ q i~.1 
— C

1 1 ) — 
~ba ,i 

(28) Otto , gases are exchanged a ’- .” across the w a Ii~ of the
ii ,lm onarv capillaries , S m O t e  il l s.  ptslcess f i r  s given gas s

(C ited be hip rate at wh it ? ,  gas 5’ . r,’h,,,’m,,) it the c a p ill a u —In Wtiich 
~ba — rate at which the s nisponett t is cr,s: iufer red lea , con,entrat ion chan~es ii. (ho - lungs depet ud ‘in tirdlac o ut—

Ifro, blood to alveolar gas.
put as well as the ve n tli ,,t i is, rate, l i i ,  0, the equatIon of

480 

1
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changs can be written ii, the fern represent s.t.tputm froa warts rei’ept”rs wh im e nega tmne errors
repsesent outputs from cold receptors.

0
2 

— 
Peripheral afferents fro, receptors i n  tin skin are inCa—

at 
hi6OF + V

ba ,02 E0’o,,i — “o
2~ 

grated by form t sug weighted sums of the signals c-’ming from
warm ansi cold receptors.

u s  which P0 1  and P,~ are the parital pressures of oxygen in is
S —

inspire .h and esplrad asc , respectively. The numerical factor , aw 
i l  ~i~”~stin ,i 

-

860, appeata because gas cancentraciens in blood mu te mea-
sured in ml of dry gas at SIP/el of blood; mu cosmos ractor , (3~~
5-47 (B prescsure) , s.ould siormally appear in the des,omi— 15s ta tes  of ca,’h t n -S. Corrrs~’ ’uding equations for othm ’s cots— S — 1 F (1 — I 

kin ,i >ponents ca be ,stitten cy sacrely changing the subsm srtpt ac I I  sec ,i a
designating the gas.

in which S and S are t h e Integrated ware and cold si~na1a,
Follow 1 .n~ ~sum , mt, practice we as;,uiu, ‘hat the partial respectIve~~ ; F is u se weight issg fa tor for the i!~pressure ci Ca..:, ccist pmmule nt in the alveolar gas :s equal t o  element; os uly p~ sitive terms are Inciuded in the sum .th.e tension of t ’..s - pat. in blood as it leaves the pulmonary Effector signals depend on the Integrated peripheral afferent

capillaries. Stnio tl’i -mpeaking equaticy will not exist signals and the error si gnal generated in the brain.
because a differe tiste is, prs’sssure is required to drive the
exchang e , but the ditterence is usually negligible. Our Control Functions for Perbusion
analy sis us old net ‘,,. complicated unduly by using a more
precise expression We assume also that 2 2 of the pulmonary One mechanIsm available lot regulation of central temper—
blood flow is shunted (o). store in control of the rate at which blood perfuxes the skin,

Evaluatcon of S se mass transfer rate between blood in 
As deep body temperatures rise , blood flow to the skins in-
creases , thereby increasing akin temperature and the rate of

the p’ilaonary s,a pIllsrio a and alveolar gas requires knowled ge heat transfer to the environment. When circumstances it,-
of the gas ne;s sici n in blood . The oxygen dIssociation
equation and carbn.- dioxide buffer equations developed by 

quire conservation of heat , subcutaneous capilisutie un—
strict reducing the rate at which heat is brought tim t i e

Crodins , Buell , artd Barr (7) are used in this paper. Both surface by convection. These responses ace incorporated Into
the Ha ldane and Lh r K- -) , r  e i f e c t s  are included in t (shs model, the model through two varlablea , OIL and CON , which are the
Ilte bicarbonate concentration sic, ceases as lactic acid con— increase in cardiac output owing to increased perfusion of
centratio n increases 50’ , The dm ’ .t-repa n cy between the the skin and an index of the increase in peripheral circula—
concentration of .issso,smoglobin predicted using this model and
generally as-ccptc ’l ‘.- aiuemu us not grea’,. 

tory resistance.

PH’fSIOLOC.ICAL CsiN’l P(Sl. EquAt IONS Ott — 
~
“951Tbrain 

— T
set ,bcai 

I + 0.125 (S — S ) (37)n aw ac

Feedb.,ci Concr,vi.
- —— CON — 5(1 

,bra in - T
b i  

) + 5(5 — S ) (38)
net 0 ac aw

The equaticiss st i , t..s tsge presented above permit one to
compute temperatures and concentrat Ions when physccl i ’gieal OIL is measured in liters/sin and CON is dimensionless. The
parameters , such as local txgtabc’iic rates , tissue peu’fim nion blood flow nate to each region Is computed by adding a
rates , and the vetm t ilat ton rate , are known . These rates , in fraction of OIL to the base flow rate for the region and
turn , d~ pnnd on temperature , oxygen and carbon dioxide ten— dividing the resulting value by I + CC CON , in which FC~ Is

alons, lactic acid concentration , and level of exercise, a Constant factor defined for the regi~ n. It is assumed
Since the f,srtoalation of .- ‘ct,tnrl equations is still an a-t ive also that local factors cause a doubling or halving of the
area of research , th us portion of the made! is necessarily perfusion rate for each 6°C rhange in the local temperature.
snmewh,t incomplete, thence , th~ final expression for the cutanessus blood flow rate

to the i~— element contains a mu ltiplI catiee factor .
Considerable pmc gr es s  has been med..’ recentl y in obtaining Exp ((1 1 ) / 8 .6 6 ]  . Although the grr.ss responses

