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ABS T R A CT

Th e contro l and maintenance o f a
c omf o r t aQle wo r k ing e nvironment fo r dive r s
wo r k i ng under p r e s sur e a nd exposure t o co l d
wa e r is not only a c omf o r t control me a sur e ,
b u t a n ab s o l u t e n e c e s s i t y for the s afe ty o f
t h e d i v e r . Th e pur p o s e o f this report is
t o d e f i n e the p robl em a nd criteria f or a
h e a t i n g system , t he f e a sib ili t y o f v a r iou s
t y p e s o f heat sources and t o present conc l u 
s i o n s a nd rec ommendations , based upon the
f i nd i ng s.
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I N T R O D U C T IO N

Integr al to a ny e nv iro nmenta l con
t rol s ystem i s th e red uc t i o n o f he at l o s s e s ,
f rom the d i v e comp a r t ment , to an acce p t abl e
l e v e l and provision o f a sa f e , r elia b l c , low
maint enance system t o pro v i de a ny s upplcme n ta l
h e a t requ ired .

In addi t i o n t o t h e h e ating of the
d i ver l ock-out comp a r tment , any system must
also supply h e a t to a free-swimming diver for
t he dur at ion o f o p e r a t ions out s i d e th e submer
sible .

Thi s repo r t wil l try to p r o v ide ideas
into a l l three areas o f intere st.
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BASI C REQlIIRE~IENTS

Diver Compa r t men t Requ i r eme nt s

The tempe r a t u re i n th e di ve com~artmen t mus t be maintain e d
at a le v~ l which will p r ov i de th e occupan t s wit h an acce~table

skin t emperature while wor k ing ina cold, da mp environment and
weari n g a mini mum of p r o t e c t ive clothing.

. ( 1 )
Finds of Ralph Nevins a nd As sociate s i n 1965 stated

that a s uit able comfo r t l eve l ma y be ma i n t a i ned for a wide r an g e
of con d i t ions wh en a sk i n tempe ra t ur e o f 91 - 93 0 F. is maintain ed.
Thus, thi s will be the t arg e t temperature f or th e JOHNSON -SEA
LINK.

Our f i r s t problem to i n ve s t i ga t e i s t he hea t transfer f ro m
the J OHNSON -SEA -LINK and to minimize th i s lo s s. As a base ~tudy ,

I us e d t he The r mal Re s pons e o f the JOHNSON- SEA -LINK Lock-Out
Chambe r by Robert Ran da l l. In his repor t, he gives a detail e d
theore t i c a l practical wor k - up of the he a t transfe r from the
JOHN SON- SEA-LINK. The r e are three basic method s of heat transfer
from a h i gh to low t empe r a ture region, and tll ese are conduction,
convec t i on, and radiat i on . In th e underwa t e r environment,
radiati on heat transfer i s only important when considering th e Ileat
radi a t e d by individual s to t he walls of th e i r pressure vessel.
The mos t i mportant methods of heat tran s f e r und erwater are con 
duct i on an d convec tion .

The Law r egard ing on e- d i men s i on a l he a t c onduc t i on for a
sphe r e is :

q = 4 ~ r o r i k (To -Ti)/ ( r o - r i )

·k = thermal conductivity

r = ou t s i d e r ad iuso

r· = in s i de r a d i u s
1

To= out s i d e t empe r a t u r e

Ti= in s i de tempe r a t u r e

For Mr. Randall's r epor t an equivalen t s ph e r e was used to
pred ict t]le steady stat e heat transfer from the JOHNSON-SEA -LINK
lock -out chamber. The r esu l t s are shown in Figures 1 &2.
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3

Table 1 , Ch a r t s 1 a n d 2 are repro d u c ed her e fro m ~Ir. Ran da l l ' s
report a s gu ide l i n e s f or s t u d y of h eat l o s s f r o m tIl e d iv e r
compartment.

* Cham ber h a s a n air atmo sphere at 1 a tm , and th e co n v e c t ion
coeffic ients ins iele and out s id e are 2 a nd 1 0 BTU/ In ft 2
respectiyely.

I

I

I
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I
I
I
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( 2)
Heat Tra n sfer f r o m · * .