a quantitati ve description of thermal relulatory mecisanisms , ~~~~~~~~~~~~~~~~~~~~~~ t~he1 have been verified through measure—
especially under warm conditions (9, 10). Usittg conrepca sent of the mean thermal c,indss.;tance under various condi—
drawn front the theory of feedback controllers , one separates tions , one should not conclude that oumr state of knowledge
the control system inte three parts. The first contains is complete , or even generally satisfattory.
various chersuoreceptocs which define the thermal state of the
system . The second consists of the control center which For exasple , the model does not describe the observa-
receives information from the receptors , integrates it , and tiona of Spealmsan (12) who measured directl y the blood flow
transmits appropriate ,sotytxmanda to the effector systems , which rate to the hand isasersed in water at various temperatures
constitute the third pa— t. Effector contxmands say be modified and showed that the perfusion rate declines with declining
depending on ioeal conditions before being translated into bath temperature to 10°C. Below this temperature there Is a
effector action , striking in, rease in the hand blood flow rate , which fre—

quent lr attains values cstmparab le to those observed in a
Thersstoreceps,,rs l i e  been identified by either observing water bath at 35°C. If the sob le st is com fortabl y warm

the effect of a given temperature change on quantities such except for time hand , aitssrnatinC ,eriods .sf vasod llation amid
as sweat rate and shin blood flow rate , or by observing the vasoconstriction (hunting) occur. When the scb )ect is
change in electri,;al activity in nerve fibers as the tempera— rhlll.ed , t he increase in blood flow is nit so ‘niltiounced. If
tore changes. Areas in which therinosensitivity has been the subject is tmncs .mfortab ly wars, the blood flow r a t e  t o  the
demonstrated include the preoptic area ansi the anterior hypo— h,and remains hip ,hi even in water at 10°C.
thalamua in the brain , the abdominal viscera , and the skin.
Other areass has.’ been suapecred , but since it is extremel y The perfusion rate used in the model for mumi cle depends
d ifficult to re,srri..n thermal stimulation to a specific area , on the tsucai isct,mholic rate and the end—sap illarv oxygen
the function of ma given area Ia not easily evaluated, tension. When P0 ‘ 45 T m , the restIng value Is. m ,m ltipl Ied

by a facts’t 2 1 + (45 — P0 
)/8. During ‘ oetriae aThe output irom each therninrecepror is generally defined

in terms of on “error signal” which is t)se difference between term which Is proportional to 
2 the difference betwe,n

the instaneoua temperature and the reference temperatt ure , or the metabs ilic ra in ’ in the working and resting states is
set—point , for a given area. One can question thte existence ,-,dded to the resting blood flow rate , it is sss,smed that
of a large number of secpoints , but xis alternative point of perf osi isn rates do not change instantan eously, bat Instead
view is chat this fs,rm of the receptor eq,sstiori ropresetsts a change expont :ntiailc with a time constant oh 30 second,. for
linearization of more complex equations about an equ(Llh rtsm.n all tissue enrepc brain w)ulch has a time constant of O.i
state. Some ,if the more recent work (it) inciu sdeum a rare—of— s,’,,ncid,.,
change term in clue erro r exp ress i i i l~, bust see bsaee iis,r ins li,i1~ d
that in the l’r”senc mode l  - Poaltive errtsrs sure osss:’t.- 1 t, Oc rIng vlgi ’ni ’sst. enm’r, s c  bl ed f low to sn,. t ie r  muss - I”  u s

48i 
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reduced in ,,t i - to em, ,r t - t.’ ,ieu,’.n,m .t muu . s 5s ,~ musc les ut tl,c,,c C o t  ‘ai F,asua~,~ ’re_l.sc Sh e Ventil ation Race
excee d imtg l im i rat ioo s an rard la , - , a t m t m . ’ (13 . 14). This
ieature was i,,,- ,”,’, soma,,s’d I tm’ the .ode t 5’ , su lrip ~~ u ’~g each O m i t - c bremo t ti ri g frequency and tidal volume are relatively
flow rate i,tr muscl e i-s a tat tnt I — 0,uc,u 12 ea~’ (hu ,i, c5r— eesy to ne,ssmi ’c- , sine might expect Lisat a generally applicable
diac output); carsifas ,‘i, t ,,tm t t,. measured mr s Iicerslmin. control equation would be avaiiat,i.- for ventila ti ,’n. However ,
Since , ,srdisc Oui,i,s: rc ’rnoni ,cs I. ,omeacl-u,  or I”e ,ul ‘er— this is ,,nt tIne case because the primary sensors wh ich affect
fusion rates , It im emia iumutlor seqi ires t,ue -, ’ ’ u’ Ion - t -, tra , , - - ve rs t i i a t i s t . n  are I msac -  essible in miss . it Is known that re—
acendental equat i t s  sreptnrs are located in t ime sortie and carot id  bt,dles , as well

as in the brain , these receptors ,sre stimulated by changes
Artenn ai—ve is ,- ,me sic’ ccii d i m  te rcim ce c,.,t h.. on to sscer— in boti ;,ll and the CO2 

tension of arce rsam blood perfusing the
taiss the blood flew r.s e for ,csi ,’ns whi .’hm are supplied by reg loa. Since s-hanging Cm’s tension also r’hanges pH , in ix
as accessible artery and i; c drained by a repre~ t ntat ce d i fficu l t to ascemtain wbte~het the receptors are tesponding to
vein, in this way it has bee’, established that S t e ,‘erel, r,-,l the change in Cs), tension or hydrs’een ion concentration. The
bleed list,, rate 501 iris en elli ’ c shl y, apgare,itly i,’ •rsponie pecip ’:. cal rece~’fots also respond tss larg’ changes in 02
..e varying arterial ia t,r - ’ r ’ i l -S i - to ttsneion (h). Euq.erimencat tenxim ,n : vcssti lat ion Is sti,r,uiated by hypoxia and depressed
data reported by Latabertsen .‘ r ai ( 15 , it) seer,’ tuned to define t ,- 5J sensionx in ‘-sti es,, of 1 atmm ,sphere Another s,ompiirat—
the relationeti t5 -a lm i ’ I’. is ‘sic.l in the model to r onpute the tu g ~as t t , m - Is lis t cerebral pe r lnei o is rate is ai fee ,‘a by
mane of ‘en t hral bjc- ’smh 5’i ,’i.s, ru,-thermorn , w hen t e  cod— cha.igen in 0, m d  CO, ses s ion s .  f urt lme inorc , there ex i s t s  a
capiliary oxygen t n r r o i , ’e f a l l , ,  hv l~~w 45 Tm,rr , the b,O,.e fli,,, di t e e  ml r, ,s ’,’temxi ’s e~ or ig in whi ch c,,usc- n a pcc ’ np ,  , , ,,‘ i’ ,-, ass-
rate is s i it l t ip l ted by 1 + (45 — P

0 3/45, 
We is -ou s t’ ai~o thiai t u’s the vet’mi i a t ion rai n at the bep inning of exet Inn,