Actual Cha mb e r
BTlJ/hr

1 0 1711

20 342 2

3 0 51 33

40 6844

50 SSS5

6 0 10 266

Tempera t ure
Di f fer en c e

F

For the re q uireme n ts o f h e a t i n g t he lock -out c o mp a rt men t,
I shall us e a case o f a 1000 ft . di ve wi t h amb ie n t water o f 280 F .
(worse case to . be n o r mally exp e r i e n c e d) a s a n y h e atin g system must
supply adequa t e h e at plus rese r v e for a n y cond ition wJlic h .mi gh t
be encountere d d u ring a n operati o n .
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In t e r po l a t i o n of Figur e 2 (6 00 f t . h elium atmosph e r e)
fo r a A T o f 640 F . (920 inte rior , 280 e xte rior) we s h ould
e xperie n c e a s t e ady state h e at los s (without insulation)
o f approximate l y 17, 000 BTU/hr (4 , 981 watts) and approxi
ma t ely 4,266 BTU/hr (1,250 wat t s) f o r t he compartment
covered by 1 i n c h of synta ctis fo a m e x t e r n a l and .125 inc h
fo am int erna l . Th u s f r om a comp a r i s on o f h e at losses wi th
and without ins u lation , a majo r s a v i ngs would d evelop fi om
the "a p p licat i o n of a 1 inch l aye r o f fo a m to the out s i d e
o f the div e c omp a rtme n t.

This move wou l d b e my f i r s t r e commend a t i o n and I wi l l
assume tha t suc h an i nsulat i ng me d i um as p a rt o f fu r t h e r
cons ide ration (ma x . h e a t los s o f 5 , 000 BTU/hr from d i v e com
partment.

For the p u r pose o f evaluatin g a ny heat system we can
subtrac t h e a t dissipated by a div e r i ns i de the comp a r t me n t.
Nevins gives u s t he f o llowi ng f igur e s as aver ages fo r me n
unde r d i f f ere n t wo r k i n g cond i tion s :

(5)
Ac t i v ity BTU per hour, .

Room Temp. Between 60 F a nd 90 F

Adults at res t , s e ated 380

Adults a t r e s t , s tanding 430

Vnderately ac tive ~Drker 600

Metal wor ker 860

Walking, 2 mph 760

Res taurant wor ker , very busy 1000

Walking, 3 mph -1 05 0

Walking, 4 mph, ac t ive dancing 1390

Slow run 2290
~ I. )

Maxium exertion 3000 to 4800

Thus for a seated adult, the h ea t produced will b e 380
BTUjhr (760 BTUjhr f or 2 dive rs) and this will not n eed to be
gener ated by th e h e ating system.

6



Di v e r Requ i r e ments

Va lue s f or M-W I will t a k e form Nevins ( i n previous chart )
and C c a n b e written as

_ I ~:}

T )J.A } + H - \'1\v c .
T

s

7 '

+ x
k

1

C = V Ac (Ts - ~v)

H + H - \'1 = C
( 6)

Cl = Con d u c t a nce of i n t e r f a c e

Ts = Skin temperatur e - o f

Tw = Water temperat u r e - of

wh e re

(7)

ho = Water-side fi l m c oef f - (BTUjh r - sq. f t . of)

M = r a te o f metabol i c heat produced (BTUj hr)

W = r a te o f work o u t p u t (BTUj h r )

C = r a t e of conv e c t i ve heat l o s s o r gain (BTUjhr )

H = heat s upp l i e d b y env i r o nmen t a l c o n t r o l system
(BTUjhr)

Ac = Conv e c t i v e are a o f diver - (s q. ft. )

x = Th ickne s s o f wet s u i t i n i nc hes

wi th V being
1

V = 1 + x + 1
ho k Cl

H =

k = The r ma l cond u c t i v i ty o f s u i t (BW /hr - sg.ft. of)

Thus

A dive r wo r k i ng outside the s ubmer s i b l e e xper i e nces heat
l o s s e s as s o c i a t ed with h i s clo s e r contact \vith hi s surroundings.
A general e quati o n fo r the h e a t exchange may b e give n by



II = {1 9 . 5 ( { 1 + . 2 5 ) 70.8 » - 6 00
({ 1 .82 .08 7 )

M - . W fo r moderately active worker = 600 BTU/hr ,
Ac = 19 .5 sq . ft . , C = 1. 82 BTU/hr - sq . f t . of ,
Tb = 98 .6° , ~v = 280sF , x = .25 in , K= 0 .08 7 .