high arterial oxygen tend o c t .  (l’
~~~ 

5 500) reduce ci’ . L,sisberiseo (6) has presented an exci-ilsint discussion of
cerebral blood flow rate by a fa.rr~ r I - 0.00005 (1’ — 500). is. t ire whit ii ‘vast ,..- .- ,.nsidered In develepin g a , ontro i model

a 2 for e , ’rm ii at im ’un, His view of vent ilaiory control is based In
Admittedl y, the perf ’svson control equati,,ns in~orporuted Pi tt it ’ an lncemprecatit .n of step response data. A thorssugh

into the current m u l l  represetsc only a f i rs t  approximat ion din, usasion of these enperimencs wad presented recently by
ts ’ real i t y .  Morn ,cre~ irs r rs’ i .ol i ,snsiiilus , vu- -i, is thos e pre— s’eit ,,ol auth Lambertuen ‘70), whit. , ot,cbuded that three sensors
sented by Powell (13), sh,iu,id be built into is,’ model and the c.”,t ’)bmste t i  the - ‘ v c r a l l  response. A f s s t  component , wh urh
resulting effect on system performance should be evaluated, has s she-has rims’ c- f  h—S sec and a tsme Conatmunt of 5 sec W5S

assl,, ,,e’d ~
,, ii,, - p c r l p herai s,,’nsor, Two conmponent s , which have

Control Function,, f- ,’r dw,-*tiis,g delay t mct cio of lb—IS Sec and time r , ., ,srants -I 10 to 100 set ,
er r, assss’ne d in sens,ir’. i,,cated s - , rh .- ,“r,ira i nervous

Man ’s u l i l r y  to re~~uLace hi , central temperat ’; r r  by
controlling ..si’y ‘iutaneotu ma pecfusiori is u nite - i to o rather
narrow range of enssroomenca : condit ions and s’sercise Levels. Iisrther suyp.i rt he r the “dual m ister h- syn thesis ” is pro—
When heat must be t rans fer red to th; oovir,,nmenr a” higher d i i i h” iocar ;ttement of ’ the s i - s I c - - s t i l e  ve n t l la to rv  response
rates thai: pe’-nsitts’d by cet tsve , -tl -,u t and radiation al -t oe , the to a ‘(range in blood pH prod,mced tsc infus ion “5 t eed acids
subject beg ’ns tc. sweat Si,,,,e sc i- at ung is such an impo rta . ’ and bases wi , i l t -  (:0

2 tens is un is hs.-ld c , ’ ns tao t ,  These en~ ,’ r i—
thermer egi , latc ’ - o ,,‘echanism ,,e,d one that ran be sb’, .. us e d  me n ts I Ui S t O W  that si, at-Id or base induced chan c e in pd
direct ly , smumero - cu 5t udies ave been e p r ’c i . - l  ii, the l i te - ra— ‘rosi i~ ,’s a :’) i rosima c e l y  ~O ferre r,: s f  the vent t la i su r s’ re—
ture. Nevertheless , I n c  ten t quest loon remain ,tsonswercd. spoiss .- produced by an equ.st i i  mn dt ~- ‘ii th t ngc ’ i~ pH.

I ambus’S sc-n feels that h.,th cen~ ece respond ts . II ) , rat),,
One m se, rm - ert,s , l,e smq i ’ rtance -ii a ncmn-iher ’oal L’ti .llpOt,Cflt I h;,,’ 

~a i ’  
, but ‘n. center lies hi ~und a blemoro —br,’sin b srr ic

in the for .-ing function l’ or sweating during tee n is,,. “n,, wIS h 1’ trat i snlt,, CO
2 sri not H • whi le the other - sorter is

Beaumont and Bollard fir s- rovisl, d evidence in somisport of re spi snstsm - to bitted I ’ S  - A l tls ~ tsgh the mi ag ni tm m de ci the
such a component ,,ints r1 ,,,ir obser ’:ation that alt increase is, s,’han g~ it. ,maIlcr , the venti iotor r r ’ syonse to a step ,-hange
the sweat rate occurs ci ’ ,i ui n a fee ‘-c ools of the tsnset of in ‘i) w i t S , r 

,,~~ 
hi t- i d r,- ’ ’:ant is  jour as rapid as the me—

exert-in c by a subject who a a i r e , sj o  -, ‘ecat is , ’ , The increase sPo~t5s’ to a + 
2 ste p c ’ia,igt’ lit i’ . Thin center whui s h

in sw -a: rate occi,mr~ pnic’tc to a signifi cant rise in any body responds t i [H c o s t s  I.’ sirs’ well 
,u 

2 perfused and lack
teap,mrature. b’adel e~ al (17) rI ‘act ti ,,, the rap ish in c re o’.c an appre,’’ s hule . 1 1 5 5  ‘uu i s,n barrier Icr s is -
in Sweating is Sr..,,-, - .er,t , per si sts - ’5 only for s l i t s  first
minute or two- of exerci’;t , Thereafter , the r, i sweating °,eet,, , .aiteiltpte base bees, made to s ts rrr,lnrc ’ r i s e  -c ’  tem
seems to be deacribed adesiu .st,’iy my a prosy,., ti,ona) feedback bs’ -, einus ,’idaliv curv in g ,‘m l s’eolar Cs), ten is i-i n . The nest
control merh aniumu , The cfberc ,,t c is fl ow , S in teal/mm , is snrp resstve eff ssrt use me çstsrtc ,i his “ieahsc,t ard lu eils’ii le 122),
m’omputed as follows U uS,,- re riignized that as the fm ’ cquent -v it .s rs’assc s, tI-s r. iscive

mmp.u rtanre of the per iphu-n a l receptors increases , lso. In
S,, — S

~
l3(Tbrain — T

Set ,braln
) + O.4B(S

a~ 
— 
~aco~ 

(39) this way, they were ,shle to differentiate hetuss’en rcep”ns,’s
- generated by the pi’riphm ’ral ted central receptors.

A fraction , F , of the ef ;ercr i t c,t,tflow is mudded to the base
evaporation r~ to of t b, ~I5” ele me nt , and the rco iml t is multi— Recent p.s l ser , he Stui li (23), hi ci l c i h i e , t t  mu i (14) , and
plied by the factor asp t1T sku,I ~~15 -t ~

)/1O[ ti determine Swans’s and Be t lv ll le (12) l’r. ‘rent indeiu. -ssrc,i t i S i s  of ire—
the local rate of sweoting. ‘ ‘ ,,iseniv response - l i t . ,  wh ich  are in p o d  sgre , ’tm ’, t t  with r~~,’h

other. (Then ,une coinpsstr’ u s e  freqs.n’n.’v reaps in-’ Pr ; r e t iOn
The rate of evaporati on mar be smaller than the rate ot sis sti mt the three’ , ’mp.iiuent ,f ,’na,r,i , ,,i idel ‘ s t ’ S  h-s ‘ e t,,r,mI

sweat production if the eovvironmenta l humid irs’ is too hig h. and L .mmbert -,,’n , it is f,’u,nd that ii;, pre di. ted sod u’’smput ed
Furthermo re , it appears tl , :s: a,,tcr standing on the skin in— 05’ ,t,sde ratios an,, Its reasonable .tprecment , hot the pre-
hibits the secretion of ‘sc.sr (IS), but tb! , c i  fect is not silm ’ti’ J p l t ,ssc lug is miss Ii greater than the ‘Iisere’osd (a” , Sb.’
included in the mod el, ba r st t - ,reslheted phasm- tag i’s ,t i’i,ns qu ece ,f tl,e 16—1k

s,’e,,,,,S delay tine ,sssiunr ;l to the two c ,-n t r ,tI c.- -pt c ’ru; a
Control ?un,c t ions foe Shiverin g ds’iay time ‘si i, n,’i ’ ,,nds wosm id l,,ne, - ‘r,sdutce d much him tc er aitree—

m cmi . No ohs’ ui ’ss s .‘npianss 5 , - n S i r t he 115 1, - pan s horse,, , thu
Althoug h shIvering ran be me.susurunl cu sh y, the control concls,sisuns based ‘in step , ni’ispsuns. and t r c l’ m, ,r V r,’n poflSe

function for ahhverir.g has remained ill—defined bes.,issr data is u’ ,,l lahi , -
stead y—state measurements are d l ff icc s tt ri uht t , ’ifl . ) s, ,wu’e, c ,
it seems likely that h.,th the shin and ,‘c,i cr at t etmpermt~srec. 

R e c i - S t i C  t’tuiS ,, ’nn and Rs v no td ’ (24) base im eu cI “esr.”-
must fail below their threshold levels before s h ies ’ r i ’ i y  cat ,  t ha i  peel ing ” to analyze tr ,,ec ieni c. s i r , . , , sm da ta  t,,Is ,,l me ‘
occur, Experimental studies (19) appear to be described theti iabt,rsts °ry . The ir esperlenet ’ sm Ith this technique , wt si ’ iu
adequately by a multiplicative control functis,n of the form is t I m  line ,used liv r;u’ lfand and Ljnh.’rtven , l.~l them to ques-

tion the v, s li d i tv ‘if the cc ’nl r, -l s hettis’ prs’posed liv
S
b — 0’35

~
Tser ,br ,in 

— T
brairt~

’s u i 
(40) Laeihertss’s (6). Althoug h it is imp .is’ihle at the present

l ime to ri-salve t~ n~ iu ssi v s’l v t h e  d u b t r t . ir, es bet sts,’ , r, models
is m,asu~~d in kcaI/eln . The increase in setahs ’iIr ’ rat e ~it.pr” .,- .i by earls-cr , itvve sti y,it, r’o , the situation is iii hope’
of the I — element t’sutn g to ahivu ring in cal - ii lated by I .‘xs S he re is pt ii.’ r u  Is good .~gr. er os -it i t t  t he  - i , , s , i s - ’multip l ying Sit by a fract su i s i . f’t,H~ - s t a t s ’ rs ’s) ior i re  t o -  ti, i n - n ,  t i e  In CO , (‘art sa l uri ’ sl,i,r,- f i st ’ s’

var iou s i f l v r ’ m t l g a t ,’ r’. a lso  s e r e c  abhu,! the netu ne ,uf t h e
slewi ,’  res puts - h in g 1, - n i - i s , it is ps’asii’i,’ to c, ’r ,n tt n s I a
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respiratory en trailer smh~ , h .ieni’mibsi s most cos”uonl’r s’ ocring water, When a kas ‘ii invu,lved cii ‘ c i  un te m o ,a I or external to
transtenta with actrepsomble accuracy. Ths~ con ttoilc r lnce .por— the garment . otue s an apechiy s4uet i,em is i ssl u s a or air, In
ated into the yn nac at ~,,dei is basted on i,ambertsm.’e ’s work if,), the case of a closed cell laamed neop ’-. sic gat-misnm , the thermal
but other stit e lu could have beets ,sn,I . - ‘nd,,, t h v i t v , density, sp eci)i t - heat , a-d thIckness arc ‘

adjusted for pressure.
it is - hipo tbss , ms z s- d  that three ‘sydr”g. - - s ion cot.i - c t t t r a—

tions urn .mpomca nt , ‘(nc is imen~ vd by a ;.eripl. cmmm l race (’.ir in solving u se heat conduc tii ,n O,UaiiOtl nunisu irally, one
which so sixIr c’s. ,r to  mmt , ’cia l blood . The i- t Iter two are cent ra l  has a i’em rü in ann,unt of f reedom In formulatIng the finite—

lies behind a harriet that Ia permeable to carbosu dioxide but difreren ce eqssations i-f the Crank—Nicho isor type , which me—
receptors , one of ms i ,sr ’)t is ~x ,sasesI to blond while the other difference equations . We chose to mime an imp licit set of

not hydeogen 10,55. We ass,.mae that the secourd central receptor quired time sisimultaneosms 5ssiution of sotne two hundred and
o responds as a first—order systen , i.e., f i f t y  equations at each time s tep.  Although the coeificient

matrix did not have the clasBieal tridiagonal form that one
customarily obtains , the set of e ’-,’sations was still well—

Cb ,i , i~ — kCS 
(Pc02 

— 
~~~~~~~ 