1

give n:

H = 19 .5 (7 0. 8)
. 28 8

600
~ 4200 BTU/hr
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Dive r Ga s Re q ui r e men t s

The t hird heating requirement f o r this system is to
supply warm b r e a t h i ng gas to a diver wor k i ng outside the
Lock-io ut c omp a r t me nt.

A theor e t i c a l b a s i s fo r t his requirement was no t found
a nd t hu s I wi l l use the general fi ndings of Pe rry Oc e a n
Engine e r ing and the Naval Civ il Engine ering Laboratory f or
needed h e a tin g f igu r e s .

Perry Sys t em

Perry d i v e r -lock-out-co mpa r tment Prod- 659 spe c ifications
for b reathing gas heating i s g ive n as-

870 BTU/hr @ 1000 ft. 28 0 F.

Naval Civil Engineeri ng Laboratory
(9 )

Require me n t s o f up t o 500 watt s (1 7 06 BTU/hr ).
·a r e n e e d e d t o counte r a c t r e s p i r a tor y he a t los s es.

For t he u s e by t h i s report, I wi ll use the Perry
fig ur e s as a v e r a ge heating r e q u i r e me n t s.

For h e at exc h a n ge sys t e ms avai l able at this t i me,
check Kinergti c s f i le on Di v e r gas H-E .

Total. Sys t e m Requ i r e me n t s

Dive Comp a rtment - 5000 BTU/ hr

Diver Sui t Heate r - 4000 BTU/ hr ·

Breathi n g Ga s Heater - 870 BTU/ hr
9870 BTU/ hr.

+ 25 % Rese r ve ....-. 12300 BTU/ hr ~ ."'?

+ 50 % Res e r ve <r-. 14805 BTU/ hr

9
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Div e r Ga s Requ i r e ment s

The thi rd h eating r equire me n t for t h i s system i s to
suppl y wa r m br eath ing gas to a d i ve r work ing out side th e
lock -out comp a rtment .

A theor e t i c al ba si s for th i s require ment was not found
and thu s I will us e th e general f inding s of Perry Oce an
Eng i neer ing and th e Na val Civ i l Enginee r i ng Laborato r y for
need ed he a t ing figur e s.

Perry Sy s t e m

Perry dive r -lock -out~compartment Prod -659 specifications
for bTe a th in g gas heat ing i s given as -

870 BTU/hI' @ 100 0 ft . 28 0 F .

Naval Civil Engine e r in g LaboTa t ory
( 9 )

Requ i r ement s o f up to 500 wa t t s (170 6 BTU/In )
aTe n e eded to coun t eract r e spiratory heat los ses,
depending on t yp e o f bre a th ing gas , insp ired ga s .
volume, t emperature, depth a rtd exertion.

Total Sy stem Requirements

Dive Compartme n t 5000 BTU/hr .

Dive r Suit Heater 4000 BTU/In

Breathing Ga s Heater 870 BTU/hI'
9870 BTU/hI'

-.:"~

+ 25 % Re s erve 12300 BTU/ h I'

+ 50 % Reserve 148 05 BTU/hI'

10



HEATING SYSTEM DES IGN

Gene r al System Design

Al t ho u gh the possible heat sources may vary greatly
i n their method o f heat generation, all systems would have
a similar overall approach to the system downstream o f the
hea t source .

Th e absolute c r i t e r ia f or design of any h e a t i ng system
is the safety o f t he submersible o c c up a n t s . Thus a heat
sou r c e located outside t he i nterior o f the dive compartment
is i nd i c a t e d . Th is type o f system could use a liquid closed
c yc l e l o op utilizing high efficiency heat-exchange rs already
avai l abl e from commerical s o u r c e s.

Compone n t s - Heating Sy stem

The main c omp o n en t s o f s uc h a system would be :

(I) Heat source ,. he a t exchanger module -

This package should be a c omp a c t, self-contained
h e a t gene r ato r and exchanger wh ich c oul d b e
mounted at any conveni ent location on t he exterior
o f the JO HNSON- SEA- LI NK. The component should
allow f or easy maintenance of the generator. A
master cut-off should be available for any emergency
s h u t down, as wel l a s pressure and temperature relief
contro ls .