(41) conditioned for, solution by Causslais elimination . Readersdt
who are Interested in rise details s - f  tiu~ solution can find ain vhich P~ - — so’., tension or the central sensor site , fairly complete discussion in a presioum .Iy published paper

- (27).
P — -oil—capillary CC2 

te,ision and ,
i
_

C’2 —l KEPKESENTATIVE RESULTSkcs — a constant — 1 /25 dcc.

The three hyJroy,, r’, x,re concentrations are weighted .s follows The number of cases that can be assaiy ze-t using this
to form a sing le control variable . CVE. ptogcsns Is nearl y infinite. Results for three typ ic al cases

will be discussed in this section .
(lYE 0.k2 C + + 0.44 C 

~~~~ 
+ 0.44 CC S H + (42)a ,H v r’~,pui rss ce to Elevated Temsperatunes ist a ,)jyjserbaric Chamber

C
5 5 . 

— amtu ’n Sal concen t ra t ion  0,5 the thorax concentration
iso the head , anti It is widel y recognized that divers are subject to

a m .  ehi illin .t iii a hyperbaric chamber containing helium . However,• cii — .u~isll ary concentration in the br 
the equally great danger posed by an elevat .d chambem temper—

Time relat u.s uis.(iip betueen and CUE ),n sii~sstu its Fig . ~ atume was not fully appreciated until two divers perished in
Scotland from ,iecidental hypert tme soiis . Therefore , this is a

.1, is ‘.,rouwo thai ucier certain condItions , the ,sshn’ste ,esurt ’swh lIe- case to analyze. Tsr, sCts sf computations will be
vol-miOc is nnfl,,eisc,,d also by the arterial oxy ger te S s inn. Ti,-’ discussed — ‘ne fur a sine hm,ur exposm irs t o  I ara air at 41°C
sales “b-ained iron Fi g. I is modified as f , ,l lssm r - lid f ir ’s and the other for a similar exp-anume to 7 ata ch um (corres—

p,,o .dinss cv a depths of 62 meters). lit cur l , a.,e the diver is
dressed in a shutsrt sleeved shirt , cotton trouxero , and shoes.V i V - - 0,1(1 — 6) (is))

E,f E,i
Sit-iwo in fi g. 5 are grap hs of che rectal a,,d mean skinis wlr , -h COER 0.1(1’ - 104)/656. Ii P - - 37 , another

term is added ~ Y 
a0
2 

I .- mprr , t rmrcs  for these two exposures - In aim the diver ’s
E,i near- skin temlsersture rises Icom )4 2mi f to 35.4°C during the

i irst sin minutes of enpsssu mre. Then profuse cxc at ing occurs
— i’~~~ a Cu sb CXP 10.23 (37 — P Ii (41.) and eosapuratls~ cooling lowers the visIts temperature to ams)

2 reasonable level. Doting the entire exposure , the diver
These equattotss ..~‘pIv to nesting subjects. During exorcise Vf receives mote heat by convection than he loses by evspora—
exceeds by a re’s-id erahile amount , prsssuunably due to ~~~~ tt ,sn , and the rental temperature increases from 37 .2°C to
influence uf rst,srog- t ic, factors (26), A change in central ,ie~ r ly 38°C. While this would be an unp leasant experience .temperature also affects the ventilation rates ft would nit be damag ing to heslth

SOLbT; rON i ’
~~~fl4E tt~~~ TLOhIi The corresponding graphs tou r exposure to helium indicate