(2) Closed-cycle l i qu i d c i r c u l a t i o n system

A simple pumping a rrangement should be designed
f or del ivery and return · o f the ho t water to the
d ive c omp a r tmerrt, Sy s t e m should have flow rate
c ontrols either by v a r y i ng pump rate o r a constant
rate system with a by - p a s s around the dive com
par tment .

(3) Compartment heater

Thi s system i s comp r i s e d o f a he a t e xchange r
and air c i rcula t ion fan (p owe r e d ei t her by water
flow or electric motor ) . Several comme rc i a l
s ystems are available and could b e fitted into
t he system

11
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(4) Diver suit and b r e athing ga s he a t e r

The s e items were not studied i n detai l ,a lthough
it was d i scov e r e d that s eve ral p r oduct s a r e
pre s ently a v a i l able. Diver ga s he a t e r s are
availabl e, i n several styles, f rom Ki nergtics .
Th e d ive r he a t ing garment was no t studied ,
al t hough info r ma t ion availab l e ind i c a t e s that
systems similar to the com fort und e rw ear wor n
by Apollo a stronaut s is curre ntly und e r d e v e lop
ment .

For ove rall sys t em l a y out , s ee Div e r He ating Sy s t e m layout ~
b l o c k diagram.

13
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wt incr ease of 2 5 to 5 0 Ibs . i n water

POTENTIAL HEAT SOURCES

2.00 KW

1.7 5 KW
.25 KW

oA 28 F s e a water t emp a t 1 0 0 0 ft .
(1 0)

Required Powe r

D-L-9 compa rtment tempera t u r e
85-90o F

Br e a t h i n g Gas Temp 9 00F

To t a l -

1. Electrical Resis t ive Heating
2. Catalytic Combus t i o n
3. Oxidation Reaction
4 . Exet her mi c Chemical Reaction
5. Other sources

I n c l u d e d in Perry proposal is 1 i nch layer
o f fo a m on exterior of div e compartment

1 .

(Not e: this 'does not include s u i t r e qui r e me n t s 
a p p rox. 1 KW more )

Literatur e f r om Perry Oc e a n En g i n e ering o n a Dive r
Lo c k - o u t Compartment Heating Sy stem was o n file at
t h e start o f this research p ro j ect . Prod . 6 59
specificat ion s h e et lists the f o l l owi ng :

Th e use o f re s i s t i v e h e a t ing sy s t e m wou l d provide
a safe , controlable heat source which has b een
adopted by seve ral comme r c i a l d i v i n g o r g a n i z a t i o n .
Un f o r t u n a t e l y, this s y s t e m woul d be a l a r g e drain
o n the b a tte ry power of the sub. Since the purpo s e
o f this r e port is the alternativ es t o battery d e
pendent s ystem , this system is given as a background
reference and b a s e study . .

The foll owi n g are the possibl e heat i n g 's o u r c e s inve stigated
by thi s r epor t:

(I) Electrica l Resistive Heating
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61, 0 31 WfU/lb .
21 ,670 BTU/lb. '
21, 31 6 BTU/lb

H2
Prop a ne
Butane

Catalytic c o mbus t ion

An a r e a o f f uture int e r e s t f or f urther d e s i gn r e s e a rch
is t o dete rmine i f such an ope n s ystem p r evious ly o u t l ine d
could be u s ed and still k e ep all g a s es out o f the e xplosive
range. Most cat~lytic gas-line s c r ubber s £or th e removal
o f hydrogen recormnendthe p ressence o f no mor e than 3 %
o xy g e n or 6% hydrogen in a stream of the o p p o s i t e g a s .

Thus f or the r e quired h e a t app r o x . 1 / 3 lb . of H2 gas
per hour would b e ne eded (1 lb. f or propane a nd bu t a ne )

16

The heat a va i lab l e for s uc h a r e a ction would b e in t he
o r d e r of :

For c onceptual d e sign , s e e Cataly t ic He a ting Conce p t ual
De s i g n.

I f a n open s ystem we r e d e emed ~oo gr e at a ri s k , t h en I
wou l d "s u gg e s t the use of a s emi -c losed sys tem ~ In such
a system t he o xy g en and hydrogen would b e kept b elm"
explosive limits a nd would b e supported o n a recirculated
helium $tream.

l\. c a t a ly t.ic combustion h e a t source f o r t he JOHN Sml 
SEA- LI NK would c o n s i st o f a r e a c t i o n cha mb e r o f y e t
u nd e t e r mi n ed c onf i gur a t ion fi lled wi t h a b ed o f
c ata l y s t appropriate type for r eaction u s ed. The ·
combu s tion component s o f hydroge n (o r poss i bl y a hyd ro 
c a r b o n f ue l s uc h a s prop ane) and o xygen would b e inj ecte d
int o t he r e action chamber a n d would r e a c t s po n taneous l y
to p roduce the r equired he a t. A h e at e xchanger s urr ou nd 
ing t he r e action chamb e r would remove a p ort ion o f the
p rod uc ed heat a nd maintain the proper temp i n the c a t alytic
b e d. The remainder o f the h e at of reac tion wo uld b e r e 
move d f r om the products a f t e r the ga s flow had b e en p a s s e d
from t he r e action chamb er t o a d ownstr e am h e at exc ha nger .
Re a c t ion p roduc t s would finally be e xpelled f r om the .
system as liquid wate r (a nd C0 2) .

(2)



(3) Oxidat ion React ion

Th e r e a re seve r a l re actions of me t al wit h wa t c r whic h
\ViII prov ide heat a s a result of th e r e duc ti on o f the
TIle ta 1 to i t , 0 x i de 0 r hyd r 0 xides tat c . The In 0 s t wi del y
i nves tiga te d r e a c t i on is :

Mg + ZIIZO. ~ HZ ( ga s) + Mg (OH) 2 + ~ h

The t heoretical ene r gy ou t pu t f rom s uc h a s ystem is
1.85 Kw - h/lb. ( 6Z11 BT U/ lb . )

The Naval Civil Eng in eeri ng Labora t o ry, Por t Huen eme, Ca l i 
fo rni a, de si gn ed & t e.s t c d a n e xp er i men t al s ys t em u t ili z i ng
thi s metall ic reduc ti on. To i nc rease th e r ea c t io n rate t o
a useable lcvel, ma gn esium plates wer e s ho r te d by a wa s he r
to an iron c a t hode .

The averag e cne r gy den s ity o f th e f-Ig -Fc s ystem i s approx i 
mat ely .6 Z0 wat t s/in Z (for a runnin g per i od o f 8 h r.) f or
a p1at e sp a c i n g 0 f . 100 in . For .a 5- Kw he a t e r, t he 'r c q11ire d
ar c a o f the platc s ystem wou ld be a pproximate ly 710 0 in 2 of
magne s ium (and o f an equivalent a re a of I r on).

See Ma gne sium-Iron Cell Sch ema t i c f or de t a il.

TIle ava ilable ou tp u t of this t ype o f system i s dep endent
upo n the f o l l owing parameters :

1 . El ec t r ode ga p
Z. El ec t r olyt e condi t i on
3. Elect r oly t e gap

For use aboard the JOI-l NSON- SEA-LINK, th e heat sourc e would
probably consi st o f a c y l i ndr i c a l p r e s sure cha mb e r. The
chamb er would be cove r ed wi th fo am t o min i mi ze a ny heat
loss. The heat exchan ge coil for th e r emov al of he a t f rom
the electrolyte would be pl ac ed a r ound t he ma gn e s i ufil -i r on ce l l
on the in side circumf e r enc e o f the ch a mb e r. }\ll p umps,
control ~ and electro ni c s would al so be hou s ed in a s ep a r at. e
section of the cylinder. Thu s th e he at er would be a compl e t e,
·bo l t - on a ddi t i on t o th e s ub .

I 7
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Powe r dens ity(Hatts /cm2) vs. Electrode gap (in. )

at constant temp. of 1100 F.
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Temperatu re - 0 C.
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Power Dens; ty vs. Temper at ure
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at a constant e le ct rode gap of 1. 5mm
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Th 2 d i s ad van t a ge s of s uch J. systcm are th i1 t a s ol i d meta l
p ac k (con s i s t i. ng o f a magnesium-iron grid) must b e repla ced
at the sta rt of each mi ssio n (pl at e a ss embly 40 Ibs.) and that
th e hea t ou tpu t con t r o l as th e con trol of e le c t r o l y te slurry
c o nd i t i on O I' to a I Lo v... exc e ss h eat to he di ssipa ted to the
sur round i ng s .

ap pro x . 26. 2 lb./ hr.