that tltis s-omdit ion is potenti uli v d8ngerous. Except for a
Tic s)mmations described in the previous ncr t hin caere sh,’rt pause in the rising skin temperature , both temperatures

solved numsenlssahly using finite-difference te~ hniqr m ev This increase steadIl y during the entire exposure . Several factors
procedure provides considerable latitude in dealing with yara- contribute to the neverity of time helium exposure. One , of
meters and variables , such as thermal conductivity, apec llic course , Is that the thermal conductivity of helium is six
heat , metabolic rate and perfusion rate , which vary with peal- time s that of air which enhances the rate at which heat Iqtion ansi time . Each of the 15 major elements is subdivided transferred to the skIn by convection. Another is that the
into not more than B concentric regions , in each .ul wttirh the greater density of gas that ia breathed promotes heat gaits
properties are uniform . A representatlv,, arrangement is through the respiratory tract. The third factor , which is not
shown in FIg. 4. By properly defining these regions and as— so obvious , Is that the diffuals’Ity of water vapor decreasessigning physical properties , one can simouiate many different wit h increasing gas density. This means that the .aniau.
kinds of thermal systems rate of evaporation dpcreases as the pressure increase., and

sweating becoses ineffective as a means for coping with
A mozilliary programs ansi subroutines have beon written to rising temperatures.

assist with the evaluation of physical properties. Since sine
objective of this stud y baa been to evaluate the accuracy ‘f Evaluation of a Commonly Used Wet Suit
the model by comparing computed result, for a specific cx-
periment with the corresponding experimental resultus~ it was Wet suits made from closed call foamed neoprene are often
helpful to prepare an a.mstiliiary program which could generate used cu provide thermal protection during relativel y shallow
geometric values amid physical properties for a specIfic m di— dives. A typical ensemble sonslsts of 1/4 In. thick “Farmer
vidual . Input varia ’le ,, for this program include the sub— john” pants and jacket with hood , a 1/B in. thick vest with
Jeer ’s heigh t , w”ight , percent fat , and the length , perimeter , hood , h a  in, thick soft—susled bonts , and ttmree—i lngered
and coronal and sagittal diameters of eric,), if the major d c —  mittens. A fau’e mask and (inn are also worms. The thermalmenta , Quantities ss,eh as the per cel,tmugen of bone , blood , and response of a diver of medium build while wearing this Suitviscera are taken from p,,hllshed tables. Output variables , ior two hours itt water at 4, 16, and 27°C was atudied at 1
whiCh ar, saved in a file tha t can he read by the main pro- aca, In each case , the diver alternated periods of rest with ii igram , include the Incations of the radial nodes for each of periods of moderate swimming as shown in Figs. 6 through 8.
ths eiementa , identification of the boundary pointS which
eaparate adjacent prmt pe rty reglries , and gpeu’iflcatlon of meat’ It appears that this suit Is quite adequate fir use in
properties for e~eh s f  the regions Out 5, 5 , amid Includin g , the 16°C water. There is a modest decrease In rectal temperature
akin, during the resting period , but the trend is reversed during

exercise. It Is interesting to note that there is an under— “
A subroutine is available for ev,aits ,m l In g the thermal shoot fniimnil ng the end of tise test period ~nd an overshoot

propertie, of various binds of outer garments , mm , ’ losing ‘1 fsmllowin g the e~erciae period. The rate of gas Consumptionshi rt , locks, tr,,uaers, shorts , dry sti lt with wi”ohett during the exercise periods ° s approximately double the
underwear , and a wet suit which 555 be supplied wIth wan,,,
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e stituit rate. I, ‘ lie s it s , ’  p r i ’ s o t s  cs rs , t he s e  o . 5 long u ’ mm 0 (sic I . lum inary s i  Ke- ,’ ot’ mi f”r si t u I ’d .01st ’ mi t ii) isa.
trend town J Is, , -5 .. sou p, gas cam~sumpt i sis , i. m m .  1, c-,. Ut’ i is i—

i-r ots i to lees i o m i e l  se t ne r i ng  caua,me l ‘rim the tier s - i - a -., - in t rial
ansi st it r t.’s u ,,,. at r u res ,  Nea er ’ h . ’ les -m , it mupps ore ‘ i t t  sm i s’ D i v e s  Cemn d. 4I f, 401 3 ’~ s9ir 394 - - 

4 ( l)
diver is quite c,’mf m, c ,l ,lr - r i u s ,  r t isese m’ - ,,,ui,n lumla. 