( 1 4 )'
Ca + 2H 2 -) Ca ( 0 ;1) 2 + 11 2 ga s + /l H

:--)

or

22

175 i n 3/ hr @ 5 KW

A s econd oxidation rea ction sy stem has be e n devcloped by
Do n Sli1ck o f Ai r co Cryogenic s, Hydro Products Divi s ion .
Th i s sys t e m u s ed t h e r eacti on:

For a s i mi La r sy stem on t he J OHNSON -SEA-LT NK t h i s type woul d
r equire:

Th i s s ystem wa s a l s o de si gn ed to he carri e d by th e o i.vc r
a s a po rtabl e system and p r ovide d a n ener gy l e vel of 35
in 3/ k \'1h wit h a on e h 0 U r du r at i on .

Ki ner g t i.c s , Inc. h a s s ubm itted a p r o po s a l t o thc NC EL fo r
a p r oduc t io n model o f thi s hea t e r (2 l\\~ mo del ) , whi ch
\ .Ja s t o be s e I f - con t a i n e cl 0 11 t h c 1I i v c r had, - p a c k .

digitstaff
Text Box
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(B) I nternal Combustion

16 .67 Ib/hr. (e n e r gy dens i ty 1500 BTU/lb. )

...~

(15 )
PC1 3 + 3H20 -) 3HCl + P (OB) 3 + ,,1h

The Naval Coastal Systems Laboratory is currently
working on a clos ed system u sing t he Wankel c ycle
int ernal combus t ion engine with a propane fuel .

A system utilizing the radioactive isotope
pluton ium - 238 a s a h e at source. Th i s s ys t em
was studied for u s e on the Sea-lab proj ect but
wa s a bandoned b ecaus e o f low heat output and
l ack o f ad equat e shielding protec t ion f o r the
div e r .

This s tudy h a s so far b e en a tes t o f the bas ic
syste m and wa s run at STP and fo r a relative ly
short duration (3 0 min . max . ). Further study
of the r e sults o f this program might yi~ld some
u s e ful d a t a both a s to a useful power source but
particula rly the techniques fo r ma i n tai n i ng a
closed cycle system.

2. Low h e a t o f r eaction would require tha t the
r e actant itself b e circulated through the system
(a d ange rou s situa t ion in cas e of a s ui t leak).

3. La rge amo unt o f r eactants mus t b e exp e nded

1. Produc t ion o f Hyd rogen Chlorid e wou l d p r oduce
a cor ro s ive rea c t i o n .

(A) Radio i s o top e s

After initial s tudy, this system was not seriously
considered fo~ the following r e a sons:

. Ano the r s ystem f or heat ing a dive r has been d esigned
a pa t en t ed he a t ing s ys tem using a liquid exothermic
reaction . This system uses the fo l l owing reac t i on :

(4) Ch emical Reac t i o ns

( 5) Other Sour res



V. Con c lu s i on s

As a rcsult of thi s s umme r re s ear ch proj ect, I wo uI d
make t Ile followin g conclu sions and r ecommendations:

(1) If the JOHNSON -SEA-LI NK i s to b6 used
f or dee p - wa t e r satu rat ion d i vc s , a hot - wa t e r
h ea t i ng system is imperat ive . Thi s is. du e to the
fact th at th e divers , by th ems el"ve s, c an neither
generate the required he a t nor be properly in 
s ulated fr om their environment .

( 2) Any h ea t sour ce whi ch is to be in stalled aboard
th e J OHNSON- SEA-L I NK s hould i ncl ude at lea st
1 i nc h of a s yntactic foam insulat.ion around
th e e xt e r ior of th e di v e compa rtmc nt .

( 3) Further de ve l opme n t o f t he act ual hc a t source
s houl d be undertaken at s omc fu tur e time Hhcn it
is deemed fcasible.

Th i s heat source rcsearch , I believc , should be
a safety, maintenance , size and c os t analysis o f
t he catalytic heating un i t vs . the Ma gn c s i um 
ox i da t i on reduction heater .

(4) A p r o t ot yp e unit of t he d e s ired systenl should
b e constructed .

2 5
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