— —  4.00 ,- i’ll ‘u.OO I .52 I - s2 I ~51

- ‘mr es ~ondsng grap hn r i - s  ,m,n,’,uI ..i,esi si,~ w,iu.es’ t u”npoc atacm —- 0.0~6 0.379 0.076 (1 1.16 0 7 (1.319
is - u ’-i’ i ndsea t r  if-a t thu n - o t t  dos’s not pr s v l s l e  s-ri - . tsa C pro— —— ‘~~~ii , 

,,4 44 44 44 im..bi. 44 s-i 4.i ,ms4
ores ict n fs-r long pee ins-sm ,, t veymi s . ’ ,, s sm ti,i.s t.’o’t rc, ratu.mre . tilL
Tie rectal temp er.uS ’ore fail s 1°C disi ii,g t h e  f,r ,t 30 ,ssinutes “I_

gil’ —— 0 u 25 . s -  2’. 2h

uf the dive . This rs ’m ,,hts us vi gorous sisivermr ,,s w Ith a -r 
‘ 

il .Ol 57 .10 ‘31.72 37 )4 16.31 Ib.52 36.711
corresponding increase is, the case of gas o:. ~~i’ .r o i o ~r t s o n ,  Some RE
Showers , t’s p e ’ t ~~I’~ u s-se m i i i  aye srimxs,ett,-t fatter d ims,, rims’ i~~ 17.00 36.39 b ’s ,. i 3 7.14 36, j 5 (6,- ’.-. 16.67 —

“rsvoi .-l dlvs -r , could s ui eca t e this enposurs’ for an .‘ s-si-aslei - . , ‘ it s ( - 05 i’s 91 31 s 31 1- Ohs 35 4 s
period of r ime , i osv ”isrv would be q ’ s h t e  sm nouom for racle and i

o .i i S  
. - -

fatigued a’ the r-oi,- ’iuaio,s ‘f the- dive. ~~~~ ~~~~~ i’t .74 ihi , ’i i 1 ,39 i7i ,6i lf,.8i 37. 7.

- - . - ,, T 34 (51 24.09 29.54 24 .44  23, 13 2 5 , 5 5  2 7 , 9 ’
A ti’uird set  or ssom ts c ta t oo tu s was e’rt~~rted for 27 1, ott e r. CA—S

The ressu irs  arc shown its Fig. 8, where one s’ar, sue (los t cisc i2 kES 
-— i, t’4 .t .68 ‘ , s4j 0.79 11 .57 (1.1.

dive r ovethea ti - i r mt ’ing the exerc ’se ieri cimi . Fm-iso these , - 7 ‘ 9 ‘5 7 1.0 - 6 4 ‘ 1 ‘5 I
results one can ,,mnc tude that this cost is ur In al h r  ,‘,i s , , io,usr ‘ ‘ii’.’ ‘ ‘ ‘ . ‘ ‘° ‘ - -

dives when d im s ’ water temperature is appmoxlti alnl y ‘s c  ‘7IHIV 
— -  3.44 —(i rS -11 .07 .211 2. S4 1.41 .

13 —— 1 .51 ‘‘ii, 1.5(1 1.56 4 . 3 1  s , 2 u
The ,‘t lect of l i d ,  on perforst~anco while sse ars s - c ’  this 1,556

rm uiit is itluntrated In Fig. 9 where graphs are sr i- - .  iced for
a 30 Se ,5r dive j,s l6”C wa te r ,  It se obvious that the Suit I . All Q ’ - ice measured so Steal ‘omit ,
r s ve r y  inadeq uate uns.er these c o nds ,cc rms . VIO,e’i r t sh ine r— 2.  All ‘r’ 5 are measured in °C.
i’mg occurs early ms the dccc , and it Is doubttuul is-lo s- t h o r  the 

~ , W is neas,,rs’d in kgm/n in.
dtvrr could remain in tile water very long. The fiat gas 4. Notation -
consunipt tor i rate durisig ext urssl se occurred because sf an ii nctsboi,ic ra te  n,-t inm ludscg ‘ i u s ” e c s n ,u
arhi t r i v  ms-simon, va o -oe specifued cm the program . lIEu

— ii.,. rate throm ,sgh I s - i - m i d  I,ea tmr d ‘s ,srme~ t
re 1 at,, ‘ “ i ,mslts s - u n  ‘ cm,sss,i e,st is- it it , ‘ b s et s a t i n ’ i s  us-I , , - - -

at t he  Ma,,’I C u as t a i  ‘i nterns Lah,mrator-q its Pa,sa,na 
T141 = ti slet tempi ratssre 5’ - ls ’ 1i ii d Seated garmsrnt

Fln em, ml , (28i. Whor the Sec suit used in t i r, -c calc ’oi at i- ’o - s ‘ qcm sen,Iierature ruse a- -russ regenerati .n t,’ at

w as r.’sted , it w . ’~ f ri - i d that the suit was ideul  ‘ ‘Sr use In ‘ ‘  esc isanger
1 6 0  .Iost - Ar ~~~ sl-o ive r . isg si’uuc r e d  and many d i v e r s  wer e  recta l  tenper t t l s re
unable ic , - -emr?.er s- a hou r dlv’: - T h e 2 7 °C s l lves ac-re con— - 

-

- ‘ , I tem pero ,tsre et br,m i r.
d, r o s t - s- 3 we ,,’ sny, a partial soot to  avnud os— r lu e . , 5 ,~ g. iLu r s- - Iii
ti-c model dives appe ir to iv ca pa bi ’ -  i-f sim ulating rear,s, si -- Is ~~~~~ ts-mpersture stI uimc s ’, .,iim
o i l  ‘ u ’ ,ii - r fu ’,mrr ,iy” e muf di vers under these c ” cdisii- ’~’- , - -IN—s tem pusrm~t ure- mt i isead - k t, u

U sc- e t f a i . ~,mo i d ((caSe-i foy V o l t  TCA, S — temperature ‘f calf skin

e ceI, .so ied .Iives •s, depths below 300 meusr rio m e q s i r e  the 13RES 
n.st - of heat i,sss thr,,-s6 h I r e  r es p m r . i t . s r ’ s  i s a s t

use of aisnil - icy heating to keep the diver comfortable. Al— — rat.’ oh’ heat loss by o - i r i ’.’es’tion
thnug), the9 have not been - ned to date , cloned—c irc ..it liquid 13,

’ 
c.mte of heat generation slum. to ‘,l lee ring (Sega—

heated suit s would appear to be more efficient titan the open— SHIV L iv e n.mlue s- densutu’ sweat pr s .d ue ti tn , ie~ mit, ’ ut
circuit suits s h o t ire generally tmsed. Therefor,’, sosv c,al m ’napnrmuti
cas,’s were ,,c,iyzemi to determine whether the cloeo ’ ul-r ,r,u ii 13 — rate s,f Iseat input by liquid heated garsent
concept I’, ,‘,asnnable, 1,556

to time present version of thue model , a liqssi d heated gar— ‘The ces,,lts il lustrate several p-l i st s . One is that this
aent can be defined by specifying the heat transfer csueff i— environment presents a severe thermal stress f.m the diver.

4 d ent and area of contact (or each element of a suit such ~~ The rate of hu’at transfer to the environment depends on the
the one illustrated In Fig. 10. Since the fluid which serves rate at which warm water circulates through tile liquid heated
as the heat sti,srce may (Ii,,., serially past several heat en— garment , but it is never less than 7 Ecal/min i,ur the cases

- 
~, change areas , it is necessary to specify the flow part , for that were studied. Therefore , auxiliary hea rin mu ts require .I ,

each stream. This is done by indexing each segment of the egcept when ti,e diver is working vigorously (metab,slic rate
path and developing a table in which are specif ied (1) rime 6 Steal/mm ). Even for the working diver , heat I mn ’ through
anatomical element with which each exchange r segment is in the respiratory sy stem must be limited if he is to maIntain
contact , (2) the indexes of adjacent segments which feed i,tto his thermal balance.
c a - h  segment , 5usd (3) the fraction of the total Flow which
passes throug h, each segment. The structure sat the program Calculations performed assuming that the oreathing cir—
allows one to a l ter  a liquid bseated garment by changtng a few cui t contains a regenerative heat exchanger sh,,si,s that this is
data statement, , , Hen,se , a s i tuat ion susch an loss of f low to a very valuahhe device, It is capable oh reducin g the rate of
a pa rticu lat segment miwim t g to obstruction of the t~sIsing can heat loss through the respiratory system hum the m emiri m ing diver
be nimsshoated with cane . fyom 2.6 Ecal/min to 0.8 Kcal/min. Thin is especiall y vmiu-

able because heat lost through the resp iratis t v tn -~ct comes
To illust cate the ‘use of a liquid heated Suit , ,‘alcum la— from deeper tissues which ace well perfused with blood . Fum —

tions were performed fir a diver wearing a 0.3 I,s . t i sie hu thermore , the device is passive and teqimires no hseat input ,
foamed neoprene s ir ,  suit over a liquid I,ea red garm ent havieg although it mig ht be worthwhile to add heat it tim e device
a thickness of 1/8 inds , to son., u.m~ss’5 the breathii~sg gas were to be used at greater depths .
passes through a regenerative heat exchanger which produces -‘m
25°C dif ference isi’ s use.” the temperature if tbse supply tank When heat loss throug is thue respiratory system is not te-
ams the tempet ar’i ir at the mouth, Hssmldification of the scm h cted , it appears that a considerable uhlfferen ce may dcv. -
hnqpired gas als .i occurs in the heat exchanger. When the me— lop hietween rectal and bral,o temperatures . Inmim -ed , the rs -st .i l
generator is not in the circuit , the temperature and ‘I ’S temPelststre may increase slIghtly flying its heating by the
point m,F the inspired gas are set equsa l to the water tempera- venous return from working leg muscles while the tempt ’raturs
t o r e , Temnperat’sren and heat trat,sfer rates were t ompist ed of tb,e brain decreases owing to loss oh iieat through the
for a 50 m lnm mte expossre to 0 (7 water at a presimllre ni respiratory tract. Experimental confirmation cmi t h i s  poss l—
10 a ta .  Csumpisted req,t i ts are summarized in Table 1, hi l ity would lend credence i the model.

Finally , it should iii touted that sotmm’ ismnn vi therma l
ru ’,,tr,,I wi l l  be required f,ur the i lqo hd heated garmer .t .  SOP
eam i vary either the flm, w tat .’ m r  tem sperma t ’mrs sut the im tsmt si t i fl g
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